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Summary

Computer designed axisymmetric 2.4-cm-diameter
three-, four-, and five-stage depressed collectors were
evaluated in conjunction with an octave bandwidth, high-
perveance, and high-electronic-efficiency, gridded-gun
traveling wave tube (TWT). Spent-beam refocusing was
used to condition the beam for optimum entry into the
depressed collectors.

Both the TWT and multistage depressed collector
(MDCQ) efficiencies were measured, as well as the MDC
current, dissipated thermal power, and dc input power
distributions for the TWT operating both at saturation
over its bandwidth and over its full dynamic range.

Relatively high collector efficiencies were obtained,
leading to a very substantial improvement in the overall
TWT efficiency. In spite of large fixed TWT body losses
(due largely to the 6 to 8 percent beam interception),
average overall efficiencies of 45 to 47 percent (for three
to five collector stages) were obtained at saturation across
the 2.5-to 5.5-GHz operating band. For operation below
saturation the collector efficiencies improved steadily,
leading to reasonable (>20 percent) overall efficiencies
as far as 6 dB below saturation.

Introduction

In a joint USAF-NASA program, the Lewis Research
Center is conducting a traveling wave tube (TWT)
technology improvement program on TWT’s for use in
electronic countermeasure and communication systems
by applying the multistage depressed collector (MDC)
and spent-beam refocusing techniques developed at
Lewis (refs. 1 and 2). These techniques convert a large
part of the kinetic power of the spent electron beam at the
TWT output to useful electric power, substantially
increasing the overall efficiency. This is of particular
significance to air and space applications because the
overall efficiency has a direct bearing on the size, weight,
and complexity of the prime power, power conditioning,
and heat rejection systems.

The refocusing system and MDC designs are produced
by combining the analysis of the TWT, the refocusing
system, and the MDC. Representative charges are
tracked from the radiofrequency (¢f) input of the TWT to
their collection on the MDC electrodes (ref. 3).

This design procedure has been highly successful when
applied to medium perveance and medium electronic
efficiency TWT’s (ref. 4). Recently, it was successfully
applied to an octave-bandwidth, periodic-permanent-
magnet-focused, high-perveance and high-electronic
efficiency TWT (Varian TWT Model 6336 Al). A
comparison of the computed and measured performance
of this TWT, operated at saturation, at a single

frequency, and with various MDC’s is presented in
reference 5. The TWT/MDC performance was also
evaluated with three-, four-, and five-stage experi-
mentally optimized collectors, with the TWT operated
over its full bandwidth and over its full dynamic range.
The results of these tests are reported herein.

Symbols!

e electronic charge

Ig true interception current in forward
direction

I body Ig+Ig

Iy, collector current to nth electrode

Iy backstreaming current to undepressed
collector electrode, if any

I cathode current or beam current

Is backstreaming current to TWT body

Prody (total rf losses in TWT) + (true beam inter-

ception losses)

Ploay Pyyqy + (backstreaming power to body)

P,y total power in spent beam that enters MDC

Peing rf output power associated with fundamen-
tal frequency

Py, rf output power resulting from harmonic
frequencies

Precovered defined in fig. 1

P total rf output (Ptynd + Phrm)

12 average potential of intercepted electrons

Ven voltage on the nth electrode (with respect to
ground)

Vi cathode potential (with respect to ground)

Me electronic efficiency of TWT

Experimental TWT and MDC
Performance Evaluation

To obtain complete and accurate TWT and MDC
performance evaluations, it is necessary to determine the
final power distribution in the system. This distribution is
shown in figure 1 in the form of power-flow and electron-
flow diagrams for a TWT with a depressed collector. Part
of the initial beam power Vil appears as measured rf
output power at the fundamental and (possibly)
harmonic frequencies, and part is dissipated by the TWT
body as the sum of rf losses in the TWT and intercepted

ISee also figs. 1 and 2.



beam power in the forward direction. The rest of the
beam power enters the collector. Part of this kinetic
power is recovered as useful electric power, and part is
dissipated as heat on the collector plates. Collector
efficiency is defined as Precovered/Peolis

With a depressed collector, the possibility exists of
backstreaming electrons (/g and Igp in fig. 1(b)) returning
significant power to the TWT body. Since any
backstreaming produced by the depressed collector must
be accounted for in determining efficiency, this
backstreaming power must be evaluated and charged
against the depressed collector, or exaggerated collector
efficiencies will result.

