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High-Energy Electron Exposure Testing
of Traveling-Wave-Tube Amplifiers

Alexander Bogorad,* Herbert Wolkstein," and Roman Herschitz*
Lockheed Martin Corporation, Newtown, Pennsylvania 18940

The exposure of traveling wave tubes (TWT) to a high-energy electron environment, typical of the space environ-
ment experienced by commercial communications spacecraft in geosynchronous orbit during a 15-yr mission, is
discussed. It is shown that no changes in the performance of both Ku-band and C-band traveling wave tubes were
observed as a result of exposure to high-energy electrons. These traveling wave tubes therefore can meet service
life requirements and can be flown in the proposed location outside the spacecraft structure without the necessity
of adding additional radiation shielding to the TWT or the high-voltage cable.

Introduction

ECENTLY, because of the increase of downlink channels, the

payload component layout on several commercial communi-
cations programs required mounting traveling wave tubes (TWTs)
outside the spacecraft structure. In this location they are shielded
on one side by only thermal blankets. On all previous spacecraft
the TWTs were mounted inside the spacecraft structure where they
were shielded by metallic spacecraftpanels. However, as the size of
the payloadincreases, placementof the TWTs outsidethe spacecraft
structure becomes desirable. A typical communications spacecraft
and the proposed TWT location are shown in Fig. 1. In this loca-
tion TWTs are exposed to high fluxes of energetic electrons and an
exceedingly large total dose of ionizing radiation. This radiation is
naturally occurring and is present at differentlevels on all spacecraft
orbits. It is associated with solar activity and is extensively inves-
tigated by a number of NASA and military missions.! Radiation
ejected from the sun interacts with the Earth’s magnetic environ-
ment. Most of the radiation is deflected by the Earth’s magnetic
fields. Some radiation, however, gets injected through the auroral
regions and the magnetotail on the dark side of the Earth. Conse-
quently, some radiation gets trapped, causing complex processes
of interaction including auroras, magnetic storms, electromagnetic
waves, etc. These interactionscreate constantradiationbackground
levels that primarily include electrons and protons. This radiation
level and fluxes of charged particles vary as a function of altitude
and orbit.>=3 In addition, during solar proton events, the fluxes of
electronsand protonsincreasetemporarily by several orders of mag-
nitude for the duration of the event (1-4 days).

High-energy electrons can penetrate TWT housing and high-
voltage (HV) cable shields and collect at various internal compo-
nents of TWTs, such as on dielectrics in the electron gun, anode
and cathode areas, and the dielectric supports in the helix regions.
This electron charging, in turn, could resultin TWT defocusing and
in electrostatic discharges causing TWT amplifier (TWTA) sponta-
neous shut off or it could impact TWT performance in other ways.
Furthermore, total dose accumulationcould degradedielectric prop-
erties of the HV cable and other dielectricinside the TWT. These ef-
fects were frequently observed on other spacecraft components.’~’
The electronic power conditioner (EPC), normally integrated with
its companion TWT, has been shielded and, therefore, excluded
from these tests.

A series of tests was performed to verify that TWT operation is
notaffectedby suchincreasedexposureovera typical 15-yr geosyn-
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chronous mission. Tests were performed at the Linear Accelerator
Facility (LINAC) at the University of Maryland by exposing two
typical TWTs to an equivalent 15-yr electron fluence. In this paper
we have considered electron energies of greater than 0.5 MeV be-
cause electrons with lower energies will not penetrate through the
6-mil thermal blanket and TWT 20-mil-thick housing or HV ca-
ble braid shield. The exposure flux was derived from measurements
made in geosynchronous orbit by Los Alamos spacecraft during
May 1992. This is considered worst-case geosynchronouscharging
environment.In addition,total exposure was derived from AE§-Max
NASA Goddard Space Flight Center model.

Instrumentation and the Test Articles

The TWTs subjected to this series of simulated orbital environ-
mental tests included a 55-W AEG C-band TWT (type TL-4059)
and an AEG 135-W Ku-band TWT (type TL-12135). The C-band
TWT was designedto operateover the 3.6-4.2-GHz frequencyband,
whereas the Ku-band TWT was designed to operate over the 11.7-
12.2 GHz band. The salient operating features of these two types of
metal-ceramic, periodically focused TWTs are listed in Table 1.

The specific operating voltages for both of these TWT types are
listed in Table 2. As indicated, the C-band TWT has a helix-to-
cathode potential of 3490 V, whereas the Ku-band TWT operates
with helix-to-cathode potential of 5960 V. The C-band TWT was
tested with a 36-in.-longHV Gore cable, whereas the Ku-band TWT
was tested with a 12-in.-long Gore cable. The cables were used to
interconnecteach TWT to its integrated power supply.

