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W or Plate-Pulsed
L-7855

Special anode design of ML-7855 per-
mits frequency stable operation within
10-15 seconds after application of high
voltage. (Frequency change during this
initial period is within 1 mc).

ML-7855 provides frequency stable
operation with unregulated supply, as
change of plate dissipation has no effect
on change of frequency.

CW operation to 2500 Mc, with 1000
V Ebb, 100 ma la.

Plate-pulsed to 3000 Mc, with 3500
v eb, 3.0 a ib, with a tp of 3 usec at
0.0025 Du.

Send for Machlett UHF Planar Tube Brochure
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Introduction

he commercial market contains a number of power

tubes capable of emission in the order of hundreds

of amperes. In the development of new tubes for
pulse generatar service, therefore, most of the emphasis
at Machlett has been on designs for higher voltage.
Operation of tubes in parallel, moreover, has been gen-
erally more satisfactory than series stacking, so there
has been more incentive to work towards higher hold-
off voltage capability in a single device.

The DP-18 has been developed to operate at dc hold-
off voltages up to 180 kV. The thoriated-tungsten fila-
mentary cathode has been conservatively designed to
provide at least 225 amperes pulse cathode current.
Through careful design of the active electrode geome-
try, the DP-18 is able 1o switch 20 megawaltis of pulse
power at a plate efficiency of nearly 90 per cent and
with less than 50 amperes pulse drive current. Ample
electrode dissipation capability permits full power op-
eration at duty factors up to 0.005 and higher. unless
there is appreciable power dissipaled in the anode due
to siray capacilance charging at high pulse repetition
rates.
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by C. V. WEDEN, Product Enginecer, The Machlett Laboratories, Inc.

Electrode Design

B he electrode geometry of the DP-18 is that of a high-mu triode. The cathode, as mentioned above, is thoriated-tungsten,
in a self-supporting filamentary structure. Cathode heating characteristics are 11.5 volts, 360 amperes. This choice of
emitter was made because of a desire for long life, high plate efficiency, and long pulse duration.

Plate efficiency is a consequence of grid-anode spacing: the closer the spacing, the lower the tube drop and the higher
the efficiency at a given dc plate voltage. It has been found that tubes with metallic cathodes will support field gradients in
the grid-anode region about twice as high as tubes with oxide cathodes. With a thoriated-tungsten cathode, therelore, a closer
spacing can be tolerated, resulting in higher efficiency.

The pulse duration with metallic cathodes of this type is restricted only by electrode temperatures. Grid dissipation is
usually the limiting factor due to its relatively low thermal time constant. [n general, pulse durations of several milliseconds
can be handled, longer at lower peak power.

The grid has been designed as a compromise between low field gradient and low screening fraction. Special surface
treatment based on the emission-inhibiting properties of platinum results in low thermionic grid emission. The overall tube
design, furthermore, results in a favorably low vield of secondary grid emission to the extent that negative grid current is
virtually eliminated. This is an important feature, since an arc in the load tube puts the power supply voltage on the switch
tube when its grid is probably at a high positive voltage. Under these conditions many triodes and tetrodes exhibit negative
grid current due to secondary grid emission, in which case the grid loses control unless compensation is provided in the
circuitry.

The anode is a high-density copper forging. Longitudinal fins are machined on the exterior to provide sufficient heal
transfer arvea to circulating oil.
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Shielding and Envelope Design

One of the most important consideralions in high-voltage
tube development is proper design of the envelope insulator.
The glass or ceramic must be shielded from direct filament
radiation, and the shields themselves — and elecirode sup-
porting members — must not be sources of field emission.
In Figure 1 the internal shields can clearly be seen through
the glass bulb. The negative electrode lerminal (grid or
cathode, as the case may be) is covered by a smooth ex-
ternal shield. This combination puts the glass-metal seal
in a virtually field-free region, thereby minimizing the
chance of electron emission from this negative junction.

Regarding the choice of insulator, Machlett Laboratories
is presently invesligaling several glasses and high-alumina

Figure 1 — Machlett DP-18 high vacuum high power pulse switching
tube with anode jacket removed.

%

ceramics. At this point it is impossible to say thal any one
material is clearly superior to all others. In the size neces-
sary lor the DP-18 (nominally 16 inches in diameter, 13
inches in length), glass required a much shorter lead time
for delivery, and it simplified fabrication of the mating
kovar collars.

Anode Cooling

The tube is designed to be immersed in mineral oil or
equivalent dielectric medium during operation. The anode
is designed for cooling by a forced tlow of the insulating
oil upwards over the anode surface. This surface has been
extended by the formation of 240 fins approximately 1 mm
thick, 5 mm deep, and 2 mm apart. The fins can be seen in

Figure 2 — The DP-18 is shown here being lowered into the Machlett
200 kV, 200 mA hard pulse modulator test facility.
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Figure 1.

In operation a close fitting jacket is attached to the anode,
and cooling oil is forced through the channels formed be-
tween fin pairs. The circulating oil typically enters coaxially
at the bottom and discharges near the top of the anode into
the bulk oil in the high-voltage tank. Figure 2 shows the
tube, with cooling jacket attached, being lowered into the
Machlett 200 kV modulator test set (described in another
article). While most of the heated oil discharges directly
into the tank, some of it passes through the large holes in
the lifting flange to cool the anode seal and bulb. In addi-
tion, a small flow of oil is promoted in the grid-cathode

terminal region to cool these seals.

Operation

DP-18 tubes have been operated inlo a 1000-ohm resistive
load at hold-off voltages up to 180 kV and pulse plate cur-
rents up to 150 amperes. In a typical test these conditions
were obtained at pulse durations of 3-5 microseconds and
200 mA average plate current, which is the rating of the
test equipment.

Plate leakage current (field emission) averages well under
1 mA at 180 kV. High voltage stability at 180 kV has been
checked by operating the tube with a series resistance as
low as 125 ohms.

For bringing this development of a 180 kV switch tube
to successful realization, credit is due to Helmut Langer,
Development Engineer, and to Barry Singer, Mathemati-
cian, working under the direction of Dr. H. D. Doolittle.
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Figure 3 — Outline dimensions DP-18.
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Hard
Pulse
Modulator
Test
Facihty:

200 KY, 200 mA

Uapahility

Editor’s Note

During the past six years The Machlett Laboratories has
been active in the development of two lines of vacuum tubes
specifically designed for pulse modulator service. A series of
oxide-cathode shielded-grid triodes has been developed jor
operation up to 75 kVde and 5 megawatts pulse switching
power. In addition, thoriated-tungsten filament triodes have
been developed for operation up to 200 kV hold-off and
20 Mw pulse power. Development is continuing to extend
the range of oxide-cathode tubes to 200 kV, and thoriated-
tungsten tubes to 400 kV. An important part of this develop-
ment program has been the design and construction of an
engineering facility with provision for making simulated
operational tests on these high power, high voltage tubes.
A 200 £V, 40-kilowatt average power pulse test set, the sub-
ject of the following article, is now engaged in testing a
broad spectrum of Machlett switch tubes.

CATHODE PRESS
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by C. V. WEDEN, Product Engineer, The Machlett Laboratories, Inc.

