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ABSTRACT

The objective of this program is to develop a microwave oscillator
capable of producing 200 kW CW power output at 28 GHz. The use of the

gyrotron or cyclotron resonance interaction is being pursued.

During this reporting period the basic testing of axisymmetric tube 5R2
was completed. It successfully operated in excess of 200 kW both in pulse
and CW modes. The measured power output of 212 kW establishes a new world
record for CW power generation at 28 GHz. Further tests with various output

guide components simulating the EBIS load were made.

Tube TR1 (M) was returned to Palo Alto after operation ceased due to an
open heater. It was replaced by tube 12 (M) which was tested to 113 kW CW
and shipped to ORNL.

Construction of tube 6 was completed except for the collector seal and
final assembly. A collector seal of a new design was constructed and is

being evaluated.

Work on 5" axisymmetrical tubes, S/N 9 and 10, has been stopped with

the intent of applying all remaining effort to the 2.5" axisymmetric tubes.

Construction of 2.5" axisymmetrical tubes 8 and 11 is progressing.



I. INTRODUCTION

The objective of this program is to develop a microwave oscillator
capable of producing 200 kW of CW power at a frequency of 28 GHz. 1In
addition, it is intended that the program will serve as the first step
toward development of a device to produce a similar power level at a
frequency of 60 and 110 GHz. Feasibility for the 60 and 110 GHz designs
will be demonstrated, whenever practical, in the design of the 28 GHz
device. Tunability or bandwidth is not considered an important parameter in
the design, but efficiency is. Mode purity in the output waveguide is not a
requirement for the device, but the circular TE mode is considered desirable

because of its low loss properties.

With these objectives in mind, the decision was made to pursue an
approach based on a c¢cyclotron resonance interaction between an electron beam
and microwave fields. The detailed arguments leading to this choice are
contained in the final report of the preceding study program1. The device
configuration of particular interest, called a gyrotron, has been discussed

2,3

in recent literature. It typically employs a hollow electron beam

interacting with cylindrical resonators of the TEOm1 class.,

The optimum beam for the cyclotron resonance interaction is one in
which the electrons have most of their energy in velocities perpendicular to
the axial magnetic field. Another requirement is that the small component
of axial velocity be essentially the same for all electrons. An electron
which has a different axial velocity will not interact efficiently.
Generation of a beam with high transverse velocity and small axial velocity

spread is another important design goal.

The approach chosen to generate the beam is a magnetron type of gun
like the one used in the devices described in the Russian literature. With
this type of gun, the shaping of the magnetic field in the gun region

becomes quite important.



As a result of the excellent performance of the pulsed oscillator,
producing up to 248 kW of peak power at 28 GHz with good efficiencyq, the
emphasis of the program has been shifted to stress the construction and

delivery of CW oscillators.

During the period covered by this report, two CW tubes, S/N 5, an
axisymmetric type, and S/N 12M, a miter-bend output type, were operated
under pulse and CW conditions. A miter-bend tube, S/N TM ceased to operate
at ORNL and was returned to Palo Alto. Construction of three axisymmetric
tubes; S/N 6, 8, and 11 was continued. Work on the 5" axisymmetric tubes

S/N 8 and S/N 11 was discontinued.

The following observations on these tubes are reported here in the

order in which they were tested or assembled.



II. TECHNICAL DISCUSSIONS

A. Tube 5R2

Pulse processing of this tube continued in early January until a peak
power of 213 kW at 10% duty was achieved. Some difficulty was experienced
at turn-on due to a tendency to oscillate at 32.5 GHz and 33.2 GHz.
However, by careful adjustment of main field magnet #2 current and
modulation anode voltage, a technique was worked out for turning on the
tube.

Following this, a single miter-bend was inserted between the waterlozd
and the tube output. The mismatch caused by this was severe enough to
prevent operation in the normal 27.9 GHz mode. The tube showed a strong
tendency to oscillate at 26.8 GHz. A conduction cooled mode filter was then
inserted between the tube output and the miter-bend, whereupon the tube

operated in its normal mode.

