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I. Executive Summary

The Pulsed Power & Plasma Science Laboratory at the University of New Mexico
(UNM) has completed its initial phase of research on repetitively pulsed high power
backward-wave oscillators (BWOs). The aggressive program that we had established
seeked to address three basic goals:
1. Understand the physics of high efficiency vacuum BWOs using the Sinus-6 repet-
itively pulsed electron beam accelerator
2. Study vacuum and initiate plasma-filled long pulse BWO operation using the
modified PI-110A accelerator
3. Study the prospects of incorporating ferroelectric ceramic cathodes in high power
electron beam-driven microwave sources to improve their operation in the long
pulse regime.
We believe that we have enjoyed a great deal of success in achieving most of our
goals, and this led us to propose the new three-year effort that we are presently
being funded under {“High Efficiency Vacuum and Plasma-Filled Backward-Wave
Oscillators: a Critical Evaluation”).
A hallmark of our program is the continued synergistic relationship between our
group and the following groups:
(i) Sandia National Laboratories (Dr. Lemke)
(ii) Air Force Phillips Laboratory (Drs. Hendricks and Spencer)
(iii) High Current Electronics Institute-Tomsk, Russia (Drs. Korovin, Rostov, Polevin,
Roitman and Pegel)
(iv) Institute of Electrophysics-Ekaterinburg, Russia (Academician Mesyats)
(v) Inmstitute of Applied Physics-Nizhny Novgorod, Russia (Dr. Denisov)
Dr. Lemke supports our experimental and theoretical work with TWOQUICK particle-
in-cell simulations. He also collaborates on the theoretical aspects of vacuum BWOs.
Drs. Hendricks and Spencer have assisted with our experimental work, especially in
performing frequency measurements using heterodyning techniques. Drs. Korovin,
Rostov and Polevin were especially helpful during the initial stages of teaching us
about the Sinus-6 and elucidating the design of the two-stage slow wave structure.

Drs. Roitman and Pegel have allowed us to reach the “state-of-the-art” in terms of
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both the experimentally obtained output characteristics, and the theoretical under-
standing of efficient vacuum BWOs. (Drs. Roitman and Pegel are “visiting scientists”
in our laboratory since October 1993, funded through three separate grants, two from
the National Research Council and one from the William and Mary Greve Founda-
tion). Academician Mesyats was a distinguished visiting professor in our laboratory
during June-July 1993. He was helpful in describing experiments he had performed in
the late 1960’s on ferroelectric dielectric cathodes. He also delivered a short course
entitled “Advances in Pulsed Electron Acceleration and Applications” which was
attended by our students, as well as by scientists from the Air Force Phillips Labo-
ratory, Sandia National Laboratories, and Los Alamos National Laboratory. Finally,
Dr. Denisov was invaluable in introducing us to serpentine mode convertors.

The milestones achieved under the auspices of this program are:

Milestones Achieved

¢ Elucidation of the roles of the “volume” and “surface” modes in high power
BWO devices—the first such description of this physics in the literature outside

of the former Soviet Union.

¢ Output power levels exceeding 500 MW in 10 ns bursts routinely obtained using
the Sinus-6.

e Good understanding of the relationship between experimental results and TWO-
QUICK simulations, leading to a refinement of coefficients used in TWOQUICK

for the damping of high frequency components.

¢ Long pulse microwaves generated using modified PI-110A accelerator and equiv-

alent Sinus-6 electron gun and tube geometries.

e Ceramic and metallic thin film coatings identified using quasi-DC experiments.
These are the candidate coatings to incorporate in high power microwave tube

components.

¢ Electron emission from bulk ferroelectric samples have been observed and char-
acterized. The presence of extremely energetic electrons have been inferred.

The importance of “resetting” the ferroelectric has become apparent during the
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course of these studies. There appears to be some viability of the ferroelectric
emission process.
Plasma-filled BWO experiments have been postponed to the new programmatic pe-
riod because of modifications that were incorporated in the long pulse experimental
hardware. The modifications result in the Sinus-6 and PI-110A accelerates operating

using similar beam, magnetic field, and slow wave structure parameters.

Outline of this Final Technical Report

This final report is organized as follow. Section II highlights the Sinus-6 experimental
and theoretical results. Progress on the long pulse BWO experiment and related tech-
nologies is described in Sec. III. Progress on the ferroelectric cathode development is
presented in Sec. IV. Plans for future work are presented in Sec. V. References for
this document are contained in Sec VI. Finally, Appendix A contains three papers
that are to appear in the Proceedings of the 9** IEEE International Pulsed Power
Conference, and Appendix B contains two manuscripts that have been submitted for
publication. The first manuscript “Suppression of Vacuum Breakdown Using Thin
Film Coatings” summarizes the results of the ceramic and metallic coatings research,
and the second manuscript “Efficiency Enhancement of High Power Vacuum BWOs
using Nonuniform Slow Wave Structures” presents a detailed description of the ex-

perimental and theoretical results of the investigations using the Sinus-6 accelerator.




I1. Sinus-6 High Power BWO Experiments and Theory

A. BWO physics

The Sinus-6 accelerator has been operational for 18 months. A total of approximately
15,000 shots have been logged on this machine. The ability to acquire this much
data allows us to perform careful experiments with good statistics to elucidate the
interaction of relativistic beam electrons with electromagnetic modes in these high
power devices. Since the parameter space used to describe the operation of BWOs
is so broad, it is essential to have good statistics in order to verify the importance of
various factors on the observed output of the device. This ability to aquire a large
data base also makes feasible comparisons with particle-in-cell simulations.

The overall conclusions derived from the 18 months of research using the Sinus-6
accelerator are summarized in two publications, one provided in Appendix A ( “Effects
of Using a Nonuniform-Amplitude Slow Wave Structure in a Repetitively-Pulsed,
High Power Relativistic Backward-Wave Oscillator” by Moreland et al.), and one
provided in Appendix B (“Efficiency Enhancement of High Power Vacuum BWOs
using Nonuniform Slow Wave Structures” by Moreland et al.). I will summarize here
the understanding we have gained during the course of our studies.

The most important piece of physics that was elucidated by the experiments and
particle-in-cell simulations is the general electric field structure within a BWO. Insight
into the field structure is obtained from both a plot of electron particle density, and
é, contour plot of E,, both shown in Fig. 1. The charge density bunches portrayed
in the top portion of Fig. 1 are formed as a result of the interaction of the slow
space charge wave with a backward traveling surface wave. The wave amplitude
in this case is largest near the inner surface of the BWO slow wave structure. The
separation between the bunches represents the spatial wavelength of the mode, which
is approximaely 1.5 ripple periods.

Additional insight into the general field structure is obtained by the bottom plot
in Fig. 1. This contour plot reveals that E, is largest on axis. This implies the
existence of a standard TM waveguide mode in addition to the surface wave, whose

characteristics are determined entirely by the waveguide radius. We refer to this




FIG. 1. TWOQUICK simulation of a uniform BWO with typical beam parameters
used in the experiments. The figure on top presents a plot of electron current density,
while the figure on the bottom presents plots of contours of E, within the same

simulation region. (NOTE: Figure appears on the next page.)
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mode as a “volume wave.” Inspection of the figure indicates that the volume mode
has a wavelength of 3.0 ripple periods (consider, for example, the distance between
two separate red-colored regions in the figure), or twice the wavelength of the surface
mode.

Movies of the contours of E, (generated as an output from TWOQUICK) reveal
that the volume wave has both backward and forward traveling components, which
combine to form a standing wave in approximately the first half of the tube. The
various ripple sections used at the ends of the BWO are necessary to match the
fields of the finite length device. Thus, the backward traveling surface mode, which
interacts with the electron beam, must convert part of its energy into a backward
traveling volume mode to satisfy boundary conditions at the cutoff neck in the up-
stream section. It is at this position that the volume mode is reflected toward the
outlet, and ultimately radiated. This fact enables these tubes to operate at such high
power levels without breakdown problems since the fields are distributed across the
entire cross section of the waveguide.

Another important piece of BWO physics that we learned was that the two-stage
nonuniform amplitude slow wave structure (described in the two papers referred to
earlier) can be considered as being comprised of a non-oscillating prebunching section,
followed by an oscillating section. The prebunching of the electron beam which enters
the predominantly uniform downstream section results in increased efficiency for our
beam, slow wave structure, and magnetic field parameters.

In concluding this section it should be noted that, whereas researchers in the
former Soviet Union have described BWOs invoking fundamental and higher harmon-
ics of the electromagnetic modes in a slow wave structure (most notably, consider
Refs. 1 and 2), our presentation is the first description of this by researchers in the
United States. Our description evolved independently and was a direct result of our
interaction with Dr. Lemke of Sandia National Laboratories (funded independently
by the Air Force Phillips Laboratory).

B. Experiments with high power output of BWO

Several simple experiments were performed with the output of the Sinus-6 BWO

operating at power levels exceeding 500 MW in order to confirm output radiation
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mode patterns, and to check output radiation frequency. In this section we present
four photographs taken using a 35 mm camera with an open shutter and a darkened
room. We will discuss these photographs, presented as Fig. 2 and Fig. 3.

Figure 2 presents photographs of the light emission from a 36 x 37 planar array of
neon discharge lamps embedded in styrofoam. The inter-bulb spacing is 2.54 cm and
the plane is oriented normal to the incident microwaves, at a distance of 1.5 m from
the conical horn antenna. (This distance is barely into the far-field of the antenna
for 9.6 GHz radiation.) Note the hole in the center of the pattern on top, consistent
with TM,; radiation. The pattern on the bottom has no hole in the center, and is
representative of a Gaussian-like pattern. Note that the intensity is greater in the
pattern on the bottom, as can be inferred by the intensity of the color emitted by
the discharge bulbs. This is because peak power densities for the TMy, radiation
pattern are on the order of 80 kW/cm? and the peak power densities for the TE,,
radiation pattern are on the order of 450 kW/cm?. The TE;; pattern was obtained
by using our serpertine mode convertor (98% conversion efficiency), designed by the
Institute of Applied Physics, Nizhny Novgorod, Russia.’

Figure 3 (top) presents an open shutter photograph of TE,; radiation exiting
the vacuum window at the end of the conical horn antenna (right) and incident onto
a cylindrical reflector (left) located about 1.5 m away. The resulting air breakdown
reveals a standing wave pattern. The distance between striations is 1.6 cm, or half
a wavelength. Figure 3 (bottom) presents an open shutter photograph of TMg,
radiation exiting the vacuum window at the end of the conical horn antenna. The
circular light is produced by an air breakdown about 3 cm downstream from the
vacuum window. This light is consistent with a TMg; mode pattern. The light on

axis is probably due to scattered radiation.




-10 -

FIG. 2. Open shutter photograph of neon bulb array, subjected to TMo; radiation
(top) and TE,; radiation (bottom). (NOTE: Figure appears on the next page.)
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FIG. 3. Top: Open shutter photograph of TE;; radiation exiting the vacuum window
at the end of the conical horn antenna (right) and incident onto a cylindrical reflector
(left). Bottom: Open shutter photograph of TMp; radiation exiting the vacuum

window at the end of the conical horn antenna. (NOTE: Figure appears on the next

page.)
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II1. Long Pulse Vacuum BWO Experiments

During the past year significant progress has been made on the UNM Long Pulse
BWO Experiment. By the end of the year all major components had been designed
and constructed and were in place on the experiment. In addition, one or two new
diagnostics were added, and presently work is being directed toward developing ad-
ditional diagnostics.

A number of different experiments have been conducted with the apparatus dur-
ing the past year with very promising results. Several experiments were performed
at the beginning of June 1993 with only a make-shift horn antenna and a slow wave
structure having a uniform ripple amplitude. Peak microwave powers of approx-
imately 10 MW were observed in a TMj; mode with microwave pulse durations
exceeding 100 ns. Later, after a proper horn antenna and beam dump were designed,
constructed, and installed, slightly higher peak powers, somewhere between 30 and
45 MW, were measured, although at somewhat shorter pulse durations (40-50 ns
FWHM). A slow wave structure having a nonuniform ripple amplitude, identical to
that used in the Sinus-6 experiments, was also tested. In these experiments peak
pbwers of up to about 140 MW were achieved, at approximately the same pulse

durations.

A. Status of the PI-110A long pulse hardware

The accelerator used in the UNM Long Pulse BWO Experiment is a modified Physics
International Pulserad 110A. An 11-stage Marx bank with an energy storage capac-
ity of 2.75 kJ is used as the main energy store and initial pulse forming device in
the accelerator. The Blumlein which previously followed the Marx bank has been
replaced with an LC filter network. When erected, the Marx bank and the LC net-
work together form a 2-stage pulse forming network (PFN).® An equivalent circuit
for this is shown in Fig. 4. The pulse duration and impedance of the accelerator
in this configuration are approximately 500 ns and 40 2, respectively. A balanced
resistive voltage divider (not shown in the figure) has been placed between the Marx
bank and the LC network to monitor the Marx voltage. The electron gun immedi-
ately follows the LC filter network, and its configuration is nearly identical to the




FIG. 4.
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Marx Bank Filter Network

Lf=.9 mH

Equivalent circuit of modified PI-110A.
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one on the Sinus-6. The cathode holder is stainless steel and is curved to follow the
magnetic field lines. At the end of the holder is a 2 cm-diameter carbon knife-edge
tip from which an annular electron beam is emitted. Either 6 or 7 field coils can
be placed around the slow wave structure to produce a guiding field for the electron
beam. The field strength on axis is typically 30 kG. After traveling through the slow
wave structure, the electron beam follows the magnetic field lines to the beam dump,
which consists of a section of stainless steel screen surrounded by a larger, concentric
section of copper pipe that is lined with carbon on its inner surface. The microwaves
that are produced in the slow wave structure travel past the screen into another sec-
tion of circular waveguide, and then to a conical horn where they are radiated into
an anechoic measurement area.