[§\he importance of operational test equipment in the evaluation of pulse modulator tubes cannot he overemphasized.
Static end-of-load-line checks are essential to monitor electrode spacings, and high-voltage hold-off testing is a useful
preliminary in the aging schedule. But to be assured that a tube will do the job for which it is designed, it is necessary

to test it under operating conditions. ldeally, this means using the tube in a modulator to deliver pulse power to a typical

load tube, i.e., magnetron, amplitron, klystron, etc. The cost of simulation to this degree at high power levels would be un-
warranted, but a reasonable compromise is to use a resistive dummy load. The important point is to check high-voltage
stability of the modulator tube under operating conditions preferably somewhat beyond the required hold-off voltage, pulse
current, and stored energy. Experience has shown that the static hold-off capability of a tube does not permit one to predict
its performance under normal drive conditions.

A general view of the 200 kV test facility is shown in Figure 1, and a simplified circuit diagram is shown in Figure 2.

The diagram also shows the relative physical layout of the major components. The main high-vollage oil tank is divided into

quadrants, housing (1) the tube under test, (2) the plate voltage supply, (3) the storage capacitor bank, and (4) the load

resistor bank. The pulse driver and control circuitry are housed in the adjacent cabinets.

The tank is half below grade level, providing head room for hoisting heavy tubes into position and simplifying
the x-ray shielding. The hoist is arranged so that it serves also to lift the major high-voltage components out of the tank for
maintenance.

VOL. 19, NO. 1, 1962 74



High-Voltage Power Supply

The dc plale power supply has been designed conserva-
tively for continuous operation at 200 kV, 200 mA. To
date the equipment has been limited to operation at 180-
185 kV by the specially selected and aged ML-6908 recti-
fiers. This type is normally rated for 150 kV peak inverse
voltage. A set of modified ML-6908’s is being built which
will permit operation at the full 200 kV in the near future.
A slandard three-phase, full-wave rectifier circuit is used.

The energy storage capacitance is made up of two 0.5-pf
hanks in series, giving a tolal capacitance of 0.25 puf. Each
bank consists of five 0.1-uf, 125 kV units connected in
parallel.

Load Resistors

A series-parallel bank of resistors is mounted in the oil
tank with manual switching accessible above the cover. Load
resistance of 250, 500, 750, 1000, 5000, or 40,000 ohms
may be selected. In addition, a direct connection (zero load)

is available for making static end-of-load-line and current-
division checks.

Tube Under Test Compartment

The tube under lest is connecled lo a socket which is
mounted on an elevaling plalform. A clase-up of the tube
under test quadrant is shown in Figure 3, wherein a develop-
mental 180 kV switch tube, type DP-18, is being installed.

The operator may raise the platform to a convenient
height with a hand crank, and place the tube in its socket.
For tubes requiring a forced flow of oil over the anode, the
tube is automatically connected to the high-pressure oil
supply line. (The oil systems will be described later in some
detail.) Electrode connections can be made at convenient
levels hefore the tube is completely immersed in the oil.

During operation, the tube may be observed through the
lead-glass port by manipulating a submerged mirror. The
observation port is shown in Figure 3 just to the left of the
tube, and the mirror adjusting rod is immediately to the left

Figure 1 — General view of 200 kV test facility.
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of the port.

The single-phase, ac filament supply is capable of pro-
viding up to 20 volis and 500 amperes.

Monitoring jacks are provided for viewing the pulse plate
current (up to 500 a), grid drive current (up to 100 a),
and grid drive voltage (from hias level up to 3000 volts
posilive, for a typical swilch tube).

Pulse Driver

The tube under test is driven by a hard tnbe modulator
using the ML.-6544 shielded-grid triode. The pulse duration
is variable from 1- to 10-microseconds, and the pulse repeti-
tion rate can be varied from 20- to 5000-pulses per second.
A view of the driver cubicle with access panel removed is
shown in Figure 4. The ML-6544 is at left center on the
ceramic support, connected by flexible duct to a blower.
At the upper right is an air cooled dummy load used in
making preliminary adjustments on the driver. The ML-6544
is driven by a standard pulse generator and amplifier stages.

— = == - -
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Cooling and Filiering Systems

The tank is approximately 9 x 15 x 6 feet deep, and its
capacity is some 5700 gallons. The insulating oil used is
Esso Special Marcol, a high-purity, high-dieleciric-strength
oil, and this oil is circulated hy two separate systems through
an exlernal heat exchanger and filter. The total heat load is
45 kW, divided roughly between the tube under test (22 kW
total, plate dissipation plus filament power) and the load
(20 kW), with the remainder charged 10 losses in the high
voltage power supply and miscellaneous components.

A “high-pressure” pump system is used to supply a forced
flow of oil to the anode of the tube under test. The flow rate
can be adjusted up to 30 gpm with a back pressure up to
30 psi. The supply pipe is connected to a short flexible line
which connects coaxially with the elevating plaiform. When
a tube is placed on the platform the inlet nipple on the tube
socket engages an O-ring in the platform connection, thereby
coupling the tube to the high pressure oil supply. In opera-

Figure 2 — Simplified circuit diagram.

ML-6544
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Input
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tion, oil is directed upward over the anode surface, dis-
charging into the bulk oil in the tank.

A common return system draws the heated oil throngh
perforated pipes located just below the oil level in the tank.
This svstem has a capacity of 100 gpm. After passing
through the heat exchanger, about one-third of the cooled
oil passes through a booster pump of the “high-pressure”
system. The remainder flows directly to the tank where it is
distribited by perforated pipes located near the botiom.

The heat exchanger is waler cooled. It has been designed
to maintain a mean bulk oil temperature of 38°C (100°F).

The filler system has a capacity of 15 gpm, retaining
particles up to 5-10 microns and up to a pound of walter.
The system can be operated whether or not the test set is in
use, and the total supply of oil will pass through the filter
every 614 hours.

The oil system control panel is adjacent to the driver
seclion and is shown in the foreground of Figure 1. It has

Figure 3 — Tube-under-test quadrant.

been arranged so that all swiltches, conirol valves, pressure
gages, lowmelers, and the thermometers are conveniently
accessible and visible to the operator.

The continued expansion of Machlett’s line of high power
tubes has created a need for advanced facilities to provide
adequate evaluation of tubes under realistic load conditions.
The extent of the Machlett capability in this field is now
demonstrated not only by the breadth of pulse types avail-
able but by the depth of the supporting equipment.

The author wishes to acknowledge the contribution of the
Machlelt equipment engineering and construction groups in
bringing this project to successful fruition; in parlicular,
that of D. C. Kudola for the electrical lavoul, W. A. Bulger
for the oil circulation systems, and C. A. Simpson for the
overall mechanical layout and design of the tube under test
mounting and handling facilities.

Figure 4 — Driver cubicle with access panel removed.

CATHODE PRESS



KGET Converts to M1-356s

,/{?%},f ]

in P\ and New Modulator

by DON C. SMITH, Chief Engineer, KGEI

he Far FEast Broadcasting Company broadcasts the Christian message of truth and freedom in 36 languages and dialects

from its national and international broadecast facilities, located in the Philippines, Okinawa, and Belmont, California.

Transmitter powers range from 1,000 to 100,000 watts.