This Gore HV cable consistsof nine separate HV leads. Each lead
consists of six twisted strands of AWG26 gauge copper wire, which
is covered with Teflon® insulation. HV cable is also overwrapped
with a double-braid metal shield composed of 36,010 AWG wire
(~12 mil of Ni plated copper) with approximately 90% coverage.
This type of braid providesequivalentradiation shielding of approx-
imately 80-mil equivalent aluminum.

TWT housing is made from the combination of stainless steel,
magnesium (Mg), and aluminum (Al) alloys with a thickness of ap-
proximately 20 mil or greater. Test articles also included flight-type
aluminum input RF cables, which can charge and possibly degrade
as a result of the exposure to high-energy electron environment.

Test Setup and Test Procedure

TWTs were mounted on a 0.635-cm-thick aluminum plate such
that TWT, HV, and RF cables were all exposed to the electron beam.
Associated power supplies were mounted on the back of the plate;
thus, they were shielded from the electron beam. This mounting
configurationis consistent with the flight configuration where these
power supplies are mounted inside the spacecraft and are not ex-
posed to the higher external flux. A block diagram of the test setup
is shown in Fig. 2.

The TWTA power, command, and telemetry harness was con-
nected to the special test equipment and computer control data
collection system (CCDC) located outside the radiation area. The
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CCDC system was used to automatically and continuously monitor,
record, and store the TWTA telemetry throughoutthe durationof the
test. Telemetry data were collected and recordedevery 10 s. A block
diagram of the CCDC is shown in Fig. 3. Figure 4 shows a flowchart
of the software that was written to operate the CCDC system and
collect the test data. The values of helix current (., ), RF power,
and bus current (f,,s) were continuously recorded throughout the
test. All other telemetry (including anode voltage telemetry) was

Fig. 1 Typical communication spacecraft.
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manually recorded periodically during the test. TWT was operated
at saturated drive during the test.

The following is a brief summary of the test procedure:

1) Prior to exposing TWTs to the electron beam, both units were
operated in the saturated drive mode continuously for 15 h, and
the telemetry was recorded to establish the pretest baseline. In the
saturated mode the TWT is operated with suppressed RF inputdrive
to obtainmaximum RF outputpower. During this mode of operation,
the TWTs were subjected to the following environments.

2) Units were exposed for 6 h to the electron beam with en-
ergy E =0.5 MeV and currentdensity J = 10 nA/cm? (total fluence
f =1.4x 10" electrons/cm?).

Table1 Conduction-cooled TWT test vehicles

nominal parameters
Operating band C-band Ku-band
TWT type TL-4059 TL-12135
Frequency 3.6-4.2 GHz 11.7-12.2 GHz
Nominal output power 55W 135W
Efficiency 57% 64%
Gain 53 dB 55dB
Nonlinear phase 40 deg 40 deg
Helix potential 3500V 6000 V
Cathode current 60 mA 90 mA
RF couplers-input SMA SMA
RF coupler-output TNC Waveguide WR-75

Table2 Typical TWT operating potentials

Electrode C-band, V Ku-band, V

Filament 4.52 4.49

Helix (Gnd) 3490 5960

Anode 3160 5490

Coll #1 1980 3230

Coll #2 1580 2473

Coll #3 790 1192

Coll #4 0(—=3490) Rel to Gnd 0 (—5960) Rel to Gnd
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Fig. 2 TWTA test setup.
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Fig. 3 TWTA digital command, dc measurements, and dc control.

—> INITIALIZE SCXI

LOOP X, 9 TIMES:
DELAY 1 SECOND

MEASURE INPUT #X
END LOOP

LOOP X, 9 TIMES:
PRINT MEASUREMENT #X TO SCREEN
OUTPUT MEASUREMENT #X TO FILE DATA.csv
(.CSV = COMMA SEPARATED)

END LOOP

- BOTTOM OF ENDLESS LOOP |«

IF CLOCK HOUR CHANGED:

RENAME DATA.csv to TcDDDHH.csv.
(DDD = DAY VALUE FROM 1 TO 366.
HH = HOUR IN 24 HOUR FORMAT.)

Fig. 4 Software flowchart.

3) Next, the units were exposed for 6 h to the electron beam
with energy E =2 MeV and current density J = 1.5 nA/cm? (total
fluence f =2.0 x 10'* electrons/cm?).

4) Then, the units were exposed for 6 h to the electron beam
with energy E =4 MeV and currentdensity J = 0.05nA/cm? (total
fluence f = 6.8 x 10'? electrons/cm?).

5) Finally, the units were exposed for 2 h to the electron beam
with energy E =6 MeV and currentdensity J = 0.05nA/cm? (total
fluence f =2.3 x 10'? electrons/cm?).

The LINAC electron beam at the University of Maryland has a
Gaussian energy distribution, which is 1 MeV wide at full width at
half-maximum (FWHM).