It should be noted that neither Pcoy, Ppogy, DO true
beam interception /g can be measured directly for a tube
operated with an MDC. Without these measured values,
the determination of MDC efficiencies requires certain
assumptions that can significantly affect the computed
collector performance:

(1) Assumption of the circuit losses (rf losses on the rf

structure)

(2) Assumption of the true intercepted current in the

forward direction

(3) Assumption of the average energy of the

intercepted electrons.
With these assumptions P, can be computed from the
equation

Peon = Vil —(circuit losses) — (7 gV) — Py

as shown in figure 1(b).

However, it has been our experience at Lewis that both
the circuit losses and the true beam interception can vary
widely, even between TWT’s of identical design. The
need for making assumptions can be avoided entirely
only by first operating the same TWT with a thermally
isolated undepressed collector. The power returned to the
TWT body by backstreaming electrons (secondaries)
from such a collector is negligible. The power flow
diagram for a TWT with an undepressed collector is
shown in figure 2. The power into the collector Py can
be measured directly, or, alternatively, Prr and Ppoqy can
be thermally measured, and P, computed from
measured quantities. Since only the total body power
Pyody is needed for the computation of Py, it can be
seen that, with this experimental approach to the
computation of collector efficiency, the questions of
circuit efficiency, true interception, and the average
energy of the intercepted electrons are irrelevant.

Experimental TWT

A schematic of the Varian TWT Model 6336A1 serial
number 101 R1 as modified for use in this program is
shown in figure 3, and its general characteristics are
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shown in table I. A refocusing system consisting of two
coils has been added, and the TWT is mounted on a
25.4-cm (10-in.) ultrahigh vacuum (UHV) flange. The
UHY valve shown was designed to keep the TWT under
vacuum during MDC installation and changes,
facilitating startup and minimizing cathode activation
problems (ref. 6).

This TWT was delivered with an undepressed
thermally isolated water-cooled collector mounted on a
matching 25.4-cm (10-in.) vacuum flange. This special
collector was required for the bench test.

Experimental Arrangement

Bench Test

The purpose of the bench test was to document the
performance of the TWT as delivered with an
undepressed collector so that any subsequent TWT
performance changes, if any, due to the MDC can be
determined and so that accurate MDC efficiency
measurements could later be made. The rf load, TWT
body, and collector are all thermally isolated and water
cooled. Thermal power to each is measured by a
combination of a flowmeter and a thermopile. Since the
collector is undepressed, the power returned to the TWT
by any backstreaming electrons is negligible. The
measured P4y i, therefore, the sum of the total rf
losses in the TWT and the interception losses.

Multistage Depressed Collector Tests

In the MDC test setup (fig. 3) the MDC is mounted on
a UHYV flange which houses the TWT and vacuum valve.
Each MDC electrode is thermally and electrically isolated
and is water cooled. The spent-beam power recovered by
each MDC electrode, as well as the thermal (kinetic)
power dissipated on each electrode, was measured. A
vacuum feedthrough drives a variable-length spike. Over
its range of variability, the length of the spike
significantly affects the electric-field distribution within
the collector, and its optimum length can be established
quickly and easily for each MDC configuration. Since the
refocusing coils and pole pieces are outside the vacuum,
they can be manipulated and moved over their designed