The latest acquisition is 50,000-watt KGEI near Belmont, California, on the San Francisco Bay. Formerly owned by
General Electric, the present schedule consists of 6 hours cach evening directed to Latin America in English, Spanish,
Portuguese, Chinese and Russian. The response to this programming has been gratifying, and an expanded schedule is
anticipated.

The 1939 vintage G.E. transmitter utilized a pair of 880°s in the rf and 893’s in the modulator power amplifier. Past
experience over several vears indicated life averages of 3,680 and 5,800 hours respectively. The filament power consumption
is quite high since hoth these have pure tungsten filaments. Modern thoriated-tungsten filament tubes are available which
should render much longer life with lower filament power consumption for approximately the same price per tube.

Consideration was given 1o the possibility of converting to another type. FFor the rf section, the choice was obvious. The
MIL.-356 is a thoriated-tungsten version of the 880, identical mechanically and electrically except for filament voltage and
current requirements. The required filament power of the ML-356 is only 1,275 watts, less than V3 that of the 880.

Before ordering new filament transformers, consideration was given to what might be done to use the existing 880 trans-
formers. Calculations and measurements of the purposely high leakage inductance and comparison of the two loads indicated
the 7.5 volts at 170 amperes required for the ML-356 should be obtained by using approximately 107 volts on the trans-
former primary instead of the 230 volts required for the 880’s. Since a combined Variac and buck-boost transformer
arrangement was used for varying tule filament voltage, it was felt that the 107 volts could he obtained by feeding from 120
volts, This was cautiously tried when the first ML-356 was on hand and worked exactly as anticipated. The 880’s were then

VOL. 19, NO. 1, 1962 11
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Figure 1 — Rear view of modulater showing completed conversion.

replaced one at a time when they breathed their last. There
is now about 5520 hours on the oldest ML-356 with no
noticeallle change in characteristics. The transformer hardly

heats at all, and the filament connectors run cooler. We are
completely satisfied with the change.

For the modulator the change was not so simple. There is
no thoriated-tungsten equivalent to the 893A available, but

there was more to he gained here by conversion to a thor-

ialed-tungsten filament tube. After considering several possi-
hilities it was concluded that conversion to ML-356’s here
also would lhe the best solution (see Figure 1). Another

problem immediately arose. The ML-356’s require abowt

1.3 amperes each peak grid current at the required power

output, whereas the 893A’s require less than one ampere. METER DATA

The 849 drivers could not supply this in an AB: cathode Mi 0-5 MA

follower circuit without a step-down transformer. This, M2 100-0-100| MA Y
added to the fact that the 849 is expensive for its size, M3 M7!0-200 MA +300V
nearing obsolesence and a little diflicull 1o obtain, led 1o M4 0-50 MA

the decision 1o redesign and rebuild the entire electronics M5 10-0-10 MA

of the modulator using ML-356’s. The existing modulation M6 0-10 A

transformer and plate supplies were retained.

Type 304TL drivers were chosen hecause of their ability
to produce the required ML-356 grid currenl operating

NOTES:
Unless otherwise specified, All Capacitances

class B1 (Figure 2). It is a preflerred type and the cost is ; -
are Micro-Farads; All Resistances are Ohms.

about V3 that of the 849. Table | shows an operating cost
comparisont of the old and the new. Experience reported
from ML-356’s used in similar (ransmitters indicates an
average life of at least 10,000 hours can be expecled. Figure 3 — Schematic drawing of modified modulator section.
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2.2MEG TOTAL

10K

@?Z?S %10K

1 |[over

Bo | |81t o]
v T 30411
0% X3038B

“ 7.5V
CT.

MOD RE'TOR
& FINALR.F.
AMPLIFIER

@HQ%*
1

356/5111 —

So:| | 304B
A £ “ 7.5V
500K CT.

\ Y
10KV -650V

VOL. 19,

A=V
i 2.2MEG TOTAL

12PF

{V Y
+1500V +10KV

NO. 1, 1962

Figure 2 — Rear view of entire modulator driver. Transformers at left
are 304 TL transformers with high voltage insulation for cathode fol-
lower service. The bias supply is in the center.

Based on greater life expectancy, lower tube costs and
lower power consumption, it is estimated that $0.58 per
hour saving is realized hy both P.A. and modulator con-
versions. This figure is based on current adverlised tube
prices and a power cost figure of 1.5¢ per kWH.

Figure 3 is the final modulator schematic, and Figure 4
shows the performance curves al 509% (Figure 4a) and
95% modulation (Figure 4b) with transmitter inpul power
of 65 kW and with 27 db of negative leedhack.

Approximalely 35 db feedback was obtained after many
hours of trial and error testing. No trouble was experienced
with low frequency instability, but several peculiar effects
at frequencies from 20 ke/s to 150 kc/s were encountered,
in addition to a troublesome VHF parasitic. When stability
and a reasonable curve were achieved the feedback was
backed off to 27 db with the resulting curves as shown. The
resulting sound on the stalion monilor is very pleasing. Both
lows and highs sound clean, and there is noticeable improve-
ment over the old modulator.

Two features are worthy of note. In each stage there are

33 >

set” meters for setling the total plate current, and center-
reading “halance” meters for balancing static plate currents
of each stage. These meters also indicate dynamic balance.
The balance control for the 12AU7 stage also balances the
feedback. (The halance metering is not shown on the simpli-
fied schematic for the 4-65A stage.)

The second fealure results from the direct-connected
cathode follower circuil. The bias supply for the modulator
tubes carries only the 304TL idle current, about 20 mA per

13



tube. The grid current peaks are carried by the 304TL
1,500 volt supply. This resulted in replacing the old 3-phase
heavy duty mercury-vapor hias supply with a much smaller
single-phase supply using silicon rectifiers.

In order to minimize loss of air time, the entire driver
unit was built on a 24" by 35" plate mounting a smaller
deck on which the tubes were placed. This unit when com-
pleted and tested was placed temporarily behind the existing
driver and temporary connections were made to use the new
unit driving the 893’s. The transmitter was actually operated
about ten days like this with testing going on between
broadcast schedules. The old driver was then removed, and
the new slid into place with no loss of air time. Later the
893A’s were replaced by ML-356’s after all possible pre-
liminary preparations were made. l'ive hours air time were
lost here, but it was due to complications arising from in-
experience in sweat-joint plumbing. About two hours air
time were lost on other occasions due to troublesome things
like VHF parasitics causing hot spots in neoprene
water hose! (It was decided to replace the old porcelain
water coils and connecting copper pipes with hose. High-
priced hose with a neoprene core was tried, but this ruptured

Figure 4a — Audio frequency response 50 % modulation.

27 db feedback.

TABLE 1
OPERATING COST COMPARISON

Reduction in plate and filament power = 13.42 kW

{Reduction in filument power alone = 12.74 kW)
@ 1.5¢/KWH = $0.201/ hour saving

Tube costs per 10,000 hours:

Old New
$6,668.00 $2,877.25
or $0.667 /hour or $0.288/hour

a saving of $0.379/hour

Total saving: $0.58/hour
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when a mysterious VHF parasitic which occurred under
high percentage modulation caused hot spots. Three-quarter
inch heavy-duty vinyl garden hose was obtained quickly
and has proved very satisfactory.)

All bugs were finally eliminated bit by bit, and the
modulator now performs very satisfactorily in every respect.
In an effort to reduce construction costs as much as possible,
surplus components were used where suitable. Also, thanks
is due Eimac, San Carlos, California, for supplving engi-
neering sample 304TL’s.