Two Rogowski coils are used to monitor the beam current, one around the cath-
ode holder and the other to be located just upstream of the beam dump. The latter
monitor has not been installed, yet, but is currently being constructed along with a
new coil to be placed around the cathode holder. Both of the new coils will be of the
slow wave variety, discussed in Ref. 6. In addition, a capacitive voltage divider has
recently been installed just behind the first Rogowski coil to enable measurement of
the cathode voltage during experiments. To measure the microwave radiation, two
different kinds of detectors have been used. One is a simple B probe which directly
measures the magnetic field intensity of the microwave radiation. The other detector
is similar to the one presently being used on the Sinus-6 experiments. It consists of
a small piece of a semiconductor material placed inside a short section of waveguide
(Fig. 5). Before the accelerator is fired, a negative voltage pulse having an amplitude
of approximately 50 V and a duration of 100-120 us is sent to the detector. When mi-
crowaves enter the waveguide and impinge upon the semiconductor, the impedance of
the semiconductor changes, causing a ripple in the amplitude of the reflected voltage
pulse. From the amplitude of the ripple the power density of the incident microwave

radiation can be determined.

B. Discussion of long pulse vacuum BWO results

Vacuum BWO experiments have been conducted using slow wave structures with

both uniform and nonuniform ripple amplitudes. At the beginning of June 1993 a
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FIG. 5. Cross-sectional view of microwave detector based on semiconductor’s re-
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few experiments were performed before final assembly of the experimental apparatus
was complete. Since the only component that was lacking was a horn antenna, a
simple horn was constructed from copper sheet metal and attached to the waveguide
following the slow wave structure. In these early experiments, in which the uniform
slow wave structure was used, microwave pulses with FWHM durations exceeding
100 ns were observed. Typical signals from the first Rogowski coil and the microwave
detector (B probe) are shown in Fig. 6. The radiated power was estimated to be
about 10 MW. By positioning the B probe at various angles with respect to the center
axis of the horn, a crude map of the radiation was obtained (Fig. 7). From this figure
it is apparent that the radiation is emitted in the TMy; mode. Measurements were
not made to determine the frequency of the radiation. However, several simulations
of the slow wave structure were performed using the MAGIC 2.5-D particle-in-cell

code, and the results indicate a frequency of approximately 10 GHz.

Additional experiments were performed with the uniform slow wave structure
after a proper horn and beam dump had been installed. The power measurements,
made with the second microwave detector, showed somewhat higher radiation levels,
30-45 MW, but with a somewhat shorter pulse duration, 40-50 ns FWHM. Experi-
ments are now being conducted with a slow wave structure having a nonuniform am-
plitude, identical to the slow wave structure used in the initial Sinus-6 experiments.
The power levels that have been measured are significantly higher, 130-140 MW, with
pulse durations comparable to those observed in the more recent uniform slow wave
structure experiments. A plot of the Rogowski coil and microwave detector signals
from a typical experiment is given in Fig. 8. (The large positive overshoot in the
detector signal is not real but an artifact of the filter used to block out the -50 V
carrier pulse.) The microwave frequency has not been measured in these experiments

thus far. However, it is expected to be similar to the 9.6 GHz measured in the Sinus-6

experiments.

Two problems have been encountered in these most recent experiments. One is
that there are significant signs of rf breakdown in the slow wave structure following
these experiments. The second is that, for the particular anode-cathode (A-K) gap
spacing in these experiments, the current pulse ends abruptly (Fig. 8) and, therefore,

halts the production of microwaves. For smaller A-K gap spacings (and therefore




H

- al aa

-17 -

3.1 kA/Div

LR

r—

il +

200 mV/Div
CH2 atetnpt o
B-dot Probe
g Signal
200 ns/Div
| - A 14 [l [N ) g

FIG. 6. Typical signals from the Rogowski coil (top) and the B probe (bottom).
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Mag. Field Intensity Hphi (A/m)
)

0 ——t ,
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Angle From Horn Axis (Deg.)

FIG. 7. Radiated magnetic fields measured by B probe 1.7 m downstream from the
conical horn antenna. (Data for positive angles was mirrored to negative angles to

better illustrate the radiation pattern.)
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FIG. 8. Rogowski coil and microwave detector waveforms typical of most recent

results.
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a diode impedance which is more closely matched to the accelerator impedance)
the current pulse has the expected duration (approximately 500 ns), but also a much
higher amplitude, and the radiated microwave power is much less. Plans are underway
to place several shunt resistors just before the diode and the vacuum-oil interface to
allow the accelerator to operate more closely matched to the load conditions at the

larger A-K gap spacing (diode impedance), as was done in Ref. 7.
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IV. Ferroelectric Cathode Development

Ferroelectric cathodes are potentially a new source of electrons for high power, elec-
tron beam-driven microwave devices. These cathodes have the potential to extend the
pulse duration of high power BWOs beyond the 100 ns regime. Typically high power
BWO experiments utilize explosive emission cathodes. These cathodes form plasmas
which can expand into the anode-cathode gap and hence cause a change in the diode
impedance. Furthermore, plasmas and neutrals inherent to the explosive emission
process can adversely affect the BWO interaction over time scales longer than 10’s of
nanseconds. Ferroelectric ceramics have the potential for providing sufficient current
to operate a BWO without the above problems.®

Ferroelectrics are materials possessing a spontaneous electric dipole moment
when the temperature is below the Curie temperature and above the Curie-Weiss
temperature. Since these materials have a spontaneous dipole moment, ferroelectrics
may be characterized by a bulk surface charge density which depends upon the mag-
nitude and direction of the polarization of the sample. These materials are promising
as advanced cathode materials because it is possible to liberate electron charge from
the sample. The emission mechanism consists of the following sequence of events.
The material is placed in a state very close to a phase transition. A large electric
field is then applied across the cathode. If the electric field is of the proper polarity,
a phase transition occurs, causing the cathode to become paraelectric and forcing
the spontaneous electric dipole moment to zero. When the phase transition occurs, a
large amount of surface charge remains momentarily unscreened on the surface of the
cathode. This charge may be liberated as electrons.® For example,® the ferroelectric
lead lanthanum zirconate titanate (PLZT) has a surface charge of 55 mC/cm?, corre-
sponding to about 10'* electrons/cm?. Furthermore, since the amount of unscreened
charge is initially quite large, the emission energy of electrons from the surface can
lie in the kilovolt range. In this section, we report on the goals of the ferroelectric
research and the progress which has been achieved at the end of the grant period.
First, we review the geometry used in the experiments. Next, we review our work
with unpoled ferroelectric samples. We have shown unambiguously that the emission

process depends upon the state of the material and that the emission does not require
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an initially prepoled sample. Furthermore, with our advances in the understanding of
the ferroelectric emission process, we envision the possibility of using the ferroelectric
cathode as a charge-gated source.!® Such a source would emit a constant amount of
charge and would be capable of high peak currents. Following the work on electron
emission from the ferroelectrics, we discuss several materials issues related to the use

of thin films for the ferroelectric cathode.

A. Experimental configuration

The ferroelectric experiment consists of a ferroelectric sample placed in the triode
configuration shown in Fig. 9. A circular grid 0.27 cm in diameter with 20% trans-
mission forms the emitting surface on the top of the PLZT wafer. The thickness of
the wafer is 0.33 mm and the grid and plate are separated by 2.7 cm. The cathode
contact on the back of the wafer is grounded. The drive circuitry is also shown in
Fig. 9. A bias voltage, used to produce a preset dipole moment in the sample, is
applied to the grid, and the pulsed coercive field is applied through a coupling ca-
pacitor. A DC voltage of up to 20 kV is applied between the plate and the cathode
contact. Current viewing resistors (CVRs) provide measurements of the grid cur-
rent and plate current, while a current toroid and Rogowski coil have been used to
measure current in the grid-cathode gap. Voltage measurements are obtained using
resistive dividers.

We used PLZT 9/65/35 as the ferroelectric material for these experiments. The
material was not prepoled; i.e. there was no permanent electric dipole moment
or polarization in the sample. The surface was prepared to a quality suitable for
electro-optics applications. Figure 10 shows a sample hysteresis curve taken at 60 Hz
excitation frequency. The material exhibits a “soft” ferroelectric behavior. The

remanent polarization is 1.5 mC/m? while the coercive electric field is 4 kV/cm. At

| saturation, the polarization is about 1.5 mC/m?, corresponding to an electric field

of 12 kV/cm. (Pulsed measurements using 300 ns risetime pulses show no change in

these values.)

B. Experimental results

The novel aspect of these experiments is the application of the bias voltage to produce

a known and variable polarization within the material. This configuration allows
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- 924 -

0.06

0.04

0.02

-0.02

-~

Polarization [C/m2]
[-]

-0.06

-0.04 /

//

-6 -3 0 3 6
Electric Field [kv/cm]

12

15

* = == Puived Excitation

Reset

S Puised Excitation With -DC

FIG. 10. Experimentally obtained hysteresis (P ~ E) curve.




- 95—

one to change the initial position of the applied voltage on the hysteresis curve.
We can thus, for the first time, control the state of the cathode in a known and
easily quantified fashion. Experiments were performed both with no bias voltage
(no initial polarization) and with a bias present. When no bias voltage was applied,
current emission was erratic, although when emission did occur it was about 100 mA.
By applying a bias voltage, current at the 100 mA level was seen on every shot.
Furthermore, by changing the bias level, we were able to control the amount of

emitted charge, and hence the current.

Figure 11 shows the grid voltage and current, and Fig. 12 shows the plate current
during a typical shot with a bias voltage present. Note the change in slope of the grid
voltage as the ferroelectric saturates, as well as the sharp drop in the grid voltage
as the current emission begins. A delay of about 800 ns between the leading edge of
the grid voltage and the leading edge of the plate (vacuum) current is present in all
shots and is consistent with previous results.®!® From these traces we can see that

“the leading edge of the emission current pulée begins just before the ferroelectric is
saturated and the emission ends as the material comes out of saturation. Hence, we
see electron emission during a nonlinear portion of the hysteresis curve in which the

relative dielectric constant is close to unity.

The charge emitted from the PLZT as a function of the applied electric field at
the grid is plotted in Fig. 13. Ten measurements were taken at peak electric fields
ranging from 6-14 kV/cm and the results are plotted with a best fit line. The emitted
charge is measured by integrating the current to the plate. The graph indicates that
more charge is emitted as the field at the grid increases, and that there is a threshold
field of about 8 kV/cm below which no charge is emitted. It is important to note
that, for each case, the reverse field is equal in magnitude to the forward field. In
* other words, the PLZT is excited from ~FE,;; to +FE,q during the grid pulse. The
initial bound surface charge, as a result, increases as the applied field is increased.
The graph in Fig. 13 suggests a strong link between the bound surface charge (which
is equal to the initial polarization) and the emitted charge. As the field applied to
the grid increases, the spread in the measured emitted charge increases. This effect
correlates with variations in the width of the emitted current pulse. Although the

current pulse begins consistently as the ferroelectric saturates, the emission interrupts
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irregularly as the material comes out of saturation.

These results have demonstrated several unique characteristics of ferroelectric
cathodes. First, since emission depends on the bias voltage, we can see that the
initial state of the PLZT clearly affects the emission process. To demonstrate this
observation, a pulsed hysteresis (P — E) curve for the no bias case is included in
Fig. 10. Although the sample has no initial polarization, the slope of the curve at
the end of the pulse shows that the material is switching from remanence back to
saturation. Under these conditions, emission from the PLZT was sporadic. The
pulsed P — E curve with a negative DC bias more closely matches the bottom half
of the 60 Hz P — E curve. With this excitation, emission is more regular. Secondly,
emission does not depend on prepoling. Using a bias voltage to achieve the necessary
bulk polarization is sufficient. Furthermore, by changing the bias we can change
the emitted charge. Finally, emission occurs only when the ferroelectric becomes
saturated. Note that the introduction of the bias potential is an important addition
to ferroelectric cathodes, since one can now effectively gate the charge as well as

change the state of the cathode material.

C. Bulk sample preparation

Before mounting the PLZT substrates into the vacuum chamber, a grid was applied
to the surface using standard photolithographic techniques. A thin (0.5 mm) layer
of gold was evaporated onto the surface using an electron beam evaporator. A layer
of photoresist was spun onto the gold layer and exposed through a mask using a UV
mask aligner. The mask consists of a series of dots, designed to yield a grid in the
gold consisting of a gold surface perforated by a series of circular holes which expose
the PLZT surface. After exposure, the photoresist is developed, and the excess gold

is etched away using standard wet chemical etching methods.

D. Thin film preparation

Studies of thin film deposition of PLZT were initiated for eventual use as ferroelectric
cathodes. The technology for deposition of thin films of this material is well developed
for non-volatile memory applications. However, deposition of films for our applica-

tion presents some unique challenges. Among the commonly used compositions for
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electronic applications is PLZT (28/1/100). However, the optimal composition for
our application will be PLZT (9/65/35). These two compositions have different ther-
mal expansion coefficients so the technology already developed for microelectronic
applications will not necessarily work for our application.

Our thin films are deposited using ion beam sputtering with a Kaufman jon gun.
Since the as-deposited films are in the pyrochlore phase (which is not ferroelectric),
and are oxygen deficient, annealing in an oxygen ambient is essential. Sufficient
annealing fully oxygenates the material and transforms the crystal structure to the
ferroelectric perovskite phase. Annealing takes place in flowing oxygen at 650° C for
two hours.

