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ABSTRACT

The purpose of this program is to demonstrate the feasibility of generating very high
power, specifically 100 kw peak and 1000 watt average at 100 Gc by means of an 0-type
backward-wave oscillator operating at very high voltage.

During the eighth quarter, experimental tube No. 3 was completed and some test data
has been obtained. Testing of tube No. 3 will be continued during the next quarter of
the program. Peak and average power have been measured at 107 kw and 215 watts
respectively. Very recent results have shown average power of over 300 watts.

The 435-1C gun is used in tube No. 3. Test results show improved focusing with a
reduced magnetic field as compared with guns used in previous tubes.

The rf output power is terminated in helical stainless steel waveguides. These rf loads
are water cooled for use with the calorimeter for average power measurement. A
tungsten insert was used to collimate the electron beam at the anode to prevent peak
heating damage to the disk loaded waveguide circuit.
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INTRODUCTION

The purpose of this program is to demonstrate the feasibility of generating very high
power, specifically 100 kw peak and 1000 watts average at 100 Gc by means of an O-type

backward-wave oscillator operating at very high voltage.

During the eighth quarter, tube No. 3 was completed and some data has been measured.

The 435-IC gun was used in this tube which resulted in 96 percent transmission with a

considerable reduction in magnetic field over that necessary in tubes No. 1 and 2. Peak
and average power have been measured as 107 kw and 215 watts respectively. This is
a fraction of four times greater than the previous 47 watts measured on tube No. 1. This
represents a new record for average power at this frequency.

Construction of tube No. 4 has been started. The collector assembly is completed. The
circuit assembly is complete except for connection of pole pieces. The gun assembly has

been started and will use the 435-IC gun that is in tube No. 3. Target date for completion
of tube No. 4 is 1 July 1963. During the writing of this report even higher average power
of over 300 watts were observed.

TUBE CONSTRUCTION

Tube No. 3 was completed and testing is now in progress. It was necessary to reprocess
tube No. 3 because of a bad cathode. The gun was removed and rebuilt. The tube was

then reprocessed on the vacuum pump. Tube No. 3 is shown in Fig. 1.

Electron Gun and Circuit

The 435-IC electron gun was used in tube No. 3. The electrical geometry of this gun is
shown in Fig.. 2. This gun has a predicted beam diameter vs beam voltage as shown in

Fig. 3. Beam size is compared with the tube No. 9 and 435-IB guns used in tubes No. 1
and 2 respectively. The transmission and perveance data are given in Figs. 9 and 10 as
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Fig. 1 - Tube No. 3 is shown during vacuum processing. Average power is measured
using a calorimeter on the two tight wound helical waveguide loads. The loose wound

helical waveguide terminates the collector end of the disk loaded waveguide circuit.
An average power of 215 watts was measured with loads and waveguide as shown. It is
planned to water cool the waveguides between the circuit and helical loads before higher

average power measurements are attempted.
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II

deeper into the focus electrode. This gun is used in tube No, 3.
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measured during the tests on tube No. 3.

Tungsten Insert and Circuit

The electron formed disk loaded waveguide circuit with anode and collector pole process
is shown in Fig. 4. The anode pole piece contains a tungsten insert with a .062 inch
diameter hole to collimate the electron. beam and prevent peak heating damage to the
.070 inch diameter circuit. Tungsten was used as an insert because of its high melting
point and its low vapor pressure with high temperature. Appendix I shows copper to be
1.8 times better than tungsten relative to termperature rise, but the melting point of
tungsten is 33700C compared with 10800C for copper, Test results, to date, on tube No. 3
indicate no damage due to peak heating after operating up to voltages of 198 kv. Figure 5
shows the tungsten insert in the anode-cathode assembly of tube No. 3.