[deas for lhe basic circuitry were borrowed from an
article, “Modulators For High Power Transmitters”, by
H. A. Teunissen, which appeared in the June, 1949 issue of
Cominunication News, published by the Philips Telecom-
munication Industries, Hilversum, Holland.

Credit is due to Don Johnson, electrical engineer with
Western Electric Company, Winston-Salem, N. C., for much
of the basic design work and helpful consultation during
testing; to Jim Barham of the KGEl staff for most of the
construction and many hours of assistance during testing;
to Bill Luck of Varian Associates, Palo Alto, California, for
material assistance in various ways; and to K. G. Morrison,
Western District Manager for Machlett Labs for the use of

Figure 4b — Audio frequency harmonic content. an HP-330B Distortion Ana]yzer‘

$5 % modulation.
27 db feedback.
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Introduction

onization gauges are extensively wsed today for pressure

measurements in « very wide pressure range (10" to

1013 Torr). They are wtilized in research as well as in
production. The pressure measurement with all types of
{onization gauges is based on a relation which exists between
the measured ion current and the pressure in the system.
This relation must be determined for each gus type by eali-
bration. 1| a mixture of various gases or vapors is present in
the vacuum system, the “total pressure” readings obtained by
an ion gauge are approximate and can be expressed only
in terms of “equivalent nitrogen pressure”. It is well known
that vacuwum systems usually contain an unpredictable mix-
ture of the different gases and vapors. “Total pressure”
information given by an lon gauge is invaluable which
can be scen from the popularity of these gauges but it
does not reflect the true picture of the “vacuum”.

In many applications, however, it became more and more
recognized that the amount and nature of different com-
pounds present in this “total pressure” must be known. The
knowledge of the gas composition and the partial pressure
of the components is of great help in solving various prob-
lems. The need for such partial pressure gauges can be
shown in many examples: e.g., in a continuwously pumped
vacuum system a partial pressure gauge indicates readily
whether the obtainable minimum pressure is limited by
leaks, by the pump, or by improperly degassed parts. Other
examples are: e.g., controlling the composition of l the
residual gases in vacuum devices, ultra-high vacuum cham-
bers in experimental work or in production, and measuring
composition and purity of gases hoth in laboratory devices
and in the upper atmosphere, etc. The demand for insiru-
rents to be used for partial pressure gauges for vacuum
systems resulted in the development of a variety of such
devices. The trend is to use partial pressure gauges in re-
search «nd clso in production where vacuum is utilized as
an environinent. Machlett Laboratories hus selected two
types of experimental purticl pressure gauge tubes to intro-
duce as production items.

The nco selected partial pressure gauges are the rf type
non-magneltic mass spectrometer tube and the omegatron
tube.

They were selected because the rf muass spectromeler
tube measures pressures in the high vacuum runge from
1073 Torr to 10°% Torr, and the omegatron gauge supple-
ments this by covering the wlira-high vacuum range from
10 Torr to 10 Torr. Their selection was hased on the
fact that both gauges have Lieen tested and used in research
in the last decade, and they have proved useful and reliable.

16
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Giuge Tubes

I. RF Mass Spectrometer Tube ML-494 — Total and Partial lon Gauge

| he MI.-494 non-magnelic type mass spectrometer (ube with associated control circuils can he used for the simultaneous

" determination of total pressure of a gas mixture as well as determination of the partial pressure of the molecular species

1 present. The sturdy and relatively simple gauge tube shown in Figure 1 was designed to operate in a wide pressure range

as high as 107 Torr and down to 10" Tosr. These fealures together with the fact that it operates without a magnet make this

total and partial jon gauge suitable 1o replace the conventional ion gauges which are capalle of measuring only total pres-

sure. The importance of measuring gas composition in a vacuum syslem, heside monitoring the total pressure, is well estah-

lished today, e.g., in the electron tube indusiry, vacuum evaporation and metallurgy, and in semi-conductor and thin film
research.

The ML-494 is a radio frequency mass spectrometer tube (Figure 2). In this system gas molecules are ionized by an
electron heam in the ion source of the tube. A part of the ions produced enters the analyzing chamler and is collected on the
first grid (G 1). Similar to an lon gauge, the ion current measured here corresponds to the total pressure. Other parts of
the ions produced travel through a grid system where ac and dc fields are used to identify ions having different masses.

Principle of Operation

The schematic drawing of the rf mass spectromeler (total and partial pressure) gauge tube is shown in Figure 2. The
g I £

principle of the rl mass spectrometer is similar to that of the linear accelerator and utilizes only electric fields for mass

separation.
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Ion Source

The ion source of the tube is located in Chamber |. It
consists of ThOz coated tungsten spiral filament (I) as a
cathode and a box-shaped anode assembly (A). The ThO:
coating on the filament enables one to operate the cathode
at a low temperature, and delivers 10 mA of electron
current at 1300°C. The electrons emitted are accelerated
towards the positive potential anode hox (A). The gas
atoms or molecules present are ionized in this box by the
accelerated electrons. The ions formed lere are then at-
tracted towards the first negatively charged grid (G 1) into
the analyzing chamber. Some of the ions liying into the
analyzing chamber are trapped at this first grid, but others
fly through this grid and travel through the analvzing grid
system. It is interesting to mention that in this unique ion
source for higher ionization efficiency, the direction of the
electron and ion heams is the same. The complete elimina-
tion of the electrons from the ion heam produced is achieved
by electric fields and a snitable tube geometry.

Total Pressure Measurement

Tons collected at the first grid (G 1) are used for total
pressure measurement. The filament cathode (I), the hox
anode (A), and the negative potential grid (G 1) can be
considered as a conventional ion gauge. Ton current I+
measured at this grid is proportional to the total pressure,

p=SIt (1)

Partial Pressure Measurements

Tons not trapped at this grid (G 1) travel through the
analvzing grid system. This part of the tube consists of 13
equally spaced grids. Grids G-2 through G-12 are all at the
same negalive dc potential, and hetween cach alternate
grid an rf voltage is superimposed. The rf voltage can be
connected to each alternate grid only, the in-between grids
being at rf ground, or a push-pull amplifier svstem may
be emploved. lons traveling through this grid system gain
energy from the rf field only if they have the proper
velocity, v, to clear a grid distance, s, during a half period
of the radio frequency, f:

s _ i} s
v 2f | 2e, (2)
\f m, VO

Here e; and m; denote the charge and mass respectively of
the ions, and Vo is the ion accelerating voltage. Other ions
not having the proper mass lose or do not gain energy while
traveling through this grid system.

The wanled ions, having gained energy, and the ones ol
wanted are separated by the next to the last grid (G 13), on
which a high positive “stopping” potential is applied. The
positive potential of this grid is selected to repel all ions
except those having gained the maximum energy from the
rf{ field. The relation between the radio frequency, f,
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Figure 1 — RF Mass Spectrometer Tube.

Figure 2 — Schematic drawing of the RF Mass Spectrometer Tube and
its Electrical Control System.
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Figure 4b — ML-494A Throughput Gauge Tube.
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(Mc/sec.) at which a molecular species, M (atomic mass
unit AMU), gains maximum energy can be derived from
Equation 2 and written as:

M= (3)
Here K denotes a constant, depending on voltages and tube
geometry.