A number of substrate/buffer combinations have been studied for depositing
high-quality 9/65/35 films. Initial work used stainless steel substrates and stainless
steel coated with a thin platinum layer. After annealing, the PLZT films did not
adhere well to the substrate. Bare silicon substrates were also studied. After anneal-
ing, these yielded continuous films, but with very poor surface morphology—some
buckling of the films was evident, although these will probably be acceptable for
use as a cathode. We are currently in the process of evaluating the use of silicon

dioxide/platinum buffer layers for producing better quality films. -
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V. Plans for Future Work

Experiments with the Sinus-6 will continue to study the physics of efficient high
power microwave generation in vacuum BWOs. Recent advances in the theoretical
understanding of these devices are expected to yield uniform BWOs with microwave
generation efficiencies approaching 50%. These results will then be compared with
plasma-filled tubes to critically evaluate the merits of a plasma-fill in these tubes in
the short pulse and repetitively-pulsed operating regime.

The Sinus-6 experimental and theoretical results will continue to feed into the
PI-110A long pulse experiments. Once the shunt resistors have been placed in the
modified PI-110A accelerator, as discussed above, and the new Rogowski coils have
been constructed, experiments will begin to characterize the general behavior of the
apparatus. The characterization will include precise measurements of the frequency

of the microwave radiation, and the generation of a new map of the radiation profile

in the far-field. In addition, the problem of breakdown in the slow wave structure

will be addressed. It is anticipated that we will introduce thin film ceramic and
metallic coatings within the inner wall of the slow wave structures to see if there is
improvement in the vacuum breakdown strength under the influence of microwaves.
(Please refer to the manuscript “Suppression of Vacuum Breakdown Using Thin
Film Coatings” presented in Appendix B for a discussion of the breakdown strength
of coatings.)

Work on the ferroelectric cathodes will continue because we believe that an
alternative to traditional explosive emission cathodes will be one of the key advances
that will yield successful long pulse vacuum and plasma-filled BWO operation. Now
that we have demonstrated electron emission from a ferroelectric cathode, albeit at
severely reduced electric field parameters, we plan to proceed in several areas. First,
we plan to characterize the emitted electron beam in detail. These measurements will
consist of determining the energy spread and emittance of the electron beam. Next,
we wish to enhance the electron emission currents. To perform this study, we intend
to sample different ferroelectric materials, as well as explore various grid geometries
capable of enhancing the emitted current. Another important test is to attempt

to achieve electron emission from thin films. Thin films, in principle, allow the
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production of an almost arbitrary electron beam shape which can be used to enhance
the performance of any electron beam-driven microwave device. Theoretical studies
will be initiated to contrast with an earlier theory!! and to clarify the difference
between the ferroelectric emission process and explosive emission observed earlier in
ferroelectric dielectric cathodes.!? Finally, we will begin the design and testing of a

ferroelectric cathode to be tested on a relativistic BWO accelerator.




—
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EFFECTS OF USING A NONUNIFORM-AMPLITUDE SLOW WAVE
STRUCTURE IN A REPETITIVELY-PULSED, HIGH POWER RELATIVISTIC
BACKWARD WAVE OSCILLATOR.* *

L. D. Moreland, E. Schamilogiu, R. Lemke,} J. Gahl, D. Shiffler
Usiversity of New Mexico
Deparuncat of Electrical and Computer Engineering
Albuquerque, New Mezxico 87131

Abstngt

The University of New Mexico Pulsed Power and Plasma
Science Laboratory is conducting 8 systematic investigation of

‘soouniform-amplitude backward wave oscillators (BWOs) using

the SINUS-6, s high power relativistic repetitively-pulsed electron
beam accelerator The Sinus-6 produces & 12 ns microwave pulse
with o pesk power of 600 MW at 9.6 GHz. Efficiencies of
microwave generation using both umiform and ooouniform-
amplitude BWOs are measured and compared with TWOQUICK
(MAGIC) computer simulations. Each BWO structure is tested
bundreds of times over & wide range of input parameters. The
plentiful data allow for careful comparisons with theoretical
models. Initial results confirm that prebunching the electroo beam
in 3 nonoscillating shallow ripple section results in increased
microwave generation efficiency. Finally, experimental results
from a high power serpentine mode coaverter based on a design of
the Institute of Applied Physics, Nizhny Novgorod, Russia are also
preseated. The converter changes the dominant TMg; mode
output of the BWO t s TEj| mode with very high conversion
efficiency.

lntroduction

There have been many experimental and theoretical studies
of high power backward wave oscillators (BWOs) {1} The
majority of the work within the United States has used unifonm
amplitude and period slow wave structures. The efficiencies for
converting input beam power into RF radiation using these devices
have been reported to be as lasge as 15%. Work from the former
Soviet Union on noouniform BWOs has shown experimental
measurements of RF efficiencies exceeding 40% and theoretical
predictions indicate efficiencies may reach 75% {2,3).

This paper describes a systematic program at the University
of New Mexico t0 investigate RF efficiencies of uniform and
nonuniform BWOs using the Sinus-6 repetitively-pulsed electron
beam accelerator. The advantage of this accelerator is that it easily
yields hundreds of BWO test shots in a single day, which allows
for careful comparison of experimental results with theoretical
calculations.

Fig. 1 Cut-away view of Sinus-6.

1
nitrogen pressure, the spark gap voltage can be varied
kV to 700 kV; 3) oil-filled adiabatic line which maiches the 22 0
input to 3 100 O output; and 4) magnetically insulated comxial
vacuum diode with a cold explosive-emission graphite cathode. A
magnetic field of 2.6 Tesla used 0 confine the electron beam is

is cusrently operating at a single shot every 10 seconds, limited by
the magnetic field system.

The electron beam pulse has a full width, balf maximum
(FWHM) wemporal duration of 12 ns. Figure 2 shows voitage and
current traces. By adjusting the pressure in the spark gap, cathode
voltages from 400 10 650 kV were tested along with beam currents
ranging from 310 S kA

For each differest BWO structure, bundreds of test shots
were made over the range of input parameters given above. The
Sinus-6 provides a *work borse® 10 test many BWO structures over
2 wide range of inpul parameters. Within its first year of
operation at the University of New Mexico, the Sious-6 has
accumulated over 10,000 single shots.

Sinus-6 Voltage and Current Traces

o b b bbb s e
Beam Cument (kA)

Fig. 2 Sinus-6 Voltage and Current Traces.
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*A-A-B-B-8-C-C-C-D-D-C" Analysis has shown that nonuniform BWOs can be designed

the ripple. Varying the amplitude of the ripple changes the
coupling resistance between the slow surface and the TMg) modes.
Varying the period of the ripples changes the phase velocity of the
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We now present experimental datz in which the BWO
"./E‘L ] sections were tested separately. The RF efficiency was obtained
0

- by dividing the maximum tota] RF power divided by the total peak

3 10 15 20 input beam power (cathode voltage multiplied by beam cusreat).
Axisi Distance cm} i Whea the shallow section was tested alone, po RF radiation was
Figure 3¢ | detected with beam curreats up 10 4.5 KA. When the s2c00d suage

,  of decper ripples was tested alooe (Short Tube F1), the RF

- —— -

efficiency was plotted as a function of input beam power in Fig. 4
Short Tube #2 and has 3 maximum RF efficiency of about S%. The full BWO
‘c-cc-cccr ' i (Tube #1) results are plotted in Fig. 5 and indicate 3 maximum
! efficiency of 25 10 30%. The results for Tube #2 and Short Tube
12 are shown in Figs. 6 and 7. When the RF efficiencies for Tube
#1 and Tube 72 are compared with beam current, as shown in
Figs. 8 and 9, the maximum RF efficiency occurs at spproximately
twice the start current.

RF Efficiency for Short Tube #1
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Fig. 4 RF efficiency for short tube #1.




Fig. 6 RF efficiency for tube #2. |
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Fig. 7 RF efficiency for short tube #2.

Maode Conversion

The TMg] mode is the dominant mode in the slow wave
strocture. A conical horo antenna with s diameter of 1S cm was
used 10 radiate the RF energy. Power density measurements were
made in the horizontal plane at a distance of 1.7 m from the bora
sperture. Using the aoneaiform-amplitude BWO (Tube #1), the
radistion petiera from the TMg; mode is shown in Fig. 10. The
measurements in Fig. 10 are compared with the calculated
radiation pattern from a 600 MW TMg) source [4]. Next 2 mode
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Fig. 9 RF efficiency for tube #2.

Sinus-6 Peak Power Density ;
TMO1 Mode Wih Conical Hom Antenne !

1
l
|
|
|'
|
I

8 &8 8 8 &
l
|
R
J'
“s
ih

Power Density (kW/em2)]

)

| o Experimentsl --- 600 MW TMO1 i

Fig. 10 T™My radiation pattern. g

converter based oo 3 design of the Institute of Applied Physics,
Nizhny Novgorod, Russia was used 0 convent the TMg) mode o
a TE)| mode {5). The measured radiation patiem using the mode
converter is shows in Fig. 11 and compared with a Gaussian
radiation pafiern of 600 MW 1ot} power and a half power beam
width of 12 degrees. The mode conversion efficiency was nearly
100% within the imits of experimestal error. The Gaussian-like
radiation pattern is useful for applications, such as high power
radars [6].
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Fig. 12 Electron beam density from TWOQUICK
(MAGIC) simulation.

Simulations provided good agreement with experimental
measurements of the operating frequency of the BWOs.
Simulations coafirm that the first stage of shallow ripples in the
original two-section structure does not oscillate. Simulations also
indicate that efficient BWO operation occurs when the beam
current is approximately twice the starting current for the
oucillating section, cousistent with experimental measurementy.
Simulations could not predict actusl operating efficiencies ia all
Cases due 0 resonance effects associated with artificially low
power losses in the ideal model. However, the scaling appears ©
&hapxmmmﬂdh&hnﬁamumﬁlbﬁuhh
vicinity of a cavity resonance in the simulations.

Conclusions

The soauniform-amplitude BWOs tested resulted in peak
RF efficiencies of 25 © 35%. The maximum values for RF
efficiencies occurred at approximately twice the start curreat,
consistent with computer simulations. When the two sections were
tested individually, the first shallow ripple section did not radiate
measurable RF power and the second deeper ripple section showed
RF efficiencies of less than 5%. The increased efficiency of the
two section BWOs can be attributed to the prebunching of the
electron beam by the nonoscillating first section.

TWOQUICK MAGIC simulations provided insight into the
interaction of the surface mode and volume mode inside the slow
wave structure. Simulation results were sensitive to the cavity Q's
of the set-up. Agreement with experimental measurements were
good when the simulations were not near resonance.

A high power serpentine mode converter resulted in power
densities as large as 450 kW/cm?2 being measured 1.7 m from the
radiating antenna. The TMgy 0 TE} conversion efficiency was
nearly 100%, consistent with theoretical predictions [5]

+ In collaboration with the High Current Electronics Institute,
Tomsk, Russia.
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LONG-PULSE HIGH POWER MICROWAVE EXPERIMENTS
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Abstract--Experiments to develop a long-pulse,
high power microwave source are currently be-
ing conducted at the University of New Mexico
(UNX) . By removing the Blumlein in a PI
Pulserad 110A and replacing it with a parallel
L-C network, the Pulserad has been converted
into a type A PFN.[1) The new pulse length,
and impedance of the device
are approximately 450 ng, S00 kv, and 40 22,
respectively. This modified Pulserad is used
to drive an electron beam diode which is iden-
tical to the diode in the UNM SINUS-6 acceler-
ator.[2) The relativistic electron beam pro-
duced by the diode is injected into a slow-
wave structure to generate X-band microwaves
at & frequency similar to that of the UNM
SINUS-€6. In addition, the output voltage and
current are also similar for the two accelera-
tors; however, the UNM SINUS-6 is a short-
pulse, rep-rated accelerator while the UNM
Pulserad is a2 long-pulse, single-shot machine.
The primary objective of these experiments is

- to determine whether the backward wave oscil-

lator (BWO) presently on the SINUS-6 machine
can operate at long pulse durations. Initial
experiments involve vacuum BWO operation,
which will be followed by plasma-filled BwO
operation. The system design will be pre-
sented along with electron beam diagnostic and
microwave generation results.’”
1. Introduction
In the past several years interest in
high power microwaves has grown considerably.
Devices have been developed which have peak
powers on the order of terawatts. Increasing
the average powers of these devices, though,
has proved to be more difficult. 1In the case
of 1long-pulse backward wave oscillators
(BWO’s) microwave generation simply ceases
after a period of time even though the elec-
tron beam continues to travel through the slow
wave structure,

At the University of New Mexico a long-
pulse accelerator has been developed to drive
a BWO for the purpose of investigating this
phenomenon further. The electron gun of the
BWO is nearly identical to that of the UNM
SINUS-6, a short-pulse, rep-rated accelerator
also at the university. Experiments are being
conducted which involve both vacuum and
plasma-filled BWO operation, and a portion of
this study will be focused on understanding
the behavior of the plasma and the interac-
tions between the electron beam and the plasma
in plasma-filled BWO operation.

This paper will discuss the work that has
been completed thus far. In section 1I a de-
scription of the accelerator and the BWO will
be presented, followed by a discussion of some
of the preliminary results in section III.

esnegearch supported by AFOSR grant #Fé9620-
92-J-0157DEF.

Section IV will present the conclusions drawn
from this work and list the plans for future
work. Acknowledgments are made in section V.