Helical Waveguide Loads

In tube No. 3 a helical-waveguide attenuator is used between the disk loaded waveguide
circuit of the tube and the rf vacuum window. These loads are formed by rolling a length
of round thin walled stainless steel tubing into rectangular . 050" x . 100" waveguide. This
rectangular waveguide load is then formed into a tight wound helix. A cylinder of copper
is brazed inside the helical load and a coil of copper tubing is brazed inside the copper
cylinder for water cooling and for use with the calorimeter. Figure 6 shows the helical
waveguide load used on tube No, 3. Two of these loads are used to terminate the two
outputs of the tube. A single coil of stainless steel. waveguide is connected between the
two connectors at the collector end of the disk loaded waveguide circuit as a termination.
These helical waveguide loads can be seen on tube No. 3 (shown in Fig. 1). Each of the
helical waveguides used on tube No. 3 is 6 ft. long and have about 27 db of attenuation.
Peak power at the rf vacuum window is about 100 watts.

Load Calibrations

The 100 watts external to the vacuum is further attenuated by use of the same type stain-
less steel helical attenuator used for the calorimeter loads and by a variable attenuator.
Peak power can be viewed using a crystal operating at the 1 mw level. Calibration results
for the attenuator used as vacuum loads and external to the vacuum are shown in Fig. 7.
The attenuation calibration is based on relative power levels using a crystal and a VSWR
meter. Accuracy of ± 2 db is about the best to be expected from this method of calibration.
The variable attenuator was also calibrated by use of a crystal and VSWR meter. Figure 8
shows the calibration results for the variable attenuator used in the rf detector circuit.
The crystal could not be calibrated to some absolute power level due to the lack of a directed
reading calorimeter at these frequencies. The crystal was calibrated on the basis of its

-5 -
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Fig. 4 - The disk loaded waveguide circuit is shown with collector and anode pole
pieces. The circuit is water cooled using the copper tubing shown. Power is removed
from the circuit at the gun end using . 050 x .100 inch copper waveguide to connect
with the stainless steel helical waveguide loads. The collector end of the circuit is
terminated in a single helical waveguide ( see Fig. 1 ),
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Fig. 6 - The helical waveguide load is shown as the top assembly in the figure. The
three elements that make up the assembly are shown below. Two each of these loads
are used per tube since the match to the circuit splits the power equally between output.
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30 X Values obtained using 60 to 90 Gc -
attenuation on No. 1 attenuator
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x No. 1 Att
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Frequency- Gc

Fig. 7 - The attenuators were calibrated using a crystal and VSWR meter. The
relative power levels were measured at the input and output of the helical waveguide

attenuators. The attenuation was based on this difference of power levels. A 60 to 90 Gc
precision attenuator was used to check the values measured below 93 Gc. The result
using the precision attenuator are shown on the above curve for attenuator No. 1. These
points are shown by x. Data above 93 Gc was all based on the use of the crystal. and

VSWR meter.

11762 9-



300
20 db

250 _15 db

10 db

S23 db

0
1 db

• 100
a)

S50

0
96 97 98 99 100 101

Frequency - Gc

Fig. 8 - The attenuation of the variable attenuator used to -vary detected output
pulse. The above data is based on calibration using a crystal detector and measuring
level changes on a VSWR meter.
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11743 Fig. 9 - Beam transmission is plotted vs beam voltage on tube No. 3. This tube
uses the 435-IC electron gun which results in good transmission with reduced
magnetic field compared with electron guns used in tubes No. 1 and 2.
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level reading on a VSWR meter as compared with readings obtained with calibrated
crystal at other frequency bands. This calibration did produce results that agree with the
values measured using the average power to calculate peak power. See Fig. 15. Since
tube No. 3 can produce large average power which can be measured on a calorimeter,
the use of the above attenuator calibrations is not necessary for the measurement of peak
power. Best peak power measurements is based on average power and duty cycle.

Construction of Tube No. 4

Tube No. 4 will be built the same as tube No. 3. This tube should be completed by
1 July 1963. Most of the assemblies are complete except for the 435-1C gun and the helical
waveguide loads.