Only the ions wanted are able to pass the energy selector
grid, G-13, and are collected on plate C. The resulting ion
current is a measure of the abundance of this component in
the gas mixture. G-14 and electrode S are for shielding the
collector plate. Typical voltages used in this system are in-
dicated also in Figure 2.

The importance of the high rf voltage has to he empha-
sized. High rf voltages (e.g., 25-40 V rms) are important
to achieve high resolutién and reliable operation of the
system.

The partial pressure measurement in a system combines
two tasks: (a) to identify the quality of the compounds,
and (b) to determine their abundance. Quality identifica-
tion is performed by scanning the mass spectrum and deter-
mining the components present. The scanning of the mass
spectrum is performed by changing the radio frequency. To
determine the mass number of the peaks in the mass spec-
trum, Equation 3 can be used. Having one reference mass,
the equation can be written

M, M( ; )2 (4)

where M, AMU of the reference ion, M, = AMU of the
unknown ion, f, and f, are the frequencies respectively. The
mass range in which this rf mass spectrometer tube can be
used s M = 110 M 250 AMU. The accuracy of mass
determination, based on Equation 4, is better than =0.5%.

Partial Pressure Determination

Partial pressure determination of the gas components is
based on a calibration similar to that described for the total
pressure measurements:

pe = C—I+M, (5)

Here py is the partial pressure of the gas component.
1+M, is the partial ion current of the component of mass
M, at a frequency of f,, and C is a constant which has to he
determined for each gas or vapor individually. The calibra-
tion curve for guases is lnear up to 5 x 10* Torr, and
measurements can be carried out as high as 103 Torr.

Calibration of the Total and Partial Pressure Gauge

The gauge has the feature that it measures total and
partial pressures from the same ion beam. This makes its
calibration extremely easy. The mass spectrometer system
can be calibrated against its “built in” jon gauge. A calibra-
tion curve for nitrogen gas is shown in Figure 3.
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Tube Design

The gauge tube can be made in three different forms, as
is shown in Figure 4a, -b, -c. These are:

(a) As a regular gauge tube to he affixed to glass or melal
systems (replacing ion gauges) ML-494.

(b) As a through-put gange, in which case the gases enter
the ion source of the tube through a capillary thereby
enabling measurement of the flow rate (M1.-494A).

(c) As a mude gauge (ML-494B) which has no envelope
and can be immersed in metal or glass systems.

The rugged and simple tube siructure withstands shock

(10 G in each direction) and vibration. Its features are:

(a) the ion source can he degassed by electron hombard-

ment; (b) it is bakable at temperatures up to 450°C;

(c} the grids are mesh grids and are mounted under tension

on a ring washer, resulting in a reproducible tube structure.

The performance and reliability of this mass spectrometer
tube and system are hased on our tube geometry and on the
de and rf voltages used. The equally spaced grid system
and the high rf and de voliages ulilized make this mass
spectromeler system a reliable gauge.

Mass spectra ol gas mixtures containing N2 and CHi and
Nz and CO2 are shown in Figure 5, demonstrating the per-
formance of the tube. Data were taken by a two-pen recorder
and the voltages used were as indicated in Figure 2.

Seanning Speed

As can he seen from Figure 5, the scanning of the mass
range M = 10 to 70 AMU was performed in these measure-
ments in 60 seconds. The scanning speed of this total and
partial pressure gauge can he varied, and also oscillographic
recording mav be ntilized. The maximum scanning speed of
this instrument is given hy the electronics ntilized. Fast
scanning (sec./range) can he used if fast changes in the
vacuum system must he recorded; while low speed (1 min.)
can be used in mosl of the routine work. Slower scanning
of the mass range can also be applied; liowever too slow
scanning is not advantageous for the routine vacuum analy-
sis. It is important to mention that the ohservation of a
single component in the system is also possible by tuning
the unit to the peak of the component. This is a feature if
the changes in total pressure, and also the changes in the
pressure of a single component, must he followed.

Electronics

The required control units are schematically shown in

Figure 2. Typical electrical data of the tube are given helow.
The main units are the following.
Ton Gauge Conirol. Supplying filament current eleciron
current stabilizer, positive anode and negative grid voliage
and a de amplifier for measuring the total ion current. The
tube design is such that it enables the use of most of the
commercial ionization gauge supplies available.
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Figure 5 — Mass Spectra of Gas Mixtures.

DC Voltages. May be obtained from batteries or any regu-
lated power supplies.

RF Voltages. The frequency range and the required vollage
is indicated in the specifications.

DC Amplifier. For the partial pressure measurement; musl
have sensitivity of 10-1% 10 10-"* amp. if 10 mm Hg. partial
pressires have to he measured.

The acenracy and sensitivity of the vf mass spectrometer
tube depend on the stabilitv of the voltages and on the sensi-
tivity and response of the de amplifiers used.

General Characteristics

Filament voitage, ac or dc .
Filament current

Electron emission current
(according to application) ...

Electron current, maximum

..... 251035 A

..0.1 to 10 mAdc

(for outgassing) ... mAdc
RF voltage Vrms
Frequency range Mc/sec.
Corresponding to a mass range of ... 250 to 1 AMU
Resolution, manual scanning ...
Resolution, 2 min. automatic scanning (10 to 65 AMU) *

Pressure range, total and partial ... 10-3 to 10-* mm Hg.

Linear pressure range ..., 5x 10-* to 10-®* mm Hg.
Sensitivity (depending on the gas type)

approximate value ... 10-° A/mm Hg. for N2° peak
Mounting position ..., Any
EnVelope ..o, 7052 Glass**
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Figure 6 — Applications of the RF Mass Spectrometer Tube.

Applications

The ML-494 tube is equally suitable for scientific and
industrial applications. This tube type was reported to be
used success{ully in a variety of such applications as:

a. Gas analysis during a pump process in conventional
vacuum syvstems.
b. Residual gas measurements in sealed off vacuum devices

(e.g.. electron tubes).

c. Studies on degussing of materials, or gas permeation.
d. Leak detection in vacuum systems.
e. Chemical gas analysis.

Space research.

[n the Machlett Laboratories these tvpes ol total and
partial ion gauges have been used for years for controlling
pump processes and improving the quality of power and
x-ray tubes by measuring the residual gas composition in
these tubes, Figures 6 and 7. This was possible because the
MI1.-494 gauge tube does not require shielding, magnet, or
any special adjustment. It can be used in power tube test
sets without disturbing the operation of the tested tubes.

*Depending on the dc amplifier used.
++Graded or glass-to-metal seals available on request.
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Figure 7 — Applications of the RF Mass Spectrometer Tube.
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Partial Pressure Gauge Tubes

II. ML-573 Omegatron Mass Spectrometer High Vacuum and Ultra-High Vacuum

Analyzer Tube

he ML-573 high vacuum (HV) and ultra-high vacuum

(UHV) analyzer tube, generally called “omegatron®, with

associated control circuits, is a convenient, reliable tool
for analyzing residual gases in vacuum systems in the pres-
sure range of 105 to 101 mm Hg. The partial pressure
gauge was developed primarily for ultra-high vacuum appli-
cations and was successfully used in solving a great number
of analytical problems in vacuum technology in electron
tubes, semi-conductors, and also in thin film research. Many
types of ultra-high vacuum mass spectrometers were invented
in the past decade, but among them the omegatron was
chosen most [requently by leading scientists for their studies
because of its many features. The main advantage of the
omegatron is that, because of its extended use, its charac-
teristics and operation are well established.