1 E . ) pesi
The accelerator for the experiment has
been constructed using a Physics International
Pulserad 110A. 1Inside the Pulserad 110A is an
l11-gtage Marx bank, which has a capacitance of
0.05 pF and a maximum charging voltage of 100
kv for each stage. This translates to a
maximum energy storage capacity of 2.75 kJ.
The blumlein following the Marx bank was re-
moved and replaced with a parallel L-C net-
work. Both the Marx bank (when erected) and
the L-C network together form a type-A PFN
which has a pulse width and impedance of ap-
proximacely 450 ns and 40 Q, respectively. An
equivalent circuit is shown in Fig. 1. A bal-
anced resistive voltage divider, which is not

Marx Bank Pilter Network
=.9 mH
Rparx = 2 Q ¥
Re=3s00 | | o
L
’P"’;"x Rghunt
=4 Ko SOnH
— ceednF Cf
Cmarx |
=5 nF . -0
1

Fig. 1 Equivalent circuit of Pulserad 110A.

shown in Fig. 1, has been placed between the
Marx bank and the filter network to monitor
the Marx voltage. PSPICE calculations show
that with a matched load a peak voltage of 775
kV can be obtained from the Marx bank after it
has been erected, resulting in a cathode volt-
age and load current of 570 kv -and 14.3 ka,
respectively (Fig. 2).

As was mentioned previously, the electron
gun used with the Pulserad 110A is nearly
identical to that on the UNM SINUS-6. The
major difference between the two is that the
slow wave structure in the gun on the Pulserad
110A is slightly different. Figure 3 shows a
diagram of the gun. The cathode is stainless
steel and has a 1.95 cm diameter knife-edge
tip to emit an annular beam into the slow wave
structure. As can be seen fron the drawing
the cathode is inserted some distance into the
magnetic field so that electrons are emitted
on uniform field lines. The maximum field
that can be produced on axis by the field
coils is approximately 3 T. Two Rogowski
coils are shown in the diagram which are usged
to measure the beam current, one around the
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Fig. 2 voltage and current waveforms

calculated by PSPICE for the
Pulserad 110A fully charged and
terminated into a 40 2 load.

cathode, which is currently installed, and one
"at the end of the slow wave structure, which
will be installed in the near future. The
coil used is a standard non-integrating
Rogowski coil, requiring an RC integrator at
the input of the oscilloscope to process the
signal. Finally, following the slow wave
structure is a conical horn which radiates the
microwave power.

dI1. Riscussion of Preliminary Results
Cathode Voltage and Beam Current

During experiments in which the Marx bank
was charged to full voltage the signal
waveform from the voltage divider indicated a
peak voltage from 520 to 620 kv, which is
slightly less than the PSPICE prediction of
775 kv for the 40 Q load. Assuming that the
ratio of the cathode voltage to the Marx volt-
age remained the same as that which PSPICE
predicted, the cathode voltage was then in the
range of 380 to 450 kv.

A beam current of 3.8 to 4.2 kA was con-
sistently observed with the Rogowski coil.
Pulge widths (measured at the base of the cur-
rent pulse) varied from 530 to 560 ns. These
values are in very good agreement with the
pulse widths predicted by PSPICE in Fig. 2.

Mode Pattern

T™wo diagnostic methods were used to
determine the mode pattern of the microwave
radiation. The first and simplest method was
to place a sheet of foam with a matrix of
small neon bulbs embedded in it in the far-
field region in front of the output horn. The
room was darkened and an open-shutter camera
was then used to take photographs of the light
board as the Pulserad was fired. Figure 4
shows one of the photographs that were taken.
In this particular case the Pulserad 110A was
fired 7 times before closing the camera shut-
ter. A small dark region can clearly be seen
in the center of the light board surrounded by
a rather broad lighted region which is in turn
surrounded by another dark region. This pat-
::gn is characteristic of the TMy; radiation

e.

A second diagnostic used to evaluate the
mode pattern was a B-dot probe. The probe was
mounted on a wooden stand and positioned on
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Photograph of light board showing

rig. 4
pattern for TMg; mode illuminated.

the axis of the microwave horn at the same
distance at which the light board was set.
Measurements were taken and then the probe was
moved to the left or right in increments of 5
degrees away from the horn axis. One of the
recorded signal waveforms from the B-dot probe
is shown in Fig. 5 along with the current
waveform for the same shot. The early
cessation in the production of microwaves,
which was mentioned earlier as a characteris-
tic of BWO‘’s, is clearly seen here; the cur-
rent pulse has a duration of 540 ns, while the
duration of the microwave pulse is only 130
ns, over 4 times shorter.

Because of the large amplitude of the mi-
crowave signal from this shot and other simi-
lar shots, several 1layers of attenuating
material were placed in front of the output
horn, since the crystal detector used with the
probe behaves very non-linearly for large in-
put signals. As shown in the plot of probe
data in Fig. 6, the signals from the B-dot
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on ¢

200 mv/Div

ns/Div
KR 2

200
|

L 4 A A

rFig. S Typical signal waveforms from the
pA~aweki{ co0il and B-dot probe.
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Fig. 6 Radiated magnetic fields measured by
B-dot probe at 1.7 m from horn
aperture. Data for positive angles
was mirrored to negative angles to
better illustrate radiation partern.

probe were generally in agreement with the
photograph in Fig. 4 and indicate the presence
of the TMpy; mode. The perturbation in the
recorded data in comparison to the ideal TMp;
pattern may have been caused by scattering of
the microwaves as they passed through the at-
tenuating material or the decreased radiation
intensity bringing the probe signal closer to
the noise floor.
Mi P L F

Although the radiated power could not be
calculated exactly from the experimental data,
it was estimated to be less than 10 Mw.
Another estimate of the power was obhtained
using MAGIC, a 2 1/2 D particle-in-cell simu-
lation code.[3] Figure 7 shows a plot from
MAGIC of the power over a 10 ns time period
calculated for the case with a cathode voltage
of 350 kV and a beam current of 4 kA. The
power rises to almost 80 MW after about 1.5 ns
but then rapidly drops. Over a duration of
130 ns the average power would seem to be on
the order of 10 MW, which agrees well with the
estimate from the experimental data. By set-
ting the oscilloscope on a faster time scale
when recording the B-dot probe signals (say., 5
ns/div instead of the 200 ns/div used for most
of the present measurezents) the high initial
powers could be confirmed.

For this cathode voltage and beam current
MAGIC calculates a value of approximately 7
GHz for the dominant microwave component.
However, other MAGIC runs for other cathode
voltages and beam currents show the dominant
frequency component to be 10 GHz. Using a
Mathmatica routine written by Tom Spencer at
Phillips Lab for calculating the cold disper-
sion relation of a slow wave structure {d4)], a
frequency of 10.8 GH:z was predicted for the
microwave radiation.
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Fig. 7 Time history of radiated microwave
power calculated by MAGIC for a beam
current of 4 kA and a cathode
voltage of 350 kV.

I¥._Conclusions

Initial experiments show the radiated
microwave power to be rather low; however,
MAGIC predicts this low power level for the
parameter space in which these experiments
have been conducted. It should also be
pointed out that the UNM SINUS-6 achieves con-
siderably higher powers (-~ 600 MW) [2] due to
the fact that a more advanced slow wave struc-
ture has been installed in it. Once the the-
ory behind the operation of this slow wave
structure is better understood a structure of
this design will then be placed on the
Pulserad 110A. However, the immediate next
steps in this investigation will involve vary-
ing the parameter space in MAGIC in order to
determine a more favorable operating regime in
which higher powers can be producéd.
Diagnostics will also be improved to better
determine the radiated power and mode pattern.
Work on plasma-filled BWO experiments will
then begin, and the necessary diagnostics for
these experiments will be developed and incor-
porated into the Pulserad 110A.
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Abstract--A basic limitation of all electron
beam driven radiation producing devices is the
need for more input power. For high power mi-
crowave devices and free electron lasers, this
reQquirement may be sgtated as the need for
greater electron beam current with higher
brightness beams. Our research investigates
ferroelectrics as a source of electrons for
high current cathodes. Ferroelectric cathodes
operate by inducing a phase transition in a
sample of ferroelectric material, leaving co-
pious amounts of electron space charge on the
surface which can be easily liberated.{l] we
have built a prototype electron gun in a tri-
ode configuration. The gun is energized using
The grid of the
triode induces the phase transition. A second
voltage is applied across the anode-cathode
gap to accelerate the electrons. In this pa-
per, we present results of polarization mea-
surements under AC signals, as well as results
of operating the triode as an electron gun.
Finally, a design is presented for a beam
transport system using standard accelerator
technology to determine the beam emittance and
brightness. Since ferroelectric cathodes can
in principle operate at relatively low temper-
atures, the limiting emittance set by the
cathode temperature should be very low."

J-Introduction

Electron emission for vacuum electronics
has been limited to thermionic sources (i.e.
oxide coated or barium dispenser cathodes),
explosive field emission cathodes (carbon felt
materials) and exotic photocathodes. A novel
cathode material has been introduced consist-
ing of ferroelectric materialg. By inducing a
phase transition in ‘a pre-poled ferroelectric,
abundant electron emission can be observed.
Emitted charge densities of up to 1 uC/cm2 (2]
as well as current densities up to 70 A/cm2
have been documented.{3] These results demon-
strate diode currents exceeding the space
charge limit for typical vacuum diodes.

A research program is in progress at the
University of New Mexico (UNM) to investigate
ferroelectric cathodes as a novel emitter for
high power nicrowave (HPM) sources. Such
sources require high brightness, low emittance
electron beams. Ferroelectric cathodes offer
two key advantages over state-of-the-art
thermionic emitters: (1) higher current densi-
tiegs and (2) lower operating temperatures.
Since the ferroelectric is not operated as an
explosive emitter, it is not susceptible to
gap closure due to plasma formation. The ma-
terial has demonstrated repetitive operation
and can be used in any environment (rough to
hard vacuum, and plasma filled devices). (4]

*This research is funded by AFOSR Grant
#F49620-92-0157DEF. :

A key aspect of this research program isl.
to investigate thin film ferroelectric cath-.:
odes. These films are fabricated in the UNM
Center for High Technology Materials (CHTM).--
The materials can vary in thickness from-
0.1 pm to 10 um and can be produced in a vari- .
ety of compounds and mixtures. Thin films::
have several advantages over bulk material:'
the ferroelectric can be switched at lower
vqltages since the material is thinner, the
films may be grown or sputtered onto a wide
variety of cathode geometries, and lastly, it
may be possible to reduce the resultant elec-
tron beam divergence after emission.[S)

This paper summarizes the effort to date
beginning with a brief discussion of the the-
ory of ferroelectric emission in sec. 2.
Section 3 describes the method of measuring
the polarization (P-E) characteristics of the
material. A discussion of the fabrication of
the thin films is given in sec. 4 and a de-
scription of the triode experiments is given
in sec. 5. The design and simulation of a low'
emittance gun is presented in sec. 6 followed.
by concluding remarks. ‘

2:-Theory of Ferxoelectronics

Ferroelectric materials are polar di-
electrics that undergo a change of spontaneous
polarization under the influence of an applied
electric field. Like ferromagnetic materials, .
ferroelectrics have domains, exhibit hystere-
sis loops, and show Curie-Weiss behavior near
the phase transition temperatures.[6) The
displacement in a polar material is expressed
as:

D =EBR + P, (1) .
where the polarization may be expanded as: :
PxEYE +P, +P,. (2) ¢

The first term is the polarizability of the’
material, the second term P, describes the po-
larization due to the spontaneous alignment of
the domains, and the last term is the polar-
ization due to defects in the material ([4].
For a given remanent polarization in the mate-
rial, there will be a bound surface charge
density which is expressed as:

Qb = 1Plgurrace (c/a2) . (3)

Under normal conditions, the bound sur-
face charge is screened by free charges. 1If
the material undergoes a rapid change in po-
larization, then a large uncompensated charge
will be generated at the surface. The elec-
tric field is high enough (100-10,000 kv/cm)
to extract carriers bound in the surface of
the material. If conditions are arranged such
that these carriers are negative, then the
electrons will be accelerated into the diode

gap.




The various methods of inducing a rapid
change in the polarization include {4):

(1) heating or cooling across a phase
transition boundary from or to the
ferroelectric (FE) state,

(2) transitions between the FE phase and
the antiferroelectric (AFE) or para-
electric (PE) phases by applying
pulsed stress,

phases and the FE phase by applying a
pulsed electric field,

(4) partial reversal of P, ingside the
ferroelectric phase by applying high
voltage pulses, and

(S) illumination by laser light
assisted domain switching).

(photo

for ~ition rate applications. This tech-
niqu . initially selected for this research
prog: A second option ig to heat the mate-
' rial close to the phase transition, then apply

a pulsed electric field to switch the material
into the PE or AFE phase. With this combina-
tion of methods (1) and {3) no cooling of the

material between pulses is necessary 8o that'

it is consistent with rep-rate operation. A
further enhancement of emission can possibly
be obtained by adding laser light illumina-
ction.

l 1-polarization C

The hysteresis of a ferroelectric mate-

rial is determined by plotting the polariza-.

plied electric field. One method of perform-
ing this method is the Sawyer-Tower loop cir-
cuit (Fig. 1).[(6]) Capacitor C, must be linear
' and should have a capacity much higher than

'tion of the material as a function of the ap-

the material under test.
horizontal voltages are written as:

vV, = Ed and

i L
vy = & ohm de, (4)

where @ is the thickness of the material.
Assuming that the loop current is a uniform
displacement current, the vertical voltage may
be rewritten as:

t
1 (dp DA

where A is the conduction area. Substituting

Eq. (1) for the displacement gives

v, = ft-(coz +P). 6)

Finally, substituting V,/d for E and solving
for P gives

13 &
PV, 3 -V, o M

As long as C, is large, the second term in Eq.
{(7) can be ignored and the vertical and hori-
zontal voltages can be related to the polar-
ization and electric field using

b

c .
PaV, pande=3F. (8

(3) transitions between the AFE or PE|

Fig. 1. Sawyer-Tower circuit for displaying
P-E hysteresis curves.