TUBE NO. 3 TESTING

435-1C Gun

The 435-IC gun is used on tube No. 3 (see Fig. 2). The 435-iC has a predicted beam
diameter shown by Fig. 3. The beam transmission of tube No. 3 is shown in Fig. 9. For
voltages less than 60 kv some of the beam is intercepted on the tungsten insert at the
anode due to the size of the beam. Above 60 kv the beam size is smaller than the hole
in the tungsten insert. This corresponds with the prediction of beam size plotted in Fig. 3.

The perveance of the 435-IC gun is shown in Fig. 10. The perveance of the gun measured
.125 x 10-6 compared to 0.1 x 10-6 measured during the bell jar test on the gun.

The 435-IC gun focused with a much less magnetic field than required for the No. 9 and
435-lB guns used in tubes No. 1 and 2 as shown in Fig. 11. This improved focusing and
larger beam size has allowed the operation of tube No. 3 at high average power levels
than obtained previously with tube No. 1. In tube No- 1, which used the No. 9 gun, a
great deal of difficulty was experienced in obtaining enough magnetic field for focusing due
to the small beam size. The large magnetic field resulted in pole piece saturation and
flux leakage back into the cathode region further complicating the focusing of the tube. A
small beam size as in the case of tube No. 1, results in lower power and efficiency. The

- 11-
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Fig. 11 - Magnetic field required to focus each of the three tubes built.

The gun used in tube No. 3 requires the smallest magnetic field as shown

by the curves.
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beam size of the 435-1C gun is much nearer to the optimum size for the best efficiency,
peak power and large average power which are the basic objectives of the program.

Measurement of Frequency

Testing of tube No. 3 has been conducted to date without the use of a frequency meter.
The frequency meter used on previous tube tests was damaged. The waveguide was twisted
off on one side of the cavity. This was repaired but the cavity did not respond when
checked on the rf pulse of tube No. 3. Further efforts will be made to repair the frequency
meter. Since the disk loaded waveguide circuit is the same as used on the previous tubes,
the frequency vs beam voltage should be close to the values measured on tubes No. 1 and 2.
Figure 12 show•s this data for tubes one and two.

Average Power

Average power was measured using a Sierra Electronic Corporation Calorimeter, Model
190A. A new record, 300 watts of average power, was measured at a frequency near 100 Gc,
A block diagram is shown in Fig. 13 of the calorimeter, the rf loads and water storage
reservoir. The flow rate was maintained constant by using the water storage reservoir
to maintain a constant 20 ft. head of water on the system. The water level in the reservoir
is maintained constant by supplying excess water which is removed by the overflow, The
water from the reservoir flows through one side of the thermopile then through the cali-
bration coil to the rf load on the tube and back to the other side of the thermopile. Meter
deflection corresponds to some T2 - T2 temperature difference at the thermopile as shown
in Fig. 13.

Appendix II contains a discussion of the error in power measurement due to heat conduction
from the waveguide load by the waveguide between the body of the tube and the rf load.
It was found that more rf power is lost than calibration power. This means that the
average power generated in the tube is greater than the measured value. The temperature
of the waveguide between the tube body and the rf loads was measured at 70 0 C with 80 watts
of average power.

Before higher average power measurements are made, the waveguide between the tube
body and the rf loads will be water cooled in series with the rf loads. Table I lists some
of the average power measurements made at various beam voltages. Later results have
increased these values to over 300 watts.

Peak Power Measurements

The peak power of the tube was measured at 107 kw at 193 kv. This measurement was
based on the average power and the duty cycle. The duty cycle was determined by the

- 14-
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Fig. 12 - The frequency measured using a wavemeter vs beam voltage

on tubes No. 1 and 2. The frequency of tube No. 3 should be close to
these values shown above.
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Fig. 13 - The average power of tube No. 3 was measured using the calorimeter arrange-
ment shown above. Flow rate of water was 1/14 gallons per minute. The tube power is
split equally between two output waveguides which are each terminated in water cooled
stainless steel waveguide.