Exposure Levels and Space Radiation Environment

Table 3 summarizes radiation dose requirements for a typical
commercial communicationssatellite in geosynchronous(GEO) or-
bit. This dose consistsof the electronfluence of greaterthan 0.5 MeV
that occurred during the May 1992 Solar Flare, a total 15-yrmission
electron fluence, as well as test-level fluence. Electron energies of
greater than 0.5 MeV were selected for the test because electrons
with lower energies will not penetrate through the 6-mil thermal
blanket and 20-mil-thick TWT housing or HV cable-braid shield.

Table 3 shows that during the test TWTs were exposed to total
electron fluence that is two to three orders of magnitude higher than
worst-case fluence expected during anomalously large solar flare.
This environment could cause electrostatic discharges on the TWT
dielectriccomponents. Should TWT be found immune to this worst-
case levels, it would conclusively demonstrate that it is immune to
the effects of the internal charging.

Table 3 On-orbit and test radiation environment

Energy, MeV 1992 flare fluence® 15-yr fluence Test fluence
0.5-1 1.0 x 10'2 1.0x 103 1.4 x 100
1-3 7.7 % 10! 1.9x 10" 2.0 x 10
3-5 4.5% 100 1.4 x 102 6.8 x 10'2
>5 5.5x%x 10° 1.5 x10° 2.3 x 10!2

 Assuming 24-h flare duration; fluence is in e~ /cm?.

Furthermore, the test electron fluence is equal to or higher than
the total dose experiencedby typical spacecraftelectronics on com-
mercial communications satellite in GEO orbit. Should the TWT
be found immune to these worst-case levels, such a result would
conclusively demonstrate that it is immune to the total dose effects,
which are typical spacecraft will experience during 15-yr mission.
Consequently, the test fluence represents the worst-case internal
charging as well as a total dose environment for TWTs in their
proposed location.

Results

Test results are summarized in Figs. 5 and 6. These figures and
tablesshow 1-h averagetelemetry plots for Ku- and C-band TWTAs.
TWTA telemetry data for a preexposure 15-h run are plotted as
a function of time. Figure 5a shows telemetry data for Ku-band
TWTA, and Fig. 6a shows telemetry data for C-band TWTA. The
data indicate that no performance degradation occurred in either
of the tubes during a 15-h preexposure test run. Figure 5b shows
Ku-band telemetry plots as a function of time during the TWTA
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Fig. 5a Ku-band pretest telemetry: - - -, Ku-band IBus tlm; ——, Ku-band RF power; and - - - -, Ku-band helix tlm.
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Fig. 5b Ku-band telemetry during electron beam irradiation: ——, Ku-band RF power; - - -, Ku-band IBus tlm; and - - - -, Ku-band helix tim.

exposure to a high-energy electron beam. Figure 6b shows C-band
telemetry plots as a function of time during the TWTA exposure
to a high-energy electron beam. The telemetry data indicate that
no performance degradation occurred in either of the tubes as a
result of 24-h exposure to a high-energy electron beam. Telemetry
data for both TWTAs were collected every 10 s throughout the
test.

Furthermore, no changes were observedin anode voltage teleme-
try for either TWT. Anode telemetry for Ku-band TWTA prior and
following the exposure was 4.90 and 4.91 V, respectively. Anode

telemetry for C-band TWTA prior to and following the exposure
was 3.10 and 3.10 V, respectively.

Conclusions
Review of the data shows no changes in any of Ku-band or
C-band TWTA telemetry readings as a result of the exposure to
high-energy electrons. The test exposure levels were at least a fac-
tor of 100 more severe than that expected from the worst-case solar
flare internal charging environment, and total dose exposure levels
were representativeof a 15-yr geosynchronousmission on a typical
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Fig. 6a C-band pretest telemetry: - - -, C-band IBus tlm; - - - -, C-band helix tlm; and ——, C-band RF power.

4.0000
3.5000 [~
o000 [ T T T TS T T T T T TR TR T TS
8 hEAM SWITCHED TO 2 MeV‘
1)
2.5000 -
g BEAM SET TO 0.5 MeV |BEAM SWITCHED TO 6 MeV
>
2.0000 - [BEAM SWITCHED TO 4 Mev|
1.5000 |-
10000 [ o w/u o o = @« = = = @ mfm = = - v == A ... ...k m.- -
0.5000 = / 1 \ \
ooopp Lt v 001 N 1 V)
1t 2 3 4 5 &5 6 1 8 9 11 12 13 14 15 16 17 18 19 20 21 22 23
HOUR #
Fig. 6b C-band telemetry during electron beam irradiation: ——, C-band RF power; - - -, C-band IBus tlm; and - - - -, C-band helix tlm.

commercial communication satellite. Therefore, test results con-
firm that the TWTs which were tested and other TWTs of similar
construction are not susceptible to internal charging or total dose
radiation effects.
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