'It is most advantageous to apply method (4)|

The vertical and ‘

_The hysteresis curves are obtained with
the materials mounted in the triode experi- .
ment. This step is to insure that there is |
good electrical contact with the material be-
ing tested. From the hysteresis curves, the
remanent polarization P, is determined from the
vertical intercept, antf the coercive field E_
is determined from the horizontal intercept.
Rysteresis curves will be collected at temper-
atures up to the Curie temperature. Tests on
a 0.25 mm PL2T wafer yielded the P-E curve
shown in Pig. 2. This result most likely in- -
dicates a minor hysteresis loop. Attempts to
increase the coercive field and drive the ma-
terial into hard saturation resulted in elec-
trical breakdown.

Fig. 2. P-E curve on a gridded PLZT wafer at
roon temperature. The vertical axis
is approximately 1.5 uC/cm2 and the

horizontal axis is 7.9 kv/cm.

4= ¢ ing Thin Fil

The ferroelectric films are produced with
an ion beam sputtering method (Fig. 3). The
beam source is a KXaufman Ion Gun which
provides independent control of beam energy,
and current. The ion gun is capable of

I Thermocouple I

-s+—Target

Kaufman -
Ion Gun

Ammeter
1

Target
Bias

Substrate

Fig. 3. Deposition cystein for ferroelectric

_thin films.
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sputtering with an inert ion (Ar) beam or a
reactive ion (0,) beam. The sputtering target
is a single composite (28/0/100) PLZT. The
films are deposited onto a flat stainless
steel substrate which has been coated with
platinum. After deposition, the films are
annealed in an oxygen furnace for half an hour
at 650°C.

The CHTM laboratory also deposits gold
electrodes onto the ferroelectric samples.
The metallization is deposited using electron
beamn evaporation. The grid is patterned with
standard photolithography/wet etch techniques.
The electrode pattern is circular with 200 um
apertures and a 200 um separation. :

S-Txiode Experiments

The purpose of the triode experiments is
to determine the emission current density and
charge limit of several different ferroelec-
tric compounds. These results will determine
the emittance of the cathode. A key aspect of
this part of the research is to compare the.
performance of the thin film ferroelectric ma-:
terials to the bulk materials. A parallel
plane triode tube (Fig. 4) has been con-
structed for this task. The triode is a de-
mountable vacuum tube assembled with 7 cm
stainless steel flanges. An ion pump is used
to evacuate the tube to 10-% Torr. The grid
flange is isolated from the cathode with a ce-
ramic adapter and the anode is separated with
a 25 cm glass tube. A tungsten filament
heater is suspended inside a 1.9 cm stainless
steel tube which is connected to cathode po-
tential. The material under test is attached
to a cap on top of the heater tube. Grid con-
nections are made from the top of the sample
to four stainless steel posts which are con-
nected to the grid flange.

The experiment is operated as a grid mod-,
ulated hard tube pulser. The anode potential
can be varied from 10-30 kv and the grid is
energized with a transmission line pulser.'!
The ferroelectric material is pre-poled with
the polarization vector pointing into the tri-
ode. Pre-poling is accomplished by heating
the material above the Curie temperature and
cooling down through the transition with a DC
field across the material.

Electrical contacts to the bulk samples
have been problematic. Connections are sensi-
tive to mechanical stress due to the brittle
nature of 0.25 mm ceramic wafers. The gold
metallization adhered poorly to the ceramic.
The grid pulled away from the sample when
wires were bonded to the metallization. A
conductive epoxy was used to glue foil con-
tacts to the grid. However, the adhesive was
too fragile for the mechanical stresses during
the triode assembly. Planned improvements in-
clude roughening the surface of the ceramic to
increase the surface tension with the gold
metallization, and annealing the metallization
at 200 °C after deposition. The mechanical
mounting of the wafers has been redesigned to
mainimize the stress on the ceramic.

Initial tests on thin films were incon-
clusive. The grid contacts were shorted to
the cathode in several cases. This problem
could be caused by: 1) the film becoming
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Fig. 4. Cut-away view of the ferroelectric
triode. Vacuum flanges are 7 cm in

diameter.

scratched during assembly or 2) breakdown of
the film due to static discharge during
handling. .

G-F ) ic Gun Desi

The electron gun design is based on a
Pierce gun configuration for low emittance op-
eration. The design was analyzed using EGUN
and the gun parameters for a 10 kv anode
voltage are given in Table 1. A schematic of
the ferroelectric gun is given in Fig. 5. The
grid will be connected to the focusing




electrode which must be held at ground
potential. The ferroelectric will be
energized with a negative cathode pulse.

Table 1. Electrical Parameters of
the Ferroelectric Pierce Gun

Current Density 3S Acm2
] Current 25.2 A

Perveance 25.2 uPerv
Emittance 9.81 mmm-mrad

Ceramic
Insulator

\

D¢ LV DY D X

" Focusing
Electrode Cachode{\ssenbly

1.25cm

Grid
Electrodes

0.9¢m .
! Ferroelectric

Anode
‘

3.8cm

ﬂ

Fig. 5. Schematic of the ferroelectric

Pierce gun.

The beam line will include diagnostics to
determine beam emittance and energy spread for
the ferroelectric cathode. The magnetic
trangport system consists of a quadrupole
triplet and a spectrometer magnet. Phosphorus
screens will be used to determine the beanm
spot, and hence emittance. The spectrometer
magnet with a profilometer will determine the
‘center energy and energy spread of the beam.
A schematic of the beam line is given in Fig
6. The quadrupoles have a 4.06 cm effective
length, 13 cm aperture, and field strength at
the pole piece of 720G for a current of 1 A.

Phosphor Screens Spectrometer
on Linear Actuators

< \Magnet

En747)
B

Quadrupoles with
Cameras

Gun

vert. and Horz. Steering

Profilometer

rig. 6. Beam diagnostics for the ferro-
tr

1-Summarxy

A vacuum triode experiment has been as-
sembled to study the emission from thin film
and bulk ferroelectric materials. Significant
problems have been encountered with mounting
and connecting the bulk material to the tri-
ode. Redesign of the triode will include a
stress-free holder for the ceramic and adhe-
sion of the metallization to the samples will
be improved. Fabrication of thin films has
been performed, but the electrical characteri-
zation of this material is inconclusive at
thig time. The design of a low emittance
Pierce gun using the ferroelectric cathode is
complete as well as a design for a diagnostic
system to determine beam quality. This work
is expected to lead to improved performance of
long pulse backward wave oscillators.
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ABSTRACT

Thin film metal and metal oxide coatings ion sputter-deposited onto the cathode electrode
of a parallel-plate high voltage gap were found to suppress electron emission in high
vacuum. Electric fields as high as 60 kV/mm have been sustained across a 1 mm gap for
pulse durations of 10 us. Lesser electric fields were sustained for pulse durations
exceeding 10 ms. The behavior of 500 nm thick coatings was independent of the type of
coating used, whereas the breakdown voitage for thinner coatings depended upon the
material and the deposition conditions. The breakdown properties of various coatings, as
well as a discussion of the suppression of electron emission is presented.
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L Introduction

The ability to sustain large electric fields across metal electrodes in vacuum is an important
consideration in pulsed power applications.! Previous researchers have attempted to
improve the breakdown characteristics of metal electrodes by coating them with various
dielectrics, including epoxy, oil, and polymers.1-6 Although these coatings led to
improved performance, little work was done to understand the mechanisms that increase
the threshold voltages for initiating breakdown.

This paper describes the results of an experimental investigation to increase the
threshold breakdown voitages and sustained puise durations across planar stainless steel
electrodes in high vacuum (Page<4 X10-8 Torr). A solid anode electrode and thin-film
coated 80% transparent mesh cathode were used. (Films were deposited on the cathode
" screen using ion-beam sputter deposition.) The choice of electrode material, as well as the
actual configuration, were selected as part of a study of a planar liquid metal ion source.”
In addition, the choice of coating materials was motivated by initial studies of coatings for
use in high power microwave sources.8

This paper is organized as follows: Section II presents a discussion of relevant
vacuum breakdown theories. Section III describes the experimental apparatus and
presents measurements of the breakdown characteristics of various coatings. The
conclusions from this work are presented in Sec. IV.

IL Breakdown Theories

As the voltage across parallel-plate electrodes in vacuum is increased, small currents are
emitted from local sites on the electrodes. These small currents, called prebreakdown
currents, generally arise from one or two micron tall protrusions on the surface of the
cathode. At the tips of the protrusions, the electric field becomes enhanced to the point
where field emission can occur, typically at about an electric fidd E=3 X103 kV/mm.
These currents are typically in the picoAmpere range and obey an equation found from a
quantum mechanical treatment of a clean metal-vacuum boundary and is shown here in its
most useful form:2

I 1.54 x10° A 87102 | 2.84 x10°d¢"
=log = ’ (l)
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where ¢ is the work function of the material, A, is the effective emitting area, d is the
anode-cathode (A-K) gap distance, V is the applied voltage, and 8 is the field
enhancement factor. This equation, known as the Fowler-Nordheim equation, yields 8

and A, ﬁ'omtheslopeandinterceptofagraphoflog%vams%. As the applied

voltage on a microprotrusion increases, the current will increase for a given set of
parameters until it is space-charge-limited. At that point the I-V characteristic departs
from the Fowler-Nordheim equation and assumes a Child-Langmuir dependence with I o

vSI‘Z
d2
through Joule heating, vaporizes, forming a microplasma which is considered the seed of
22 eventual breakdown.2 This type of breakdown applies to short gaps where d<0.5 mm.

The dependence of Eq. (1) on the gap spacing d is not as straightforward as it
appears. The macroscopic electric field needed to maintain a prebreakdown current has
been shown to decrease with increasing d. This is termed the "Total Voltage Effect” and
is attributed to two theories.2 One theory suggests that higher voltages result in higher
sputtering rates of adsorbed oxygen, which in tum give higher emission current (an
oxygen free surface has a lower work function). Another theory suggests that there is
increased current resulting from a rise in surface temperature on the cathode following its
bombardment by increasingly energetic positive ions. Either of these theories can lead to
breakdown by filling the gap with sufficient material so that an avalanche can occur.
These mechanisms are thought to occur mainly for large gaps where d>2 mm. The key to
suppressing breakdown is to minimize the seed material that is introduced into the A-K
gap, and this is ultimately done by suppressing electron emission from the cathode when
the anode is pulsed positively.

. The micropratrusion cannot sustain very large current densities and eventually,

M. Experimental Apparatus and Measurements

The experiment, shown in Fig. 1, consists of an A-K gap in a stainless steel vacuum
chamber at a base pressure of 4 x10-8 Torr. A cryogenic pump was used to achieve the
base pressure. The anode is made of polished stainless steel, 2.54 cm square. The broad
area cathode is an 80% transparent stainless steel mesh. The cathode is adjustable over
the anode to a minimum gap spacing of 1.00 +0.12 mm. A voltage pulse is applied to the
anode from a 0.733 uF capacitor through a spark gap switch. The pulse risetime is less
than 1 us. The voltage pulse was terminated with a crowbar spark gap switch across the




capacitor. The typical A-K gap used was 1 mm and voltages from 20 - 65 kV were
applied. Additional information on the hardware can be found in Ref. 9.

The breakdown theories described in Sec. I were the guiding principles upon
which we operated the experiment. The breakdown theories suggest that anything that
can be done to blunt microprotrusions and to remove loose particles adhering to electrode
surfaces should improve the breakdown characteristics of the gap. Towards that end we
first polished the anode with a high speed polishing wheel and jewelers rouge. (Of course
this could not be applied to the delicate cathode mesh.) Both of the electrodes were
subjected to washing with isopropyl alcohol, methanol, and finally with acetone. After the
electrodes were installed, the gap was sprayed with 40# synthetic air to remove any dust
that may have settled on the surfaces. The intent of these procedures was to remove as
many microparticles from the electrodes as possible, and to minimize the formation of
monolayers of oxygen and water. The chamber was pumped down to a final pressure of
4x10-8 Torr before any voltages were applied. These procedures alone resulted in
breakdown occurring at 30 kV/mm within 50-100 pus.

There are a number of in situ conditioning processes that can be applied to reduce
the emitted current from microstructures.2,6 The gap can be subjected to successively
higher DC voltages, allowing the prebreakdown currents to decay over a span of
approximately 30 minutes. Another employs glow discharge cleaning and takes advantage
of the sputtering action of low-energy ions to knock off layers of contaminants. This was
performed on our experiment with no noticeable improvements, as our vacuum was very
good to begin with and this method is generally useful for removing contaminants which
keep the chamber pressures high.

Another conditioning method was used on our experiment to recover lost
performance after a breakdown. Figure 2 (a) shows a typical wire from the cathode mesh
magnified 2750 times using an environmental scanning electron microscope (ESEM). The
wire bas channels running along its axis due to its manufacturing processes. (Note the
microparticles which were not removed by cleaning.) Figure 2 (b) shows a mesh after a
breakdown event which possesses many fine structures where field enhancement can
occur. By reducing the applied voltage, increasing the pulse duration, and repeatedly
pulsing the gap until breakdown no longer occurs, we were able to regain some of the
performance of the gap prior to breakdown. This procedure is thought to blunt the
microprotrusions created by the breakdown event, thus lowering their 8 values so that
emission levels would be reduced.