11746 - 16 -



TABLE I

Voltage Average RF Pulse- PRF Peak
Beam Power width Power

126 kv 30 3.16 200 47.5 kw

144 24 4.0 100 60.0 kw

162 kv 114 3.52 385 84.2 kw

162 kv 70 3.52 210 94.6 kw

1.75 kv 155 3.84 420 96 kw

175 kv 215 3.84 590 94 kw

193 75 4°20 167 107 kw

The peak power was calculated based on the average power measured using the calori-
meter. The calorimeter was calibrated using a known source of dc power that had been
calibrated against a secondary standard at the Watkins-Johnson Company. The duty
cycles were determined by use of rf pusle shape photos and pulse interval measurement
made on a Tektronix 531A oscilloscope. The rf pulse shapes are shown in the photo-
graphs in Figs. 20 to 24.

17 -



measurement of the pulse time interval on a Tektronix oscilloscope. The effective pulse-
width was calculated from. the photos taken of the detected rf pulse as. viewed on a Tektronix
oscilloscope. A crystal was used as a detector and it was assumed that the crystal was a
square-law detector. Figure 14 shows a detected rf pulse and its equivalent rectangular
pulse. Both pulses have the same peak value and the same area in units of watt-sec. The
equivalent pulsewidth is determined by numerical intergration to determine the area under
the detected pulse. One can now determine the peak power as follows: The duty cycle
equals pulsewidth x pulse repetition rate and peak power x duty cycle equals average
power.

Table I lists the power levels, prf and pw resulting from tests on tube No. 3. A graph
of peak power vs beam voltage is shown in Fig. 15, The curve is based on the average
power measurement using the calorimeter at various duty cycles. Several points shown
are measured using a crystal detector and a calibrated set of attenuators. The calibration
of the crystal was based on past calibrations of similar crystals. It was necessary be-
cause a calorimeter was not available to calibrate the crystal. Results using the crystal
did'ag-ee fairly well with the calorimeter results. This was probably a coincidence.

Pulse Shapes

The voltage current and rf pulse shape are shown in Figs. 16 to 25 at various beam voltages.
Table II lists the parameter shown in the above figures. The rf pulse shapes do not have
the holes that were present in the first two tubes. This indicates that the rf matches are
better or there is less interaction with higher order modes, or both.

Beam Voltage

Beam voltage was measured on the primary side of the pulse transformer by use of a
capacitive voltage divider and an oscilloscope. The voltage on the secondary of the pulse
transformer is 18 times the primary voltage.

Higher Order Oscillation

There appears to be higher order mode oscillation at some voltages. This can be seen by
the shape of the rf pulse at various voltage levels. The rf pulse as viewed at 193 kv has a
reduced power level near maximum voltage. This reduction of power level may be due to
oscillation, No check could be made to date on frequency due to lack of a frequency meter.
Frequency measurement will be made when the wavemeter has been repaired.

- 18 -
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Fig. 14 - The solid line is the rf pulse viewed using a crystal detector
and an oscilloscope. The rectangular pulse shown by the dash lines is an
equivalent pulse with the same peak amplitude and area in terms of watt-seconds.
The width of the equivalent pulse is determined by numerical intergration
of the actual rf pulse. The above pulse occurred at a beam voltage of 126 kv
and has an effective pulsewidth for calculating peak power of 3.16 micro-seconds.
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Fig. 15 - The graph shows the peak output power vs beam voltage. This data was measured
using a crystal and attenuator and also by measurement of the average output power using'
a calorimeter. See Table I for the tabulated data using the calorimeter.
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Fig. 16 - Collector and body current at 126 kv beam voltage. The top
trace shows the collector current at 2 amps per cm. The bottom trace
is the body current at 1 amp per cm. The time base is two microseconds
per centimeter.