TABLE 1. - GENERAL CHARACTERISTICS OF VARIAN
TWT MODEL 6336A1

Frequency, GHZ ...ovvvinviiiiiiiiieeiiiiiiii e eeeeanens 2.5t05.5
Perveance, A/V3/2, .. 1.23x10-6
Maximum total rf output power, W.........ocoviiiveniiiinmnniniinnns 840
Electronic efficiency (maximum)........ccoeeeuveiiiiinennencnnninninns .26
Cathode voltage, KV ......coooeiiiiiiniiniiiiiiiiiiicn e -6.2
Cathode CUrrent, A ..oevuiieieeiieiiiiiiie e eieeveeeerirereeeaeenennn .60
FOCUSING ...uvvivieenineiiciicieeceeaninins periodic permanent magnet
L€ 1 S PSPPI gridded type



range of variability while the TWT is operating. Together
with variation of the refocusing coil currents, this enables
the rapid optimization, within limits, of the refocusing
field profile. Once established, this profile can be
synthesized with a permanent-magnet refocusing system.
For future work, however, Lewis intends to pursue an
alternative approach: use the two permanent magnets
past the rf output, already in place in many TWT’s, for
the refocusing system, and trim their strength for
optimum beam entry into the MDC. This approach
would minimize the total length of the TWT.

A typical experimental collector arrangement is shown
in figure 3. This fully demountable mechanical design
was chosen for experimental convenience. Separate water
cooling and calorimetry of each collector electrode were
chosen for diagnositc purposes and for the system’s
ability to provide information for the eventual thermal
design of a conduction-cooled MDC.

A novel data acquisition system was used to optimize
collector efficiency under various conditions. This system
provides a real-time readout of the recovered power, as
any of the system variables are changed while the TWT is
operating. These variables are the individual collector
stage voltages, the refocusing coil currents and polepiece
locations, and the spike length. Maximizing recovered
power is identical to maximizing the MDC efficiency.
Once the optimum combination of operating conditions
is found, an automated system is used for actual data
taking.

Experimental Conditions and Results

RF Test Conditions

Filtered input drive was used at all frequencies.
Saturation was set using an uncalibrated power meter
which measured rf power only at the fundamental
frequency. Hawever, only the total rf power dissipated in
the water-cooled matched load was measured, and all
TWT overall and electronic efficiencies reported here are
based on this Ppy.

The TWT is rated for continuous-wave operation.
However, to insure that the single tube available would
survive the extensive test program, it was operated only at
a 25- to 50-percent duty cycle, using 1- to 1.5-ms-pulses.
The thermal measurements made were averages over the
pulse time, while the electrical measurements (currents)
were ‘‘instantaneous’’ samples near the end of the pulse.

Traveling-Wave Tube Bench Test

The TWT, equipped with an undepressed collector,
was operated at saturation across the full bandwidth. In
addition, at selected operating frequencies, the TWT
performance and fixed-body losses were evaluated at rf
power levels as much as 15 dB below saturated output

power. The results are shown in figures 4 and 5. The fixed
TWT losses are a substantial fraction of the rf output
power and significantly limit the improvement in overall
efficiency obtainable with a depressed collector.
Intercepted beam current was in the range of 5.8 to 8.2
(average of 7) percent of I across the operating band at
saturation and is largely responsible for the large fixed
TWT body losses.

After completion of the bench test, the UHYV valve (see
fig. 3) was closed, and the undepressed collector
removed. The TWT was kept under a hard vacuum
during the subsequent MDC installations, and no
processing (gradual outgassing) of the TWT was required
when it was again operated.

Multistage Depressed Collector
Test Program

The TWT was operated with a series of MDC’s. Some
of the results of this optimization program are reported
in reference 5. The best results, however, were obtained
with experimentally optimized, small extrapolations of
the designs reported in reference 5. These three-, four-,
and five-stage collectors are shown in figures 6 to 8. None
of these collectors used a separate electrode at ground
potential. The number of MDC stages is defined as the
number of distinct voltages (other than ground potential)
needed to operate the MDC. The three- and four-stage
collectors are of identical electrode geometry (except for
spike length), and their performances were evaluated in a
single test.

A coating of carbon black was used to suppress
secondary electron emission from the MDC collecting
surfaces.

For each design MDC performance was experimentally
optimized for the TWT operating at saturation, at the
operating frequency corresponding to the highest TWT
electronic efficiency (4.75 GHz). This operating point
was selected because it usually minimizes the maximum
amount of dc input power needed to operate the TWT.
Data were then obtained (at this fixed set of refocusing
system and MDC operating conditions) across the
operating band at saturation and over the full dynamic
range of the TWT at 4.75 GHz.