The maximum electric field and pulse duration achieved without breakdown using
the above procedures was 30 kV/mm for 100 us. A great advance over these results was




made by sputter-depositing thin film coatings onto the cathode mesh. Figure 3 shows 2
comparison of the breakdown voltages for different coatings, all grown to a thickness of
500 nm. Films were deposited using ion-beam sputtering with a 2.5 cm diameter Kaufman
gun. Typically, the ion gun was run with a beam voltage of 750 V and a beam current of
30 mA. Metal films were deposited using an argon ion beam, and oxides were deposited
using Ar/O7 mixtures. Sputter targets were either metals or stoichiometric oxides,
depending on the film to be deposited. The coatings in Fig. 3 are compared with a bare
stainless mesh on the left. It is clear from the figure that coating the cathode increases the
threshold breakdown voltage for all materials except TiN, and that TiO and SnOy
performed the best. All experiments described here .were performed using TiOs
coatings.

One hypothesis that can be used to explain the increase in the breakdown electric
field with the thin film coatings is that these coatings buried, to some extent, the
microprotrusions left by the manufacturing process. The screens, as shown in Figs. 4 (a)
and (b) viewed on a micron scale using an ESEM, reveal a smoother surface for the
coated screen. The results obtained were repeatable and suggest that a sputter-deposited
surface of approximately 500 nm thickness is smoother than the bare surface. This is also
revealed in Fig. 5 which shows the breakdown electric field for several sputter-deposited
metal films, including a sputter-deposited stainless steel film, compared to bare stainless
steel. All of these coatings achieved a peak electric field of about 50 kV/mm. We have
found that there are a large variety of coatings which, when grown to at least 500 nm,
yield a large increase in the breakdown electric field by creating a smoother surface with a
smaller average B, thus reducing electron emission from the cathode.

Thinner films (200 nm) showed a variation of breakdown electric field with a
change in the deposition condition. Specifically, we varied the oxygen content of the
sputter gas mixture used during film growth, with all other ion beam parameters held
constant. Breakdown field as a function of oxygen content of the beam is shown in Fig. 6
for TiOs films. (Rutherford backscattering measurements on these films confirmed that
all were stoichiometric TiO.) This plot indicates that the breakdown electric field varies
markedly with oxygen content while a plot for a TiO, film at a thickness of 500 nm,
shown in Fig. 7, is independent of the deposition conditions. It is widely known that the
index of refraction, grain size, and packing density of oxide films vary with the oxygen
partial pressure during deposition, and that the index of refraction is indicative of changes
in the latter two properties.10:11  We have verified the relationship of the index of
refraction as a function of oxygen content of the background gas as shown in Fig.8, and
this agrees with the experimental findings in Ref. 10. Therefore, it is apparent that the
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breakdown electric field for thin films (200 nm) is more sensitive to the film properties,
while for 500 nm thick films, merely burying surface microprotrusions becomes the
dominant mechanism in achieving the larger breakdown electric fields.

The breakdown behavior of TUTiO7 layered structures deposited on the cathode
screen was also investigated. Two of this type of film were studied: one was a 100 nm
thick pure titanium layer deposited on the screen, followed by a 100 nm thick TiO; layer
(grown using 50% oxygen in the ion beam) for a total layer thickness of of 200 nm; the
other was a similar structure with 300 nm of Ti with 200 nm of TiO, for a total thickness
of 500 nm. For the 300/200 film, the breakdown field was 52 kV/mm, which is
comparable to the fields measured for 500 nm Ti and TiO; films. In this case the presence
of the dielectric is insignificant as is expected for the thicker films, and the breakdown field
increase is due to the burying of imperfections. However, the 100/100 film had a
breakdown field of 44 kV/mm. This is significantly higher than the breakdown field for a
200 nm thick pure Ti film (the 0% oxygen value in Fig. 6), showing that for thin films
where the effect of covering up cathode imperfections is not as significant, the presence of
even a thin dielectric layer can cause measurable improvement in the breakdown behavior
of the cathode.

IV. Conclusions

The results of this study indicate that thin film coatings of metals or metal oxides can yield
a factor of two increase in the breakdown characteristics of parallel-plate stainless steel
electrodes in high vacuum. The study found that the breakdown electric field for 200 nm
thick coatings was dependent on the grain size or packing density of the film, whereas the
breakdown field for 500 nm thick coatings was independent of the material properties. To
achieve the highest breakdown field, the oxygen content of the background gas should be
50% or higher for 200 nm thick films, or 500 am thick films should be applied. 1t is
important to note that these coatings are not robust. While some level of performance can

. be regained after a breakdown event, generally the coated cathode screen will have to be

replaced if the application cannot tolerate a large variation in breakdown electric field.
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Fig. 1. Schematic of the experimental set-up (not drawn to scale).

Fig. 2. Comparison of stainless steel meshes coated with stainless steel before (2), and
after (b) a breakdown event.

Fig. 3. Maximum breakdown electric fields for several types coatings sputter-deposited
with a beam composed of 50% argon and 50% oxygen.

Fig. 4. Comparison of a bare stainless steel mesh (a) to one coated with 500 am of
sputter-deposited stainless steel (b).

Fig. 5§ Maximum breakdown electric fields for several types of metal coatings sputter
deposited with a beam composed of 100% argon.

Fig. 6. Plot of breakdown electric field as a function of the oxygen content of the
background gas for a film thickness of 500 nm.

'Fig. 7. Plot of breakdown electric field as a function of the oxygen content of the
background gas for a film thickness of 200 nm.

Fig. 8. Plot of the index of refraction as a function of the oxygen content of background
gas for TiO3 films.
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Abstract—The Sinus-6, a high power relativistic repetitively-pulsed electron beam accelerator,
is used to drive various slow wave structures in a BWO configuration in vacuum. Peak output
power exceeding 500 MW at 9.6 GHz was radiated in an 8 ns pulse. We describe experiments

which study the relative efficiencies of microwave generation from a pair of nonuniform

amplitude slow wave structures. A simple model analyzing the changes in electron energies
and their relative phases along the length of a nonuniform amplitude BWO provides insight
into the improved efficiency achieved using a two stage nonuniform tube. Experimental
results are compared with 2.5 D particle-in-cell computer simulations. Initial results suggest
that prebunching the electron beam in a nonoscillating shallow-ripple section of a nonuniform
BWO results in increased microwave generation efficiency. Furthermore, simulations reveal
that, in addition to the backward propagating transverse magnetic surface mode, backward and
forward propagating volume modes with wavelengths twice that of the surface mode play an
important role in high power microwave generation and radiation.
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I. INTRODUCTION

There have been many experimental and theoretical studies of high power backward
wave oscillators (BWOs) [1]. The majority of the work within the United States has used
slow wave structures with uniform ripple amplitudes and periods. Analyses have shown that
nonuniform BWOs can be designed to yield higher beam-to-microwave power conversion
efficiency than uniform BWOs [2,3]. In a nonuniform BWOQO, the interaction between the
electron beam and electromagnetic modes changes along the length of the tube due to
variations in the coupling impedance or phase velocity. The coupling impedance between the
slow space charge wave on the electron beam and the TM(] mode can be modified by varying
the nipple amplitude, or by varying the magnetic field #stribution within the tube. The phase
velocity of the TMg) mode can be varied along the length of the tube by gradually changing
the period of the ripples. The efficiencies for convérting input beam power into RF radiation
using uniform BWQOs have been reported to be as large as 15%. Work from the former Soviet
Union on nonuniform BWOs has shown experimental measurements of RF efficiencies
exceeding 40%, and theoretical predictions indicate efficiencies may reach 75% [2,3].

The goal of this study is to define the physics of the nonuniform BWO, which may
reveal methods of further improving the efficiency of microwave generation using the Sinus-6
accelerator. In particular, we seek to quantify the use of a nc;noscillating shallow ripple
section as a prebuncher to yield high efficiency operation. Experimental results are presented
which contrast the operation of a nonuniform BWO both with and without such a prebuncher.
A simple model analyzing the changes in electron energies and their relative phases along the
length of a nonuniform amplitude BWO provides insight into the mechanism for improved
efficiency using a prebuncher.

The complexity of the nonuniform BWO experiment precludes an exact theoretical
analysis using analytical methods. Therefore, particle-in-cell (PIC) simulation is the most
feasible approach to investigating the physics of the nonuniform BWO. To this end, we have




performed simulation studies of the experimental configurations using the 2.5 D, relativistic,
fully electromagnetic PIC code TWOQUICK [4]. This code is a derivative of MAGIC [5].
This paper describes results to-date from a systematic program to investigate RF
efficiencies of nonuniform BWOs using the Sinus-6 repetitively-pulsed electron beam
accelerator. The Sinus-6 was designed and constructed jointly by the Institute of High Current
Electronics and the Institute of Electrophysics. The advantage of this accelerator is that it
easily yields hundreds of BWO test shots in a single day, which facilitates careful comparison
of experimental results with theoretical calculations and particle simulations. The remainder of
this paper is organized as follows. Section II describes the experimental setup and is followed
in Sec. III by a detailed discussion of the experimental measurements. Section IV contains a
single particle model which yields an explanation for the increased efficiency of a nonuniform
BWO using a prebuncher. A detailed discussion of the PIC code simulation results is covered
in Sec. V, along with comparisons with the experimental results. Finally, conclusions from

this study and plans for future work are outlined in Sec. V1.
II. EXPERIMENTAL SETUP

~ Figure 1 is a cut-away diagram of the Sinus-6. The Tesla transformer (1) steps up the
voltage from 300 V to 700 kV. An open ferromagnetic core is used in the Tesla transformer,
which provides a high coupling coefficient between the transformer windings. The pulse
forming line is contained within the Tesla transformer permitting both increased efficiency and
an overall compact system. The high voltage switch (2) is a nitrogen-filled spark gap, which
is pressurized to 18 atmospheres. By adjusting the pressure, the spark gap voltage can be
varied from 400 to 700 kV. The oil-filled adiabatic transmission line (3) matches the 22 @
impedance of the pulse forming line to the ~100 @ impedance of the vacuum diode. The
magnetically insulated coaxial va.:.am diode (4) uses an explosive-emission graphite cathode.
The diameter of the annular electron beam is 2 cm with a beam thickness of 1 mm, confirmed




using a witness plate damage diagnostic. A magnetic field of 2.6 T, used to confine the
electron beam, is generated by a pulsed solenoid system. The pulsed system provides a
magnetic pulse duration of 3 ms and requires 8 s to recharge. The Sinus-6 can generate
electron beams at a pulse repetition rate of 200 Hz, but is presently operating at 0.1 Hz due to
constraints imposed by the magnetic field system.

The electron beam pulse has a full width, half maximum (FWHM) temporal duration of
about 12 ns. Figure 2 shows typical voltage and current waveforms. By adjusting the
pressure in the spark gap, cathode voltages from 400 to 650 kV were tested with
corresponding beam currents ranging from 3 to 5 kA.

Total peak radiated power measurements were made using both a resistive sensor and a
crystal diode detector, as indicated in Fig. 3. Power density-. measurements were made 1.7 m
downstream from a conical horn antenna, which has a maximum diameter of 15 cm. The total
power was calculated by numerically integrating the radiation pattern that was experimentally
mapped. A WR-90 section of waveguide was attached normal to the antenna to measure side
 lobe radiation. This setup was calibrated to yield total radiated power. The resistive power
detector is based on a semiconductor's fast electrons' response to high power radiation. The
fast electrons cause the bulk resistance of the semiconductor to change. The detector is biased
by a 100 us, 50 V pulse. An oscilloscope records the transient voltage response due to the
change in bulk resistance caused by the microwave radiation.

Additional measurements were made using the setup shown on the right in Fig. 3.
After cables, attenuators, and connectors were calibrated using a scalar network analyzer, peak
power densities were measured using the crystal diode detector. The radiated frequency was
measured by heterodyning the RF signal against a known oscillator frequency.

Two basic nonuniform tube configurations were used in this study. Long tube #1 is a
two stage nonuniform amplitude BWO and is constructed from individual rings for each ripple
period. Each ring has a width of 1.5 cm (corresponding to a ripple period of 1.5 cm) and a

maximum radius of 1.65 cm. Four different rings were used, as summarized in Table 1.
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Long tube. #1 has two sections, a first section with shallow ripples followed by a second
section with deeper ripples. A variation of this tube is short tube #1 where the shallow first
section is removed.

The advantage of the Sinus-6 accelerator is that, for each different BWO structure,
hundreds of test shots can be taken over a limited range of beam parameters. Within its first
year of operation at the University of New Mexico, the Sinus-6 has accumulated over 10,000

single shots.
III. EXPERIMENTAL RESULTS

In this section we summarize experimental data oontraﬁting the performance of long and
short tubes #1. Figure 4 presents the radiation pattern from the Sinus-6 using long tube #1 and
a conical horn antenna. The radiation pattern i§ compared with a calculated [6] TMq,
radiation pattern with a total peak power of 500 MW. Agreement is excellent between the
measured and calculated mode patterns.

Comparisons were made of total radiated power versus the beam current using a side
lobe measurement with the resistive power detector. For long tube #1, Fig. 5 presents total
radiated power as a function of beam current. (It should be noted that the cathode voltage was
not held constant but was allowed to vary to access the range of beam currents.) The input
power was calculated by multiplying the:beam current and cathode voltage and this was used
to calculate the RF radiation efficiency shown in Fig. 6. The data suggests that the start
current for the tube is approximately 2 kA and that the efficiency of the tube saturates at about
4 kA In Fig. 7, the total radiated peak power is plotted as a function of peak input beam
power.