- 21 -
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Fig. 17 - Collector and body current at 144 kv beam voltage. The top
trace shows the collector current at 2 amps per cm. The bottom trace
is the body current at 1 amp per cm. The time base is two microseconds
per centimeter.
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Fig. 18 - Collector and body current at 162 kv beam voltage. The top
trace shows the collector current at 2 amps per cm. The bottom trace
is the body current at 1 amp per cm. The time base is two microseconds

per centimeter.

- 23 -
11773



Fig. 19 - Collector and body current at 180 kv beam voltage. The top
trace shows the collector current at 2 amps per cm. The bottom trace
is the body current at 1 amp per cm. The time base is two microseconds
per centimeter.
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Fig. 20 - Collector and body current at 193 kv beam voltage. The top
trace shows the collector current at 2 amps per cm. The bottom trace
is the body current at 1 amp per cm. The time base is two microseconds

per centimeter.
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Fig. 21 -Cathode voltage pulse and detected rf pulse at 126 kv. Top trace
is cathode voltage. Bottom trace is the detected rf pulse. There are no
units of calibration vertically. The horizontal calibration is 2 microseconds
per centimeter,

- 26 -
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Fig. 22 - Cathode voltage pulse and detected rf pulse at 144 kvo Top trace

is cathode voltage. Bottom trace is the detected rf pulse. There are no
units of calibration vertically. The horizontal calibration is 2 microseconds

per centimeter.
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Fig. 23 - Cathode voltage pulse and detected rf pulse at 162 kv. Top trace
is cathode voltage. Bottom trace is the detected rf pulse. There are no
units of calibration vertically. The horizontal calibration is 2 microseconds
per centimeter.

- 28 -
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Fig. 24 - Cathode voltage pulse and detected rf pulse at 180 kv. Top trace

is cathode voltage. Bottom trace is the detected rf pulse. There are no
units of calibration vertically. The horizontal calibration is 2 microseconds
per centimeter.

- 29 -
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Fig. 25 - Cathode voltage pulse and detected rf pulse at 193 kv. Top trace

is cathode voltage. Bottom trace is the detected rf pulse. Ther are no

units of calibration vertically. The horizontal calibration is 2 microseconds per

centimeter.

- 30 -
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TABLE II

Figure Beam 2 Amp/cm 1 Amp/cm Time
No. Voltage Collector Current Body Current Base

16 126 kv Top-photo Bottom - photo 2csec
cm

17 144 kv Top-photo Bottom - photo 2_•sec
cm

2psec
18 162 kv Top-photo Bottom - photo cm

19 180 kv Top-photo Bottom - photo cm

cm

20 193 kv Top-photo Bottom -. photo -Lse qcm

Figure Beam Cathode Pulse RF Pulse Time
No. - Voltage Voltage Shape Shape Base

2pse c21 126 kv Top - photo Bottom - photo ccm

22 144 kv Top - photo Bottom - photo se
cm

23 160 kv Top - photo Bottom - photo cm____22222

24 180 kv Top - photo Bottom - photo cm
?psec

25 193 k-v Top - photo Bottom - photo cm
Cm

Table II contains a list of the pulse shapes shown in Figs. 16 through 25. Figures
15 to 19 shows the body and collector current pulse shapes. Figures 20 to 25 shows
the cathode voltages and detected rf pulse shapes.
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APPENDIX I

Peak heating occurs during the current pulse due to beam interception on the circuit
or anode. At 200 kv the power density in the beam is 281 megawatts per square centimeter.
If this beam hits the circuit or anode, high surface temperature results which may melt
the circuit.

To reduce the possibility of peak heating damage, a tungsten insert was used to collimate
the beam as shown in Fig. 5. The following calculation shows tungsten to be 1.8 times
poorer than copper in terms of temperature rise, but the melting point of tungsten is
33700C compared with 1080 0 C for copper. For this reason tungsten was used as the insert
material to reduce possible peak heating damage at the anode and in the rf circuit.

Calculations comparing turygsten and copper temperature rise due to peak heating. Calcula-
tions are based on Collins°.