Operating Principle

The principle of operation of the omegatren is similar to
p I g
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that of the cyclotron. The omegatron tube Figure 8, is shown
schematically in Figure 9. Gas molecules or atoms are ion-
ized hy an electron heam. The ions formed are subject to
crossed magnetic and high frequency electric fields. lonsof a
selected e/M ratio will move on a spiral path in the shielded
volume until trapped by a suitably placed and shielded
collector (C). The selection of an ion having a given ¢/M
ratio may he accomplished by changing either the frequency
ol the applied electric field or the strength of the magnetic
field. The relation between the mass number (M) of the
selected ion, the rf frequency (f), and the magnetic field
(B) can be given by the ion cyclotron frequency (f.).

fo = 1,525 Bn/M (6)

where B is the magnetic field in kilogauss, f, is the cyclotron
frequency in Mc-sec't, n is the multiplicity of the electronic
charge, and M is the mass numler of the ions in atomic

mass unit (AMU).
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Figure 8 — Omegatron Tube.

Tons having the proper ne/M ratio for a particular rf
applied frequency receive energy “kicks” with each revolu-
tion and travel in an expanding spiral and finally reach the
collector. Other ions having unsuitable ne/M ratio, tending
to lead or to lag in the rf held, lose energy after a small
number of revolutions and remain close to the point of their
origin near the electron beam.

The resolution of an omegatron can be given by the equa-
tion:

M

R= -
AM

where r, denotes the distance from electron beam to the

96 B*r,/ME, (7)

collector in ¢m, and E, is the amplitude of the electric field
in volts per cm, and the other symbols are in the above-
mentioned units. An experimental value of the resolution
may be obtained from scanning the mass spectrum.

The schematic drawing of the omegatron tube and its

YOL. 19, NO. 1, 1962

Figure 9 — Schematic Drawing of the Omegatron Tube.

electrical supply units is shown in Figure 10. It consists of a
spiral tungsten filament (I'). The use of a spiral filament
minimizes mechanical failures and makes the system more
reliable and assures longer life. The tungsten filament at
5 volts ac operates at 1650°C. The cathode is usually at a
negative potential with respect to the box-shaped structure
(B), which structure can then, for convenience, be kept
close to ground potential. [lectrons emitted from the hot
filament are accelerated toward the hox and fly through the
hole which is located in the side of the hox opposite the
filament. In order to avoid high and useless electron currents
from the filament to the box, a cathode potential electrode is
mounted between the filament and the accelerating box-
shaped electrode. This electrode (E) has a hole in the center
and focuses the electrons accelerated by the box into the
hole in the box. The electron beam flying into the hox can
leave the box through a second hole opposite to the first,
and reach the electron collector anode (A). This anode is
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Figure 10 — Schematic drawing of the Omegatron Tube and its Electrical Control Units.

at a positive potential with respect to the box. The tube
operation requires a homogeneous magnetic fielidd. The direc-
tion of the magnetic field is parallel to the electron beam
described above. The magnetic held can be produced either
by a permanent or by an electromagnet as specified helow,
in order 1o get the electron heam through.

The top and bottom of the box are isolated r[ elecirodes.
Theyv are denoted in Figure 10 as RF-1 and RI-2 elecirodes.
Usually RF-1 electrode is connected to the rf voltage, while
RE-2 is at ground or the two electrodes can he driven in
push-pull. The selected ions produced by the electron heam
are collected on a collector electrode (C), which is mounted
inside the box, and has a shield (S) outside of the hox.

The scanning of the mass spectrum is performed by
changing the radio frequency. Mass spectra of residual
gases are shown in Iigure 11.

Design Features

The gauge tube is of a sturdy and relatively simple con-
struction. It has a plug-in tvpe sockel and a small volume.
The hard glass envelope permits bake-out wt temperatures
up to 450°C. The glass envelope fits perfectly in the magnet
and minimizes the necessary adjustments. The tube structure
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is made of a special platinum-iridium alloy which can be de-
gassed wilthout causing changes in its shape or in the
spacings and will not influence tube characteristics due to
minor surface contaminations.

A picture of the ML-573 omegatron tube is shown in
Figure 8.

Islectronies

The control units required arve shown schematically in
Figure 10. Typical elecirical data of the tuhe are given he-
fow. The main units are the following.

Filaument Power Supply requires a unit delivering maximum
6.3 volis and 0 amperes ac or dec. The electron current
can be selected according to the analytical application of the
tube normally in the range ol 1 to 15 pA. Because the elec-
tron current is limited by the filament temperature, 1he
filament voltage must be either manually or electronically
controlled to keep the electron current on a preselecied
value.

DC Voltage may be obtained from batteries or anv regu-
lated power supply. Three different dc voltages are ve-
quired: the acceleraling voltage, hox trapping potential, and
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Figure 11—Mass Spectrum of Residual Gases (Analyzed by Omegatron).

anode voltage. These voliages are preferably adjustable to
suit the different applications of the omegatron tube.

RF Voltage. The frequency range and the required voliages
are indicated in the specifications.

DC Amplifier. The de amplifier must have a sensitivity
of 1 x 10-"" A, for use in the UHV region.

The accuracy and sensitivity ol the omegatron tube de-
pend on the stability of the voltages and on the sensitivity
and response of the de amplifier used.

Magnet. The magnet should produce a uniform field of
about 3400-4000 G over an area of about two inches in
diameter, inside of a L.5-inch air gap, for optimum resolu-
tion. A suitable magnet may he obtained from The Machlett
Laboratories.

Adjusting the Magnet. The magnet las to be positioned so
that the magnetic field aids the electron heam in travelling
through the box. This can he achieved by positioning the
magnet while the tube js in operation. The magnet is in
position when we obtain maximum electron current on the
anode (A) of the tube. The positioning of the magnet is
easily achieved by a suitable adjusting 1able.

VOL. 19,
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General Characteristics

Filament voltage, ac or dc

Filament current 18 —23 A
Electron emission current
(according to application) ... 1 —15* uA

RF voltage ...
Frequency range ...
Corresponding to a mass

*Higher electron current may be obtained, but proper care must be taken
to avoid burning out of the filament.

Resolution ...
Pressure range to  10-'° mm Hg.
Linear pressure range . .10-* to  10-'° mm Hg.
Mounting position ... .Any
Envelope 7052 Glass**
Maximum and typical voltages are as follows:
(All voltages given with respect to ground)
Maximum Typical
Filament —150 vdc —100 Vdc
Box (trapping) + 1.5 Vde + 1.0 Vde
Anode ... + 45Vdc <+ 15 Vde
3Vrms 2 Vrms
RF2 3Vrms Grounded
lon collector Grounded Grounded
Shield Grounded Grounded

A typical mass spectrum is shown in Figure 8.

TResolution of the omegatron changes over the mass range. The resolu-
tion can be selected by the rf voitage applied. The theoretical resolu-
tion of this tube for M — 28 ions at 0.2, 1.0, and 2.0 Vrms are 200, 40,
and 20 respectively (1).