The miter-bend and mode filter were then removed and a Teflon disc with
a VSWR of 1.75 was inserted between the tube and the rf load and a study of
its effect on output power as a function of line length was made. The line
was lengthened in .28 A increments. This data, plotted in Figure 1, shows

an approximately + 11% peak-to-peak power variation.

The test set was then converted to CW operation and processing and
testing continued. As the collector power was steadily increased, a
tendency for increased body current was noted at a beam voltage of 60 kV. A
body current as high as 25 milliamperes was recorded compared to a typical
value of 10 milliamperes. However, at 80 kV the body current had decreased
to a normal 18 milliamperes. A possible explanation for this is that an
oscillation had occurred under the aforementioned conditions. This
phenomenon was noted on several occasions but caused no apparent harm to the
tudbe.
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Processing continued and the tube was successfully tested at 60 kW CW
for 12.5 hours, 100 to 108 kW CW for 3.4 hours and 140 kW CW for 2.3 hours.
Two hours of the 140 kW CW operation proceeded uninterrupted. During this
process a differential temperature rise of 3 to 8 degrees C was noted in the
collector seal which depended upon the rf level. Temperature decreased as
the rf level was increased. Upon further investigation, this was found to
be related to the top collector coil current and is believed to have been
caused by interception of the beam near the collector seal. In order to
better understand this, the electron beam power density on the collector

wzlls was investigated.

The total collector surface area is determined by the limits of the
thermal design. State of the art collectors of this type are capable of
reliably handling up to ~1 kW/cm2 of beam power density. Any thermal
loading in excess of this level greatly increases the risk of catastrophic

collector failure during tube operation.

Subject to this upper limit in power density, the collector dimensions
are the result of a compromise between excessive collector mode trapping and
impractical tube length. In order to alleviate the problem of mode
trapping, it is necessary to minimize the collector radius and thus limit
the number of waveguide modes which can propagate in the collector. As
there is a2 minimum collector surface area allowed, the collector radius may
be reduced only at the expense of increased collector length. The region of
electron collection may be lengthened by magnetically spreading the spent
electron beam over a region which is consistent with the upper limit in
collector wall power density and does not lead to an impractical collector
length. The most critical thermal loading occurs when operating at full
beam power (640 kW CW) without rf oscillation. (Thermal loading due to rf
dissipation at the collector walls is negligible in comparison to the beam

thermal loading.) The collector is designed for this worst case.

A substantial safety margin is built into the design to allow for the
changes in beam dynamics and concomitant changes in bbeam position and
thermal loading which occur when the tube is brought into oscillation.

During rf operation the electron dynamics change for two reasons. First,



the gyrotron interaction depletes the electrons' perpendicular energy,
leading to a shift in thermal load toward the output end of the collector.
This energy depletion depends on the interaction efficiency encountered at
the operating point, and as the tube is brought into oscillation a large
range of operating parameter space is sampled. Thus, the interval of tube
Yturn-on" is accompanied by significant variations in power deposition in
the collector. Second, the rf fields in the output waveguide can further
retard or accelerate a small fraction of the beam electrons. This effect is
noteworthy in that the presence of any highly energetic electrons in the
collector poses the danger of electron puncture of the output window
ceramic. This problem is solved by placing transverse magnets between the

collector and the output window.

The effectiveness of magnetic contouring of the electron beam power
density on the collector walls has been confirmed with x-ray measurements.
The hard target x-ray bremsstrahlung flux was observed outside the collector
as a function of axial position. The measurements were made by exposing
medical x-ray film (Kodak type AA) to the x-ray flux for 10 minutes at one
half of full beam power (320 kW CW) with the tube out of ogcillation. The
resulting x-ray intensity data have been converted to collector wall power
density by a suitable normalization of the data to the available beam power,
and are shown in Figure 2. The three curves represent three values of
current in the top collector magnet coil, specifically 0.5, 0.75, and 1.0 A.
The most sharply peaked curve (a), when scaled up by a factor of two for
operation without rf at full beam power, reaches a peak value of 680 kW/cm2.
A less demanding power density curve (b) is achieved by increasing the top
collector coil current by 50%. A further increase in the top collector coil
current produces the flat curve (c¢). The latter case is expected to be
skewed still further toward the output window when the tube is brought into
oscillation, and for this reason the second curve was chosen as the ideal

operating point for collector loading.