Multistage Depressed Collector
Test Results

TWT-MDC Performance Versus Number of Collector
Stages at Saturation

The overall TWT efficiency, MDC efficiency, and total
DC input power as functions of frequency are shown in
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figures 9 to 11 respectively, for the TWT operating at
saturation. The results are summarized in table II.

Each of the collectors produced a very substantial
improvement in the overall efficiency of the TWT,
compared with a single undepressed collector. However,
the overall efficiencies obtained were significantly limited
by the large fixed TWT losses (6 to 8 percent beam
interception).

Each additional collector stage (beyond three)
produced only a relatively small improvement. In the case
of the five-stage collector, this was due in part to the very
limited effort devoted to optimizing the MDC geometry.
In the case of the four-stage collector (which was
extensively optimized), it turned out that the optimum
voltages on two of the lower stages were only 600 V
apart, possibly due to a peculiar shape in the spent-beam
energy distribution curve. Therefore, these stages could
be operated at an optimum single intermediate voltage
with only a small reduction in efficiency.

As discussed by Kosmahl (refs. 4 and 7), the collector
efficiency (for a given MDC size and number of stages) is
a function of the TWT perveance and electronic
efficiency. The present results (as well as previous work
with other TWT’s) support the computed trend shown in
figure 7 of reference 4. The 78 percent efficiency obtained
with the four-stage collector is close to what may
reasonably be expected with this high perveance TWT
and is equivalent (in terms of quality) to the mid-80’s
collector efficiencies that were reported in reference 8 for
a 0.4- to 0.5-microperveance and medium electronic
efficiency dual-mode TWT.

Collector Current, Dissipated Power, and dc Input
Power Distributions at Saturation

The collector current, dissipated thermal power, and
dc input power distributions for the three-stage collector
are shown in figures 12 to 14 as functions of operating
frequency. The corresponding distributions for the four-
stage collector are shown in figures 15 to 17; and those
for the five-stage collector are shown in figures 18 to 20.

The collector voltages, with respect to ground and
normalized to Vy, were as follows:

Collector Three-stage Four-stage Five-stage
stage normalized normalized normalized
number voltage voitage voltage
1 0.45 0.43 0.43
2 .84 .52 .52
3 1.0 .86 .79
4 — 1.0 .89
5 -— -— 1.0

TWT-MDC Performance Versus Number of Collector
Stages Over TWT Dynamic Range

The overall TWT efficiency, MDC efficiency, and DC
input power as functions of the rf output power level at
4.75 GHz are shown in figures 21 to 23. The MDC
operating conditions were identical to those used for
saturation. For each of the collectors, MDC efficiency
rose steadily (but slowly) for TWT operation increasingly
below saturation; and, a reasonable overall efficiency
(> 20 percent) could be maintained for TWT operation as
far as 6 dB below saturation. The collector efficiencies,
for each of the collectors, for operation of the TWT in
the low end of the linear range was severely limited by the
potential (optimized for saturation) of the second most
depressed stage. No attempt was made to optimize these
collectors for linear operation of the TWT.

Collector Current, Dissipated Power, and dc Input
Power Distributions Over TWT Dynamic Range

The collector current, dissipated thermal power, and
dc input power distributions for the three-stage collector
are shown in figures 24 to 26 as functions of the rf output
power level. The corresponding distributions for the
four-stage collector are shown in figures 27 to 29; and,
those for the five-stage collector are shown in figures 30
to 32. For all of the collectors the maximum value of the
current collected by, the thermal power dissipated on,

TABLE II. -SUMMARY OF TWT AND MDC? PERFORMANCE
AT‘SATHRATI_()N

Number of Overall Collector Maximum | Average Average
MDC efficiency efficiency dc input overall collector
stages at optimization | at optimization | power, efficiency®, | efficiency,

point®, point®, w percent percent
percent percent |
3 47.2 75.3 1787 4.7 74.4
4 49.0 78.0 1718 46.2 76.7
5 49.9 79.3 1687 47.0 77.9

AActive size, 2.4 cm i.d. by 2.8 cm high.

t"4».75 GHz, saturation; qe=0.26
€At 2.5t0 5.5 GHz.




and the dc input power supplied to one or more of the
collector stages occurred at the low end of the linear
range. Visual observation indicated that the carbon black
coating on the second most depressed stage was running
red to white hot, particularly at the low end of the linear
range. Most of the heat dissipated on the most depressed
stage was due to thermal radiation from the next
electrode.