**Graded or glass-to-metal seals available on request.
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Its First

Major American Installation m the

Introduction

n December 1, 1959, the United States Injormation

{gency issued an invitation to Contractors to submit

bids to the Agency for work on new facilities to be con-
structed in Greenville, N. C. The project was to be a major
one; equipment would be used to broadcast Voice of
America programs to the Voice’s overseas installations for
rebroadcast to the Commmunist countries. The General Elec-
tric Company was the successful bidder for the 250 kW
transmitters called for by the Agency and The Machlett
Laboratories is proud to have had its ML-7482 vapor-cooled
triode chosen for use in these transmitters. Acceptance tests
have been satisfactorily made and the new transmiiters are
scheduled for operation late this year.
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Figure 1 — Model of one of the Voice of America transmitting stations being constructed at
Greenville, North Carolina. The Voice of America is the radio service of the U. 5. Information
Agency. {Photograph courtesy of U.S.1.A.)

New 250 kW Voice of America Transmitter

Voice of America

| he global radio network of the United States Informalion Agency is the Voice of America, the official radio of the
United States. By direct transmission it speaks in 36 languages a total of 103 hours a day to an estimated audience of
over twenly million people. (Through taped programs, used by loeal radio, the audience is nearly tripled.) Eighty-seven
large transmitters now carry the “Voice” programs to Communist countries. Ranging in magnitude to one million watls
carrier power, the transmitters of the U.S.I.A. use Machlett transmitting tubes in most of the key installations.

In operation since 1953, the megawatt transmitters have logged hundreds of thousands of air hours with the ML-5682
coaxial terminal triode. As it was the leading “communications band” triode of its time so now is the ML-7482, vapor-cooled
coaxial terminal triode, emploved in the six 250 kW transmitters of the Greenville facility (Figure 1). When completed this
operation will consist of six 500 kilowatt, six 250 kilowatt and six 50 kilowatt transmitters. It will be the largest and most
powerful broadcasting station complex in the world.

The basic technical purpose of Greenville will be to deliver a stronger signal to Furope, Africa, the Middle FEast and
South America. It will provide a flexible relay svstem to overseas hases; direct short wave to specified areas; function, if
necessary, as an emergency communications system and will replace outmoded installations elsewhere. Having a total
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Figure 2 — Artist's conception of switchgear Ffacility at Greenville,
North Carolina, trunsmitter stations now under construction. Through
this electronic mechanism, Voice of Amzrica programs from 22 trans-
mitters can be beamed to East and West Europe, Africa, Latin America,
and VOA relay stafons around the world.

{Pnoto courtesy of U.S.1.A.)}

Figure 3 — Front view of the new 250 kW AM transmitter manufactured
for the Voice of America by the General Electric Company.

{Photo courlesy of General Electric Company)
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installed capacity of 4820 kW carrier power the facility will
transmit within the frequency ranges of 4 to 30 Mec. All
transmitters, except for low powered units, will be amplitude
modulated.

Two major transmitting sites, situated approximately 18
miles apart, have been established for the location of the
various transmitters which will be equally divided in num-
bers and power between the two areas. Fach installation js
to be complete including all audio and program switching
equipment, moniloring and frequency checking, transformer
vaults, primary power distribution and so on.

A radio receiving unit will also he part of the facility, it
too, will be located 18 miles from either transmitting sile.
This unit will serve for program, communications, miscel-
laneous reception and search as required.

Transmitting antennas are on a scale appropriate to the
massive undertaking: one site emplovs 964 acres for the
erection of thirty-seven h.f. transmitting antennas, the other
840 acres [or erection of thirty-six antennas positioned with
reference 10 a large number of bearings. The antennas them-
selves will be of the curtain and the rhombic type; the
curlain antennas being used for the higher powers. The
curtains at either site will be supported by 112 guyed steel
towers ranging in height from 154 to 312 feet (Figure 2).
Some rhombic antennas will also be used at the higher
powers.

Complete antenna flexibility is provided. Any transmitter
at the site will be capable of connection to any site antenna;
all transmission line runs from each antenna farm will
terminate at a transmission line switching bay located adja-
cent to the related transmitter building.

The New 250 kW Shortwave Transmitter

The General Electric 250 kW shortwave broadcast trans-
mitter (Figure 3) is a high level modulated unit employing
five ML.-7482 tubes, two in the final position, two as modu-
lators, and one driver. The transmilter is continuously tun-
able over a range from 3.9 to 26.5 Mc. Vapor-cooling, with
forced-air-cooling for tube terminals and condenser unil, is
employed for the high power electron tubes.

Transmitter Circuits

A block diagram of the high power stages of the trans-
mitter is shown in Figure 4.

RF Final Stages

Two ML-7482 tubes are used in parallel in a grounded
grid-circuit providing 250 kW transmitter output power. 25
kW of this power comes from the driver stage (also a
grounded-grid configuration). Conservative tube operation
is evidenced here by the fact that one tube alone could pro-
duce nearly the entire required output. Radio frequency
output is pi-coupled to a harmonic filter consisling of five
fixed-tuned filters.
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Figure 4 — Schematic diagram of the high power sections of the
250 kW fransmitter.

By modulating both driver and final stages linearity is
improved, grid heating of the outpul stage is reduced and
negative modulation may be obtained without neutralization.
By emploving a grounded-grid cavity, circuit tuning sta-
bility under all conditions is achieved. The entire rf cirenit
configuration is clean and is easy to tune; only three variable
components are found in each stage, these components being
in the pi-coupled tank circuit.

The measured performance of the output and driver stages
is as follows. This data represents the meter readings at the
transmitter.

Driver Tube 2 Output Tubes

DC Plate Voltage ... 12 kv 12 kV
DC Plate Current ... 35 A 265 A
DC Grid Current ... 1.0 A T7A
Grid Resistor .......................... 300 Ohms 75 Ohms

The measured output into the load is 250 kW.
The input power to the two final stages is 360 kW.

The overall efliciency of the final rf amplifier chain in-
cluding losses in the harmonic filter is 69.5%. This efliciency
remains substantially constant throughout the f{requency
range.

Physical Construction Simplified — RF Amplifier
Plate Circuit

The two ML-7482 final tubes, each mounted in a “boiler”,
are both encased in a large drum as shown by Figure 5.
The drum, 32 inches in diameter, is the plate connection;
4 vacunm capacitors between the cavity walls and the drum

YVOL. 19, NO. 1, 1962

Figure 5 — Detail view of the final amplifier section. Two ML-7482
tubes each mounted in a ‘‘boiler’’, are both encased in a large drum.
The drum forms part of the cavity-tuning system.

{Photo courtesy of General Electric Company)

are for plate tuning. The tank coil (a hi-filar helix of 2”
diameter copper lubing) carries incoming water to the
hoilers. The tank coil inductance continuously variable;
two contacts, mounted on opposite sides of a large cylinder
surrounding the coil, progressively short out the coil as the
cylinder is rotated in a helix. The opposite terminal of the
coil is formed by a 200 contact-finger hand around the plate
“cylinder”; four loading capacitors are connected to this
band.

A clean plate circuit configuration is achieved by the
cavity type grounded grid circuitry. As a result complete
stability is achieved under all tuning conditions.