To compare with the results of the x-ray analysis, magnetic field
profiles were plotted for three magnetic field settings. Figure 3 shows the
magnetic fields for the bottom coll smet at 24, the middle coil at 24, and
the top coil varied between 0.5 A, 0.75 A, and 1 A. Using these magnetic
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field measurements, we have calculated the axial location of the electron
collection region (indicated by the horizontal base (a), (b), and (¢) in
Figure 2) by assuming that the beam expands adiabatically in the collector.
While a stronger magnetic field shifts the electron beam further down the
collector as expected, the simple adiabatic calculation provides only a
crude description of the region of electron beam impact. Notice that with
increasing magnetic field strength, the electron beam intercepts further
down the collector (Figure 2). The 0.5 A case shows the electron beam
intercepting close to the collector seal. This case was the original
setting used in CW operation and seems to correlate with the collector seal
heating. The 1.0 A case shows a high level of electrons at the end of the
collector - not a good situation. Consequently, the middle case with 24 on
the bottom coil, 2 A on the middle coil, and 0.75 A on the top coil was

chosen.

Although there is no quantitative data; qualitatively, the amount of
collector seal heating appeared to decrease with the 0 75 A setting.
Another advantage to the 0.75 A setting is the more even distribution of
electrons through the collector. Thus, collector power density is képt
lower with the 0.75 A setting compared to using 0.5 A on the top coil.

CW operation and processing of tube SR2 continued. After consultation
with Oak Ridge, differential thermometers were installed on the collector
seal water and the window FC75 coolant flow inlets and outlets. This
greatly improved the accuracy of measuring power dissipation in these
critical assemblies. Power output was then gradually increased and the tube
operated for several hours at intermediate power levels until 212 kW CW was
achieved at U41% efficiency. At the 212 kW output level, power dissipation
in the FC 75 window coolant and collector seal was found to be 1128 watts
and 376 watts respectively. Table 1 is a summary of the final test

performance and the related major parameter values.

The tube still had a tendency to oscillate in the 32.5 GHz during

turn-on, similar to behavior in the pulse mode described earlier. By



careful adjustment of the gun and main magnet colls, operation at 32.5 GHz
was minimized and the tube operated easily from turn-on at 20 kW up to
212 kW CW.

A series of CW experiments was conducted in an effort to characterize
the VGA-B000 gyrotron, as well as to better understand gyrotron operation.
Three curves of power and frequency versus main magnet coil #2 for beam
currents of 3.6 A, 4.9 A, and 6.0 A are shown. (Figures 4, 5, and €.) Note
that main magnet coil #2 is located toward the output end of the interaction

cavity.

Close examination of these three curves shows some important trends.
First, there is a value of magnetic field for peak output power. This value
of magnetic field decreases with increasing beam current. Second, the
frequency decreases markedly with decreasing coil #2 current. Both of these

trends are typical of gyrotron operation.

Efficiency versus beam current with optimized gun anode voltage was
plotted to provide insight into optimal operation. (Figure 7.) The peak
efficiency observed was 48.7% at 3.5 A of beam current. As the beam current
was increased a slight decrease in efficiency was noted. However, two
important points are worth consideration. First, the efficiency values for
beam currents greater than 5.2 A were obtained with slightly lower gun anode
voltages; 1.e., there is a possibility of higher efficiencies with increased
gun anode voltage if the self-imposed safety limitation of 200 kW CW could
be exceeded. Second, the efficiency values for beam currents less than 5.2
A were obtained before correcting the main magnetic field for optimal
operation. Consequently, the efficiency for beam currents less than 5.2 A

are also somewhat understated.
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Table 1
VGA~8000 S/N 5R2 Test Performance