Power density measurements were made using the setup shown above in Fig. 3 at the
peak lobe 8° off axis. Measurements were made to investigate the two stage nonuniform

BWO by testing each stage individually. Sections of cutoff pipe were added to the modified




tubes to ensure that the overall length of the tubes remained constant. This was required to
keep the A-K gap constant and to ensure proper matching with the tapered magnetic field at
the end of the tube. When the AABBB section was tested alone with beam currents as large as
3.5 kA, no measurable power was detected to a noise level of -25 dB. In other words, this
section alone does not oscillate. The relative power of long and short tubes #1 were
compared. Additional minor modifications were made to long tube #1 where the number of C
rings were replaced by A rings. The configurations and results of power and frequency
measurements are summarized in Table 2. From the data summarized in Table 2, it is evident
that the initial AABBB section enhances microwave generation efficiency. Insight into the
mechanism for this enhancement can be gained from a phase analysis and PIC code
simulations. These are discussed in Sec. IV and V, respectively.

IV. PHASE ANALYSIS OF NONUNIFORM BWOs

The interaction between an electron beam and radiated modes within a slow wave
structure is complicated. There are many factors which influence the operation of the BWO,
such as the coupling between the electron beam and the various electromagnetic modes, space
charge effects, and end reflections of the electromagnetic waves at the boundaries. There are a
number of papers which describe these effects for uniform BWOs [7-11]. However, for a
nonuniform BWO, assumptions used previously in analyzing uniform structures cannot be used
to yield an analytical solution. Even without a complete analytical description of 2 nonuniform
BWO, a simple analysis of the phase relationship between the electron beam and the
longitudinal electric field of the TM(; mode can demonstrate the efficiency enhancement of
this tube [see Ref. 3 and references therein].

A phase analysis compares the changes in phase of the longitudinal electric field of the
TMg) mode seen by an electron as it transits the tube. An electrc ' phase with the
electric field when the longitudinal field is at a maximum in the directuon of the beam.




Because of the negative electron charge, this results in a maximum deceleration of the
electron. When the electron is x radians out of phase, the electric field amplitude is at a
maximum, but directed antiparallel to the path of the electron, which results in maximum
acceleration of the electron. It is assumed that a TM(; mode is present in the BWO at a given
phase and with a particular phase velocity. For a uniform beam entering the slow wave
structure, the phase of an electron with respect to the electric field is evenly distributed over
all phases. One half of the electrons will observe phases between -x/2 and %/2 and will be
decelerated, while the remaining electrons will observe phases between x/2 and 3%/2 and will

" be accelerated.

One measure of BWO operation is to compare the change in the kinetic energy of the
electron beam as it propagates through a slow wave structure because the BWO transforms
electron kinetic energy into radiated microwave energy. In effect, for a given configuration,
the maximum theoretical BWO efficiency is determined by the net change in the kinetic energy
of the electron beam.

We present a phase model that calculates the change in kinetic energy for each initial
electron phase and then averages over all such initial phases. For a given slow wave structure
and a uniform electron beam, the net ex<' . .2 of energy from the electron beam to
electromagnetic energy is limited due to the « .ii spacial averaging of the phases along the
length-of the tube. At the beginning of the tube there is no net exchange of energy since an equal
number of electrons are accelerated as are decelerated. The phase of the electric field, 8, within

the slow wave structure is given by

0=0, +wt—kz, (1)
where 0 is the phase observed by an electron when it first enters the tube. The rate of change of

the phase of the electromagnetic wave observed by an electron moving with velocity, v, is




(2)

where vph is the phase velocity of the electric field. Electrons that are accelerated have a greater
rate of phase change than decelerated electrons. As an electron's phase changes, it switches back
and forth between accelerating and decelerating phases. However, since faster electrons change
their phase more rapidly than slower electrons, electrons will spend more time decelerating than
| accelerating, resulting in a net loss of kinetic energy.
The equations we present were originally derived by Kovalev [see Ref. 2 and references
therein] and describe the changes in electric field, kinetic energy and phase of the electron as a
‘function of position in the slow wave structure. Dimensionless variables are used, with ‘W'
corresponding to electron kinetic energy, 'a' to electric field amplitude, '¢ to electron phase, and '

¢' to longitudinal position. The three equations are:
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where g =2 | v, is the phase velocity of the slow EM wave, and c is the speed
c

of light. In addition, the dimensionless variables are defined as
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current. Fmally,

W= T, where Z is the coupling impedance and J is the beam

T= IEPI")[I(M)K(M) ~I,(pr) K, (pr)] » and (6)

Ko and I are the zero-order Neumann and modified Bessel ﬁlnctions, respectively, rq is the
average waveguide radius, ry, is the beam radius, and p is the transverse wave number of the EM
wave.

These equation are solved using a computer model in which there are N particles whose
kinetic energies and phases are calculated in increments of longitudinal position. Each particle
observes a different initial phase at the entrance to the slow wave structure. The initial phases are
evenly distributed over 2 radians. For each incremental step in z, the change in kinetic energy
and observed phase for each particle is calculated. The observed phases of all the particles are
then averaged to yield the change in electric field amplitude. At the end of the slow wave
stmctu}e, the kinetic energy is averaged over all particles and compared with the initial kinetic
energy to yield a maximum conversion efficiency.

Figures 8 and 9 illustrate the results from two calculations using the model described
above, and show the effects of prebunching the electron beam. (The beam and slow wave
structure parameters are similar, though not identical to the experimental configuration.) The

plots show the normalized electron kinetic energy as a function of position along the slow wave
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structure. Each line represents a different phase initially observed by an electron. Figure 8 has
the initial phases evenly distributed over 2x radians. The net loss of electron kinetic energy in this
case is 9.4%. In Fig. 9, the initial phases were distributed so that two thirds of the electrons
entered the tube observing initial phases between x and 2« radians, in effect prebunching the
beam. The loss of electron kinetic energy in this case increased to 15.4%.

This model adds to the understanding of the basic interactions in a nonuniform slow wave
structure, but it assumes that the coupling impedance and phase velocity as a function of z are
known. To design a tube based on this theory, a slow wave structure would have to be designed
with a given coupling impedance and/or phase velocity profile. The difficulty is in experimentally

implementing a particular coupling impedance and/or phase velocity distribution.
V. NUMERICAL SIMULATION OF THE NONUNIFORM BWO

In this section we present a detailed discussion of PIC code simulations and
comparisons with the experimental results. We have attempted to model the experimental
configurations as closely as possible. Quantitative experimental data that can be compared
directly with simulation results are radiated power, tube efficiency, the geometrical pattern of
the radiated mode, and oscillation frequency. Variations in the values of measured quantities
with changes in the geometrical configuration, as described in Sec. III, are compared with
simulations to elucidate corresponding differences in the operation of the nonuniform BWO.
Preliminary results are presented for long and short tubes #1.

The simulation configuration for long tube #1 is depicted in Fig. 10(a). The
nonuniform BWO is constructed by stacking in series multiple sinusoidally shaped ‘rings having
identical periods, but different modulation depths. The radius of a uniform section of the
BWO is represented by

L [1 +e sin(zxf)], 7
P
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where r( is the average radius of a section, & is the corresponding form factor, and P is the
corresponding period. The parameters for the individual rings were summarized in Table 1.

In Fig. 1((a), the inlet corresponds to the end of the diode anode-cathode gap, and is
the plane at which the electron beam is injected into the problem. The inlet is perfectly
transmitting to waves having phase velocity c, the speed of light, but cuts off modes of the
expected frequency (9.6 GHz), allowing backward traveling waves to be reflected in the
forward direction. Thus, relatively little RF power passes through the inlet.

The outlet represents the waveguide that is connected to the antenna. Reflections at the
outlet could possibly have a significant impact on the dynamics of a simulation [7]. We
consider only cases in which the outlet is perfectly transmitting to waves of the expected
frequency. (The transmission coefficient at this boundary is iﬁsensitive to changes of less than
10% in wave oscillation frequency, so the matching cpndition is fixed in all simulations.)

. The electron beam parameters used in the simulations are a current and voltage
waveform rising to peak values of 4.8 kA and 670 kV, respectively, in 3.0 ns. These values
are then maintained for subsequent times. (It was necessary to use an artificially long beam
pulse in simulations to attain saturation of the radiated power. This will be discussed in more
detail later.)

The applied external magnetic field used to guide the electron beam is shown in Fig.
10(b). The axial dependence of B, and B; are calculated using the expressions

B,

B/(r,2 = m ®),
and

(2-g)/a
B(r) = 2r° @),

Er[l gz mli= ]2
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where Bg = 2.6 T is the peak amplitude in the uniform field region. The free parameters o
and zq are set to ensure that the electron beam is dumped beyond the interaction region, but
before the outlet. The field described by Eqs. (8) and (9) satisfies the divergence equation.

Figures 11 - 17 contain results from a simulation of long tube #1. Figure 11 shows
several different representations of the beam at a time when the RF fields in the BWO have
saturated, about 10 ns into the simulation. The beam is clearly modulated. Charge density
bunches form as a result of the interaction of a slow space charge wave with a characteristic
mode of the RF structure, which, in this case, is a backward traveling surface wave; that is,
the wave amplitude is largest near the inner surface of the BWO slow wave structure. As
shown if Fig. 11(b), the separation between the bunches represents the spacial wavelength of
the mode, which is approximately 1.5 P.

A plot of axial canonical momentum versus z, Fig. 11(b), shows that velocity
modulation initially occurs in the section comprised of relatively shallow rings AABBB, where
the axial electric field (E,) is about a factor of two lower than the value in the section with
deep ripples CCCDDC. In addition, comparison with Fig. 11(c) indicates that the bunches
correspond to minima of axial momentum, which implies that electrons in the bunches see only
a decelerating axial electric field, a condition favorable for conversion of electron energy into
microwaves.

Additional insight into the general field structure is obtained from a contour plot of E,,
shown in Fig. 12. The contour plot reveals that E, is largest on axis. This implies the
existence of a standard TM mode in addition to the surface wave, whose characteristics are
determined solely by the waveguide radius. We refer to this mode as a volume wave.
Inspection of the figure indicates that the volume mode has a wavelength of 3.0 P,' or twice the
wavelength of the surface mode.

Movies of the contours of E; reveal that the volume wave has both backward and
forward traveling components, which combine to form a standing wave upstream of the first D

section. These components are necessary to match fields at both ends of the finite length
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BWO. Thus, the backward traveling surface mode, which interacts with the electron beam,
must convert part of its energy into a backward traveling volume mode to satisfy field
matching conditions at the cutoff waveguide, where the volume mode is reflected toward the
outlet.

The contrasting radial dependence of surface and volume modes suggests that the
surface-to-volume mode conversion efficiency depends on the ratio of ripple depth (d) to
average waveguide radius (rg). When d/rg is large, the surface mode dominates because the
associated eigenfunction is sufficient to satisfy matching conditions near the inlet. The
opposite is true when d/rp < < 1. Partial conversion of the surface mode to a volume mode
is conducive to high power operation since the RF power is distributed over the volume of the
tube, thereby decreasing field stresses across the gaps of the slow wave structure.

The dual structure of the axial electric field component in long tube #1 is confirmed in
the spacial spectrum of E,. Figures 13(a) and 13(c) contain plots of E; versus z along lines
located at r = 0.0 cm (the axis) and r = 1.2 cm (near the surface of the rings), respectively.
Figures 13(b) and 13(d) are the corresponding spacial spectra. Figure 13(d) reveals that the
net field is comprised of components with inverse wavelengths of about 0.2 (A = 3.0 P), 0.45
(A = 1.5 P), and 0.675 cml (\ = P). The first two wavelengths belong to the volume and
surface waves, respectively. The shortest wavelength corresponds to the RF structure.
Comparison of Figs. 13(b) and 13(d) indicates that the volume mode dominates on axis,
affirming the previous discussion.

Experimental results presented in Sec. III show that section AABBB has a significant
influence on the output power of long tube #1. The fact that simulations show obvious pre-
modulation in this region, in addition to a standing wave pattern for the volume mode, led us
to hypothesize that the section with shallow ripples serves as a prebuncher for the downstream
section. Prebunching the beam may increase the coupling coefficient in the downstream
section, thereby improving tube efficiency, which supplements the conclusions of the phase
model presented in Sec. IV.
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To ascertain the role of section AABBB, simulations were performed for each of the
two BWO sections separately, in correspondence with the experiments. Results corresponding
to the simulation of structure CCCDDC are presented below. At this point it suffices to state
that the isolated section AABBB does not oscillate and section CCCDDC does, consistent with
the experiments. This suggests that, to zeroth order, the downstream section of long tube #1
determines the characteristics (for example, start current [7,10] and frequency) of the entire
tube. Using this result in conjunction with previous statements concerning the spacial structure
of the axial electric field, an approximate dispersion diagram for long tube #1 can be
constructed.

Figure 14 is a plot of frequency (f) versus wave number (kg) for an infinitely long,
uniform BWO comprised of type C sections, which is only slightly different from structure
CCCDDC and should therefore have similar dispersion characteristics. Because the actual
tube is finite in length, the mode structure is discrete. The discrete modes observed in
simulations are indicated in the figure by the points labeled #1, #2, and #3, which were
established by matching known spacial wavelengths with corresponding frequencies on the
dispersion diagram. The beam-line (f = veko/27) coincides approximately with the light-line.
The point where the slow space charge wave interacts with the TM(g) mode is labeled #3.
This interaction gives rise to a backward traveling slow wave that partially converts into a
backward traveling fast wave, labeled #1. The fast wave reﬂeéts at the cutoff waveguide
giving rise to a forward traveling fast wave, labeled #2, which is ultimately radiated.
Although the dispersion diagram is not exact, it provides a simplified picture of the wave
dynamics inherent in nonuniform BWO operation, which, in addition, is qualitatively
consistent with numerical simulation.