AT = 2qa47-

1q 1= 0.239 D

K

caa
K = Thermal conductivity in

see - cm °C
D = Power density in watts/cm2

-= Pulsewidth in see

p = Density in gram/cm 3  C = Specific heat in cal]/gram/°C

For copper: For tungsten:

K = 0.9 K = 0.4

C = .126 C = .039
p = 8.9 p = 19.6

1
AT is porportional to V for a constant power density and pulsewidth

AT (tungsten) =- =• (copper) = 1.8
AT ( copper) -V-KC- ( tungsten)
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APPENDIX II

A Discussion and Some Calculations On
Calorimeter Calibration

In Fig. 13 a given temperature difference between T 2 - T1 produces a certain deflection
on the calorimeter meter. This deflection can be produced either by supplying power
to heat the water at the calibration heating coil in the calorimeter, or by heat generated
by the dissipation of rf power in tlhe rf loads.

During the measurement of average power, the meter reads a value corresponding to
some T2 - TI. The tabe is turned off and the calibrating power turned on to produce the
same deflection on the meter thus the same T 2 - T1 temperature difference. The power
used in the calibrating coil should correspond to the average power dissipated in the rf
loads of the tube. This is true if none of the rf or calibration power is lost by radiation,
convection or conduction. At low temperature radiation loss is extremely small. The rf
load should lose little power by air convection, but heat transfer by conduction between
the tube body and rf loads may introduce an error between the calibration power level
and the correct rf power. The following calculation is made to determine if more power
is lost during calibration or if during the measurement of rf. If more power is lost during
the measurement of rf power then rf average power is greater than the calibration value..

The power lost to the tube body by conduction is lost through the waveguide between the
tube body and the rf load. If more power is conducted back to the tube body during power
measurement than during calibration the temperature of the waveguide between the body
and the loads must be larger during the rf power measurement than during the calibration..
This is the case. Power is dissipated in the waveguide during tube operation raising the
temperature on the guide above the water temperature in the rf loads. At 80 watts of
average power, the temperature of the waveguide was measured at 70 0 C one inch below
the rf load on the waveguide. Based on this measurement of guide temperature, the following
calculations can be made to show that the rf power is greater than the calibration power
over a range of power levels.

Formula used in the following calculation:

(1) P = 264 Qw A T (heat transfer by water)
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P Power in watts

Qw = Watts flow in gallon per minute

AT = Outlet and inlet water, temperature difference in
degrees centigrade, respectively

AK
(2) P --- AT (heat transfer by conduction)

P = Power in watts

A = Cross-sectional area

K = Specific heat conductivity

Z = Length

AT = Temperature difference °C

PC = Power used to calibrate

Prf = Power output of the tube

Plc = Power lost by conduction during calibration

Plrf = Power lost by conduction during rf power measurement

c -lc rf - Plrf

Prf Pc -Plc + Plrf
PC PC

AK
Plc- (T- TB )

TB = Temperature of tube body maintained at 200 C by cooling water

during both calibration and rf power measurements

To = Water inlet temperature to calorimeter = 20 0 C

T1 = Water temperature in rf loads during calibrationPC
- To 264Qw

Qw = Water flow rate of calorimeter
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AK PC

c- Z 264Qw

Z is larger than length to. the point where temperature was measured at 70°C at80 watt, power.

AK AK 500Phf (70o20) -Z

Pr~f • AK 50 1

Pc, _ - - 264Qw

Prf 50 1
PC PC 264 Qw

PC < (50) (264)Qw

Qw was measured at 1/14 gallon per minute

PC < 942 watts

Prf

> 1 for power levels above 80 watts and less than 942 watts

The Correct rf average powerais greater than the calibrating power over a range of powers
from 80 watts to 942 watts, based on the measurement of the waveguide temperature be-
tween the body and the rf load. It could be shown that for a much larger range of power
levels

Prf 1
PC

by measurement of waveguide temperatures at other power levels. On the basis of the
above calculation and the measurement of waveguide temperature, the new record of
215 watts average power at 100 Gc is at least as large as 215 watts.
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