OPERATING PARAMETERS

Collector Water Flow 261 gpm
Body Water Flow 3.6 gpm
Window Water Flow (both) 1 gpo
FC-75 Flow 3.0 gpm
Collector Seal Flow 2.5 gpm
Magnet Coil Currents: Main 1 = 475 A
2 = U69 A
3 = 460 &
4 = 478 A
Gun 1 = 12.5 A
2z 11,0 A
Beam Voltage 80.2 kV
Gun Anode Voltage 25.3 kV
Cathode Current 6.7 A
Body Current 25 mh
Heater Voltage 10.8 v
Heater Current 6.03 A
Power Output 212 kW
Frequency 27.870 GHz

Two curves of efficiency versus gun anode voltage were plotted (Figures
8 and 9). Figure 8 is a curve of efficiency versus gun anode voltage at 3.5
A of beam current. As shown, the efficiency increases almost linearly or
slightly exponentially with gun anode voltage. The peak efficiency of 48.7%

occurs at 26.8 kV. The curve suggests that efficiency continues to increase

15
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above 26.8 kV. However, this is not the case. Above 26.8 kV the gun anode
begins to draw current due to beam interception preventing any further

increase in efficiency.

At 5 A of beam current, the efficiency versus gun anode voltage curve
(Figure 9) shows similar characteristics as the curve for 3.5 A. The "kink"
in the curve between 26 kV and 26.25 kV is due to a nonoptimized main
magnetic field. Another problem due to nonoptimization of magnetic field
was that the gun anode began drawing current at a lower gun anode vcltage.
This current prevented increasing gun anode voltage and thus limited the

ability to achieve higher efficiency.

The tube was returned to pulse operation at 4% duty. The principle
reason for this was to determine the performance of the tube with various
combinations of miter-bends and mode filters as a means of better

understanding its performance when coupled with the EBTS.

The 28 GHz gyrotron was first operated into a mode filter (Varian
VFA-8000) and waterload. (Figure 10A.) Approximately 0.8% of the total
power was absorbed by the mode filter with the remaining 99.2% absorbed in

the waterload.

The second test was with a gyrotron operated into a mode filter, a
miter bend, and the waterload. (Figure 10B.) The miter bend is a simple 45°
plane surface reflector. Approximately 2.8% of the total power was absorbed

in the mode filter and 97.2% was absorbed by the load.

Test three consisted of the tube, two mode filters, a miter-bend and
the waterload. (Figure 10C.) The power absorbed in mode filter #1 (closest
to the gyrotron) was 1.4%, with 2.50% in mode filter #2, and 96.1% in the
load.

Test four involved operating the gyrotron into mode filter #1, a
miter-bend, mode filter #2, another miter-bend and the waterload. Three
different radial orientations of the second miter with reference to the

first were tried with varying results. For the up-over-up orientation

18
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(Figure 10D), mode filter #1 absorbed 4.3% of the total power, mode filter
#2 absorbed 5.5% with 90.2% in the load. In this test, no attempt was made
to determine the amount of power reflected back into the gyrotron. For the
up-over-down orientation used at Oak Ridge (Figure 10E), mode filter #1
absorbed 6.73%; mode filter #2, 9.38% and the waterload, 83.89%.

The final orientation was up=-over-up (Figure 10D) with the second miter
tilted 45° from vertical. Mode filter #1 absorbed 4,73%, mode filter 2,

5.71% and the waterload, 89.56%.

Assuming a mode filter absorbs all non-circular electric modes, from
the results of the first test, the minimum percentage of all non-circular
modes in the gyrotron output power is 0.8%. From test results on miter bend
gyrotron S/N 12, the mode filter was found to absorb approximately 4.7 dB or
66% of all non-circular power. Therefore, with this assumption, the
percentage of all non-circular gyrotron output power is 0.8/0.66 = 1.2%.