Concluding Remarks

Computer designed, small (2.4 cm i.d. by 2.8 cm)
three-, four-, and five-stage depressed collectors were
optimized and evaluated for an octave bandwidth, high
perveance, and high electronic efficiency, gridded-gun
TWT. Spent-beam refocusing was used to condition the
beam for optimum entry into the depressed collectors.

The MDC efficiencies obtained were very high,
considering the high perveance and high electronic
efficiency of the TWT and the small size of the collectors.
Each of the collectors produced a very substantial
improvement in the overall TWT efficiency. Each
additional collector stage, however, produced only a
modest improvement in performance.

The average overall TWT efficiencies of 45 to 47
percent (for three to five stages) at saturation across the
2.5- to 5.5-GHz operating band were significantly limited
by the large fixed body losses of the gridded-gun TWT.
For operation of the TWT below saturation, the collector
efficiencies were found to improve steadily, leading to
reasonable overall TWT efficiencies as far as 6 dB below

saturation. This may be of particular significance to the
USAF which has expressed interest in dual-mode
applications.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, June 20, 1983
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Figure 1. - Flow diagrams for TWT With MDC.
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Figure 2. — Power flow for TWT with undepressed collector.
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Figure 10. — Collector efficiency versus frequency at saturation.
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Figure 12. —TWT and three-stage collector currents versus frequency at saturation.

11



600 —
) W_M_a
500 —
& Collector stage 1
O Collector stage 2
& Collector stage 3
400 |— A Total collector dissipation
=
5
g i
z
2
2 g
a 200
100 —
4 OO o O O o O > et —
0 | | | 1 L |
2.5 3.0 35 4.0 4.5 5.0 5.5

Frequency, GHz

Figure 13. — Thermal power dissipated on three-stage collector electrodes versus frequency at saturation.

QO TWT body (ground potential)

4 A Collector stage 1
.8 — [ Collector stage 2
=
=4
E g
H
£
(%)
-
LA

. | 1 Lo L. 1
2.5 3.0 3.5 40 45 5.0 5.5
Frequency, GHz

Figure 14. — Direct current input power per electrode in three-stage collector versus frequency at saturation.
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Figure 16. — Thermal power dissipated on four-stage collector electrodes versus frequency at saturation.
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Figure 17.~ Direct current input power per electrode in four-stage collector versus frequency at saturation.
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Figure 18. —~TWT and five-stage collector currents versus frequency at saturation.
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Figure 21. — Overall efficiency versus radiofrequency power at 4.75 GHz.
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Figure 23. — Total dc input power versus radiofrequency power at 4.75 GHz.
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Figure 24. ~ TWT and three-stage collector currents versus radiofrequency power at 4.75 GHz.
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Figure 25. — Thermal power dissipated on three-stage collector electrodes versus radiofrequency power at 4.75 GHz.
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Figure 26. —Direct current input power per electrode in three-stage collector versus radiofrequency power at 4.75 GHz.
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Figure 27. -~ TWT and four-stage collector currents versus radiofrequency power at 4.75 GHz.
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Figure 28. — Thermal power dissipated on four-stage collector electrodes versus radiofrequency power at 4.75 GHz.
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Figure 29. - Direct current input power per electrode in four-stage collector versus radiofrequency power at 4.75 GHz.
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Figure 30. — TWT and five-stage collector currents versus radiofrequency power at 4.75 GHz.
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Figure 31. — Thermal power dissipated on five-stage collector electrodes versus radiofrequency power at 4.75 GHz.
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Figure 32. — Direct current input power per electrode in five-stage collector versus radiofrequency power at 4.75 GHz.
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