The dispersion diagram indicates that the oscillation frequency of long tube #1 is
approximately 9.8 GHz. In the simulation of long tube #1, the frequency is determined by
Fourier analyzing the time dependent RF voltage developed across the gaps formed by the

slow wave structure. Figure 15(a) is a time history of the voltage across the gap formed by
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the second and third C sections. Figure 15(b) is the corresponding Fourier spectrum, which
shows that the dominant mode oscillation frequency is 9.51 GHz, in agreement with the
experiment. In addition, experiments showed that the corresponding radiation pattern is
consistent with a TMg; mode, which supports the picture of internal wave dynamics suggested
by simulations.

A figure of merit for the nonuniform BWO is radiated power, or equivalently,
efficiency. In simulations, the instantaneous radiated power is obtained from the integral of
the Poynting vector over the cross-section of the outlet. Figure 16 is a plot of instantaneous
radiated power versus time for long tube #1. Included on the plot is the beam power pulse.
The average radiated power, which is the quantity measured experimentally, is about 1/2 the

.instantaneous power. Thus, the simulation shows that the average radiated power varies from

150 MW to 100 MW, which is about a factor of three lower than values obtained
experimentally. Much of this discrepancy is due to the fact that it was necessary to use a time-
biased, implicit field algorithm [12] in the simulations to eliminate large amplitude, high
frequency noise observed when a computationally faster explicit scheme was used.
Unfortunately, the time biased algorithm damps physical modes in addition to those which are
numerical. Nevertheless, qualitative behavior and trends remain valid.

Simulations show that the radiated power pulse is significantly delayed compared with
the beam power pulse. This contrasts with experimental measurements, which show that the
radiated power signal tracks the beam power pulse. This discrepancy may be due to a
difference in quality factors (Q), which is discussed in more detail below.

As was mentioned earlier, the power radiated from long tube #1 decreased significantly
when section AABBB was removed. The corresponding simulation shows the opposite
behavior. Figure 17(a) is a plot of electron charge density contours superimposed on a
schematic of short tube #1. Similar to long tube #1, bunching occurs with a wavelength of 1.5
P, although the oscillation frequency has increased to 9.77 GHz, in agreement with
experiment. Without section AABBB there is no premodulation of the beam.

15
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Time histories of the input beam power and radiated RF power are compared in Fig.
17(b). Comparison with Fig. 16 reveals that, despite the absence of any premodulation, the
output power has more than doubled, in contrast with experimental observations. An
explanation for this is suggested by the long rise to saturation of the simulated output power
pulse, which is neither observed in experiments nor in simulations of long tube #1.

The long rise time of the radiated power is indicative of a cavity resonance, which is
unique to the simulated version of short tube #1. The cavity resonance has an associated
quality factor Q, which causes the tube to have a finite bandwidth. For frequencies outside of
this band, the tube efficiency is dependent only on the coupling coefficient of the BWO.
However, for frequencies within the band, tube efficiency becomes dependent on the cavity Q,
in addition to the coupling coefficient. This is exemplified in Fig. 18, which shows the results
of a numerical cold test (no electron beam) for long and short tubes #1.

Cold test results were obtained by exciting ihe volume TMgp; mode in each tube and
plotting the resulting stored magnetic field energy vers: . frequency. The peak of the resulting
curve corresponds to a resonance. Inspection of the figure shows that long tube #1 has a much
narrower bandwidth than short tube #1. The operating frequency of each tube is indicated by
a vertical unit tick mark on the plot. The presence of the beam shifts the resonance curves to
slightly higher frequencies, due to space charge effects, in addition to increasing their
respective bandwidths. This suggests that, in the presence of a béam, short tube #1 operates
closer to resonance than does long tube #1, which explains why short tube #1 produces more
output power than long tube #1 in the simulations.

The quality factor in experiments is likely to be much lower than in corresponding
simulations as a result of power loss in conductors, through joints connecting conductors, and
in extraneous plasma, all of which are absent in simulations. Therefore, the existence of a
resonance in either long tube #1 or short tube #1 would have little effect on power output, the
latter being determined exclusively by the coupling coefficient. This may explain why short
tube #1 produces less output power than long tube #1 in experiments. It also suggests that
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output power could be increased in either tube by reducing internal losses, and operating near

a resonance.

Simulations of the nonuniform BWO suggest that both surface and volume TM modes
determine tube efficiency. The surface mode is the usual backward traveling TM wave
produced through the interaction of the electron beam with the RF structure. Because of the
finite length and nonuniform nature of the RF structure, forward and backward traveling
volume (fast) TM waves are also generated, which form a standing wave pattern in the section
of tube with shallow ripples. The net field in this region of the tube causes the beam to
become modulated, which may increase the coupling coefficient downstream, thereby
increasing efficiency. In addition, for an appropriate length, the beam may give up energy to
the standing wave through transit time effects, which would increase tube efficiency above

what is possible in a uniform BWO.

Conclusions

The nonuniform amplitude BWOs tested resulted in peak RF efficiencies of 15 to 25%.
The maximum values for RF efficiencies occurred at approximately twice the start current.
When the two sections of long tube #1 were tested individually, the initial shallow ripple
section did not radiate measurable RF power and the second deepér ripple section showed RF
efficiencies of approximately one third of the full length tube. The increased efficiency of the
two section BWOs can be attributed to the prebunching of the electron beam by the initial
section.

A phase analysis suggested that prebunching of the electron beam yields significant
increase in radiation efficiency. The model is most useful for gaining insight in to the physical
mechanisms for the efficiency enhancement, as opposed to designing a particular tube.

TWOQUICK simulations provided a comprehensive picture of the interaction of the

surface mode and volume mode inside the slow wave structure. Simulation results were
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sensitive to the cavity Q's of the set-up. Agreement with experimental measurements were
good when the simulations were not near a resonance.

This paper has presented a limited set of results from work in progress. Many more
slow wave structure configurations are being studied in an attempt to further increase observed
microwave generation efficiencies. These experiments are being performed in coordination

with PIC code simulations.
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Table Captions

TABLE 1. Dimensions of Slow Wave Structure Rings.

TABLE 2. Summary of Experimental Tube Configurations and Results.
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Figure Captions

FIGURE 1. Cut-away diagram of the Sinus-6 accelerator. The various components (1-4) are
described in the text.

FIGURE 2. Typical voltage and current waveforms from the Sinus-6 accelerator.

FIGURE 3. Diagram of experimental setup used to measure microwave power and frequency.
A resistive sensor is used to measured radiated power density (left), and a crystal diode and a
balanced mixer are used to measure microwave power and frequency, respectively (right).

FIGURE 4. Measured and calculated radiation pattern for a TMp; mode.
FIGURE 5. Dependence of peak microwave power on electron beam current.
FIGURE 6 REF efficiency as a function of electron beam current.

FIGURE 7. Peak RF power as a function of electron beam power.

FIGURE 8. Energy change of 6 electrons as a function of normalized position down a tube.
Each of these electron entered the tube at a different phase with respect to the observed
electromagnetic field. The phases of the 6 electrons were uniformly distributed over 2x
radians.

FIGURE 9. Energy change of 6 electrons as a function of normalized position down a tube.
Each of these electron entered the tube at a different phase with respect to the observed
electromagnetic field. In this case, the initial phases were distributed so that two thirds of the
electrons entered the tube observing initial phases between = and 2« radians, in effect
prebunching the beam.

FIGURE 10. (a) Simulation configuration for long tube #1. Upper-case letters label the
various rings comprising the slow wave structure. The electron beam is injected at the left and
microwaves are radiated out the right. (b) Axial dependence of the applied magnetic guide
field at the radial location r = 1.0 cm, which corresponds to the position of maximum current
density.

FIGURE 11. (a) Configuration space of the electron beam. (b) Particle plot of the z-
component of canonical momentum (normalized to the electron mass times the speed of light).
(c) Contour plot of electron. charge density, which shows that the electron beam is modulated
with a corresponding wavelength of 1.5 P.
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FIGURE 12. Contour plot of E,, which shows that the peak field occurs on axis, indicative of
a volume mode, with a period of 3.0 P.

FIGURE 13. (a) Plot of E; vs. zat r = 0.0 cm, and (b) the corresponding Fourier spectrum.
(c) and (d) are similar plots for r = 1.2 cm. As expected, the amplitude of the volume mode
decreases with increasing r.

FIGURE 14. Approximate dispersion diagram for long tube #1 showing the first two
passbands. The points labeled #1, #2, and #3, correspond to the forward traveling volume
wave, the backward traveling volume wave, and the backward traveling surface wave,
respectively. These points were established using the wavelengths obtained from the spacial
spectrum of E, (Fig. 13).

FIGURE 15. (a) Time history of the voltage across the gap between the second and third C
sections in long tube #1, and (b) the corresponding frequency spectrum.

FIGURE 16. Input beam power and output RF power versus time for long tube #1.

FIGURE 17. (a) Contour plot of electron charge density superimposed on the simulation
configuration for short tube #1. (b) The corresponding plot of input beam power and output
RF power versus time for long tube #1.

FIGURE 18. Plot of magnetic field energy versus frequency obtained from a cold test of long
and short tubes #1. The peak of a curve corresponds to the resonant frequency of the tube. The
operating frequency of each tube (in the presence of the beam) is indicated by unit length,
vertical tick marks located at f = 9.51 GHz (long tube #1) and f = 9.77 GHz (short tube #1).
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Table Captions

TABLE 1. Dimensions of Slow Wave Structure Rings.

TABLE 2. Summary of Experimental Tube Configurations and Results.




Power |+0.05 [GHz]

'l Tube Configuration | Relative | Frequency

Long Tube #1 [A-A-B-B-B-C-C-C-D-D-C| 1.00 9.50
Long Tube #1a |A-A-A-B-B-B-C-CD-D-C| 0.27 9.50
Long Tube #1b [A-B-B-B-C-C-C-C-D-D-C|_0.94 9.50
lLShort Tube #1 |C-C-C-D-D-C 0.36 9.75




Ring Type Maximum | Minimum | Average | Ripple | Form | Ripple
Radius Radius | Radius [Amplitude| Factor | Period
_[cm] [cm] [cm] [cm] [cm]

A 1.65 1.45 1.550 0.100 0.065 1.50

B 1.65 1.38 1.515 0.135 0.090 1.50

C 1.65 1.20 1.425 0.225 0.158 1.50

D 1.65 1.15 1.400 0.250 0.179 1.50




Figure Captions

FIGURE 1. Cut-away diagram of the Sinus-6 accelerator. The various components (1-4) are
described in the text.

FIGURE 2. Typical voltage and current waveforms from the Sinus-6 accelerator.

FIGURE 3. Diagram of experimental setup used to measure microwave power and frequency.
A resistive sensor is used to measured radiated power density (left), and a crystal diode and a
balanced mixer are used to measure microwave power and frequency, respectively (right).

FIGURE 4 Measured and calculated radiation pattern for a TMp; mode.
FIGURE 5. Dependence of peak microwave power on electron beam current.
FIGURE 6 RF efficiency as a function of electron beam current.

FIGURE 7. Peak RF power as a function of electron beam power.

FIGURE 8. Energy change of 6 electrons as a function of normalized position down a tube.
Each of these electron entered the tube at a different phase with respect to the observed
electromagnetic field. The phases of the 6 electrons were uniformly distributed over 27
radians.

FIGURE 9. Energy change of 6 electrons as a function of normalized position down a tube.
Each of these electron entered the tube at a different phase with respect to the observed
electromagnetic field. In this case, the initial phases were distributed so that two thirds of the
electrons entered the tube observing initial phases between = and 2x radians, in effect
prebunching the beam.

FIGURE 10. (a) Simulation configuration for long tube #1. Upper-case letters label the
various rings comprising the slow wave structure. The electron beam is injected at the left and
microwaves are radiated out the right. (b) Axial dependence of the applied magnetic guide
field at the radial location r = 1.0 cm, which corresponds to the position of maximum current
density.

FIGURE 11. (a) Configuration space of the electron beam. (b) Particle plot of the z-
component of canonical momentum (normalized to the electron mass times the speed of light).
(c) Contour plot of electron charge density, which shows that the electron beam is modulated
with a corresponding wavelength of 1.5 P.
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FIGURE 12. Contour plot of E,, which shows that the peak field occurs on axis, indicative of
a volume mode, with a period of 3.0 P.

FIGURE 13. (a) Plot of E, vs. zatr = 0.0 cm, and (b) the corresponding Fourier spectrum.
(c) and (d) are similar plots for r = 1.2 cm. As expected, the amplitude of the volume mode
decreases with increasing r.

FIGURE 14. Approximate dispersion diagram for long tube #1, showing the first two
passbands. The points labeled #1, #2, and #3, correspond to the forward traveling volume
wave, the backward traveling volume wave, and the backward traveling surface wave,
respectively. These points were established using the wavelengths obtained from the spacial
spectrum of E, (Fig. 13).

FIGURE 15. (a) Time history of the voltage across the gap between the second and third C
sections in long tube #1, and (b) the corresponding frequency spectrum.

FIGURE 16. Input beam power and output RF power versus time for long tube #1.

FIGURE 17. (a) Contour plot of electron charge density superimposed on the simulation
configuration for short tube #1. (b) The corresponding plot of input beam power and output
RF power versus time for long tube #1.

FIGURE 18. Plot of magnetic field energy versus frequency obtained from a cold test of long
and short tubes #1. The peak of a curve corresponds to the resonant frequency of the tube. The
operating frequency of each tube (in the presence of the beam) is indicated by unit length,
vertical tick marks located at f = 9.51 GHz (long tube #1) and f = 9.77 GHz (short tube #1).
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Electron Charge Density Contours
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Stored Magnetlc Field Energy
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