Thus, 98.8% of the output power is in one or more circular electric modes.,

The data taken in tests two through five and measurements planned for
tube S/N 6 will be studied further. An effort will be made to establish the
effect of miter bends on the circular and non~circular mode content of the
forward, reflected and mode converted power in the system for inclusion in a

subsequent report.

In an effort to approximate the EBT load, a Teflon disc was placed in
the output waveguide directly before the waterload. (Figure 10F.,) The
complete set-up was as follows: the gyrotron, mode filter, #1, a
miter-bend, a mode filter, #2, a miter-bend, the Teflon disc, and the
waterload. 0.28 X thick spacers were used to change the line length from
the gyrotron to the Teflon disc. The calculated VSWR of the Teflon disc was
1.5:1. Over slightly more than a wavelength, the power in the waterload
varied by approximately ~7.7%, the power in mode filter #1 varled 15.2% and
the power in mode filter #2 varied 29.1%. However, total output power from

the gyrotron varied only 5%.

20



It is reasonable to conclude that the VSWR from the Teflon disc did not
significantly alter gyrotron operation. The distribution of power in the
mode filters and the waterload did change somewhat due to changing iine
length. An important consideration in interpreting the results of these
tests is that the operating frequency of the gyrotron varied slightly
(approximately 7 MHz) with each length change due to the impedance variation
of the load. )

B.  Iube 7RI

This tube, which had been successfully operating at 50 kW CW at Oak
Ridge since December, abruptly ceased to operate in March. The problem was
traced to an open heater in the cathode assembly. The tube was returned to

Varian, Palo Alto where the cause of this failure will be investigated.
C. Tube 12(M)

Tube #12(M) is identical to tube #7 with the exception that its loaded
Q is approximately 500; #7 has a Q of 750. Effort on this tube was

increased in order to provide a suitable backup for tube #7 at Oak Ridge.

Several iterations were made in cold test to optimize the spacing
between cavity and miter assembly to lower the Q to 500 in order to achieve

improved efficiency at higher beam current.

Some reflection was noted in the output waveguide and was improved by

modifying the taper angle on the window taper assembly.

The tube was processed and tested in the pulse mode up to 130 kW peak
power at 8% duty where it operated for more than 10 hours. Efficiency
versus beam current was found to range from 22 to 34%. (Figure 11.) To
determine what fraction of the output power of Tube 12M is circular electric
mode, a series of mode filter tests were conducted. Two mode filters were
installed between the gyrotron and a miter-bend followed by a waterload
(Figure 10C). 1In order to interpret the experimental data, the following

assumptions were made: (1) the two mode filters have identical

21
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characteristics; (2) the miter-bend following the filters does not greatly
affect the power absorbed by the mode filters.

Although the second assumption may not be correct, it is a reascnable

assumption in order to gain some idea of the mode content of tube 12M,

From the test results, the power absorbed in the mode filter closest to
the gyrotron was between 15.7% and 29.9%. The power absorbed in the mode
filter near the miter-bend was between 6.2% and 9.4%. The wide variation in
power absorbed is a combined result of gyroton operating parameters and mode
filter absorption characteristics. It was concluded that the noncircular
electric mode content of tube 12M varied from 29.69 to 444 and the
attenuation of a mode filter in one direction varied from 3 dB to 6.3 dB
(mean value 4.7 dB).

The tube was then operated at 60 kW CW in excess of 10 hours. Some
collector seal heating was noted and was minimized by careful adjustment of

the main magnet coil currents.

After consultation with Oak Ridge, the tube was operated between 103
and 113 kW for over one hour. The limiting factor on maximum power was the
collector seal temperature rise. The maximum temperature recorded on the
four thermocouples located on the collector seal was 59.5°C and the lowest
temperature reading was 31.5°C. Table 2 is a summary of the final test

performance and the related major parameter values.

23



Table 2

VGA-8000 S/N 1M Test Performance

OPERATING PARAMETERS

Collector Water Flow
Body Water Flow

Window Water Flow (both)
FC-75 Flow

Upper Water Load

Magnet Coil Currents:

Beam Voltage

Gun Anode Voltage
Cathode Current
Body Current

Power QOutput

Frequency

274 gpm
3.8 gpm

1 gpm
3.0 gpm

1.8 gpm

Main 1

A 500
A 480
A 479
A 469
10.5 A
10 A

80.5 kV
20.1 kV
5.9 A
20.0 mA

107 kW

27.991 GHz

The tube was shipped to Oak Ridge on March 18, and installation was

begun on March 19th. Operation was halted because of work required on the

power supply. Installation is tentatively planned to be continued the week

beginning April Tth.
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D. Jube #6

This tube is a 2 1/2" axisymmetric tube indentical to tube #5, except
for a new collector seal design, elimination of the window insulator, and a
BeO output window. This tube is ready for final assembly except for the
collector seal. It has been extensively used for cold test work in response

to improvements indicated by the testing of tube #5.

The pacing item on #6 is the new collector seal design. The present
design incorporates a rubber water seal. The improved design now being
fabricated is made completely from metal and ceramic and should be more
reliable and able to withstand higher pressures. Difficulty is being
encountered in final assembly of the device as evidenced by cracking of the
ceramic. The design has been modified to permit more stress relief in the

ceramic and associated structure.

A consultant has investigated possible changes in the cavity window
design to eliminate or minimize the problem of higher frequency modes at
turn-on and the 26.8 GHz mode sometimes observed at high power. As a result
of his input, a new cold test cavity has been constructed and preliminary
results obtained. The cavity has been tested and machined to further
optimize its geometry. At this point, the unwanted modes have been shifted
further away from the operating frequency but new frequencies have appeared.

These will be investigated further and identified.

A BeO window is planned for this tube in contrast to the alumina window
in #5. This is being done to determine if the greater bandwidth of the BeO
window will provide better loading for unwanted modes. The dissipation of

the BeO window will be somewhat higher than in the alumina window.

E. Jubes #9 & 10
Because of the successful achievement of 200 kW CW on the 2 1/2"

axisymmetric tube in February, this effort has been halted. The main thrust
of the 28 GHz gyrotron program will be on the 2 1/2" axisymmetric tube.
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F. Tubes #0 & 11

These are 2 1/2" axisymmetric tubes identical to tube #6, except for
possible improvements which may be indicated by tubes #5 and #6.

The cooling water system will be redesigned and a shroud placed over

the outside to simplify the plumbing connections and improve the tube's

appearance.
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III. PROGRAM SCHEDULE AND PLANS

With the shipment of tube serial #12 to Oak Ridge in March, and the
discontinuation of the effort on the 5" tubes 9 & 10, all remaining effort
will be devoted to the four 2 1/2" axisymmetric tubes #'s 5, 6, 8, and 11
described earlier in this report.

It is planned to ship #5 immediately following the CW mode filter and

miter-bend tests.
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MILESTONE CHART AND STATUS REPORT
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PROGRAM

200 kW, CW, 28 GHz;
DEVELOPMENTY

JOB NO.

STATUS REPORY DATYTE

31 MARCH 1980

DESCRIPTION

1979
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SEP
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MAR | APR | MAY | JUN | JUL | AUG | SEP

CW Tube No. 2R9
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Test

Ship
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Build
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Ship
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FOR A MAJOR MILESTONE

PROGHRAM 200 kw' Cw, 28 GHZ,‘

DEVELOPMENT

STATUS REPORY DATE
31 MARCH 1980
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NOV | DEC | JAN FEB | MAR

MAY | JUN | JUL | AUG | SEP
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CW Tube No, 12 (M}
Buitd
Test
Ship

CW Tube No. 9 {5 Window, work on hold)
Build
Test
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{Teost)
{Ship)

CW Tube No. 8
Build
Test
Ship

CW Tube No. 10 (5" Window, work on hold)
Build
Test
Ship

CW Tube No. 11
Configuration Decision
Buitd
Test
Ship
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