RF Amplifier — Cathode Current

The cathode circuit of the power amplifier is shown in
Figure 6. The grids are rl grounded by a ring of ceramic
capacitors. Two high current capability bi-filar chokes carry
filament heating power. The pyrex glass insulating tubes
seen in Figure 7 carry the steam [rom the boiler to the
condensers.
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Figure 6 — Cathode circuit schematic of the final rf amplifier. Grounded grid circvitry is employed.

Simplicity of configuration also described the cathode
circuit; no adjustments of any sort are required.

Modulator Circuitry

Design requirements for the transmitter specify heavy
clipping of the program. The special VOA audio peak-
clipping amplifiers are designed to improve intelligibility
and 1o increase the average speech power without exceeding
acceptable peak modulation percentages.

Because of this and the trapezoidal waveform needed to
effect its accomplishment, the modulator power is 270 kW
and not 180 kW, which would normally be required for
100% sinewave modulation of the 372 kW developed by the
rf stage (372 kW at 679% gives 250 kW to the load.)

Additional audio requirements are also of a stringent
nature; 1009% sinewave modulation is required at frequen-
cies from 50 to 10,000 cps and 1009 trapezoidal modula-
tion from 100 to 3000 cps with the trapezoid flat-top “tilt”
less than 5%. This “tilt” requirement results in a need for
an extlended low-frequency response 1o a few cps. The fre-
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75 OHM LINE
+12 KV
MODULATED
Figure 7 — Upper section of rf amplifier showing cathode connections

and Pyrex tubes which carry off steam created in anode “boiler".
(Photo courtesy of General Electric Company)
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Figure 8 — Vapor Cooling, a schematic representation of the classic system.

quency response is to be flat to 3 cps.

An unusnal 2-winding modulation transformer, center-tap
grounded, is employed to provide maximum audio band-
width. By omitting the conventional 3rd transformer wind-
ing a high inductance is achieved together with a small
leakage inductance. The grounded center-tap circuitry aids
low [requency response by eliminating the modulator plate
supply filter {rom the path of the audio power from the
modulator to the rf amplifier.

A low frequency boost prior to the modulator tubes was
employed to compensate for the modulation transformer
and coupling condenser droop, and therefore Lo achieve a
flat responise below ten cps. This compensation results in
the requirement for an increased modulator tube plate volt-
age swing at low frequencies bringing the modulator stage
de plate voltage requirements to 15 kV.

The modulator performance data is tabulated below:

100% Sine 100% Trapezoidal

DC Plate Voltage ...............ccccoovvvecrnins 16 kv 16 kv
DC Current @er tube) ...... . 9.5 A 125 A
DC Grid Current {per tube) .. . 05 A 2 A
Circuit Efficiency ... 59.2 % 67.5 %

VOL. 19, NO. 1, 1962

Vapor Cooling — Basic Principles

In conventional water-cooled power tube systems, the
thermal energy of the anode is transferred to the circulating
coolant, which subsequently exhibits an increase in tempera-
ture. With vapor cooling, however, a fundamental departure
in principle is involved: thermal energy is absorbed by a
change in the physical state of the coolant, rather than an
increase in its temperature. The key to the efficiency of this
system lies in the ability of vaporizing water to absorb huge
quantities of heal. In a typical water-cooled installation, the
coolant experiences a 20°C rise in temperature; thus, each
gram of the water absorbs 20 calories of heat. In a typical
vapor-cooled installation, water at 95°C is converted to
steam at 100°C and 545 calories per gram of coolant are
absorbed. The greater thermal capacity of the coolant under
these conditions will support anodic dissipation 10-20%
higher than other systems, and offers enhanced protection
against thermal overloads.

In operation, the rugged copper anode of the vapor
cooled tube is immersed in the distilled water within the
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boiler. The heat generaled within the anode is absorbed by
vaporization ol the water. The diagram of Figure 8 illus-
trates the classic system.

As the water experiences a 2000-fold increase in volume
during vaporization, a powerful turbulence is created within
the coolant. The heavy ribbed anode fins of the vapor
cooled tube are designed to take advantage of the turbulence
to achieve a vigorous “cleansing” action, precluding the
formation of an insulating vapor film on the anode which
could lead to excessive local heating.

Steam generated in the boiler is conducted to an air-
cooled heat exchanger and the resulting condensate is re-
turned to the boiler. No water pump or exlternal source of
energy is normally necessarv to circulate the coolant. A
density gradient of the coolant within the hoiler is estab-
lished in the process of absorbing anode heat, resulting in
a thermo-syphon eflect suflicient to insure proper coolant
circulation over the whole range of possible operating con-
ditions.

Proper coolant level within the boiler is usually main-
tained by a feed tank arrangement thal capilalizes upon the
natural tendency of water to seek its own level. Continued
function of this inherent regulatory mechanism is provided
by the closed cycle nature of the design which insures that
the quantity ol coolant in the system remains constant.

The boiler, at anode potential, is electrically isolated from
the rest of the cooling system by short lengths of insulated
tubing. The use of short, mechanically stable insulators is
permitted by the low flow rate requircment (about .09 cu.
ft./min. for 100 kW), and the excellent dielectric properties

of steam.

250 kW Transmitter

Vapor Cooling System

The vapor cooling system of the 250 kW transmitter
operales at a pressure of 6" of H20; tube weight alone (130
pounds) maintains the tube in proper position in the boiler,
the system heing sealed hy an “O” ring gasket located on
the tube just below the upper flange on the anode.

Figure 9 — Vapor Cooling system employed by the 250 kW Voice of America transmitter.

{Photo courtesy of General Eleciric Company)
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Since, for electrical and physical reasons, the rf amplifier

tubes and boilers are located above the level of the modu-

lators, and since a common cooling system was desirable, two
water levels are required in the 250 kW transmitter, as
shown by the schematic diagram, Figure 9. Salient features

of the system are as follows:

1)

2)

3)

A common condenser is used for the entire transmilter.
This arrangement is more efficient than use of separate
condensers. This is because the rf and modulator tubes
exhibit maximum anode dissipation at 1009 and 60%
modulation, respectively.

RE tubes are connected according to the classical sys-
lem; excess waler from condensers returns to the modu-

lator system.

Modulator system provides for an aulomatic water re-
plenishment to accommodate delay in production of
sleam and return of water.

Automalic level control is provided by counterweighted
tank (See Figure 10). Should the boiler level drop, the

Figure 10 — The ML-7482 employs ceramic insulation and uses coaxial
terminal construction.

VOL.

level of water in the tank drops making the tank lighter
and permitting it to be lifted and therefore 1o restore
water to the hoiler via a flexible hose.

4) Condensers are forced-air-cooled using same blower sys-
tem employed to cool tnhe terminals and transmitter
cabinets.

5) System Capacilies:

Water 26 gallons
Power Dissipated at

100% Modulation ........ 320 kW
Water Flow at

100% Modulation ........ 2Y4 gpm
Steamn Pressure .................. 1 ps.i.
Total Area of Heat
Exchanger Tubes .............. 112 sq./{t. (4 rows each 28 sq. ft.)
Air Flow through

Heat Exchangers .......... 20,000 ¢fm
Air Temp. Rise .ccccccuvercucee 55°F.

ML-7482

Of conservative and proven design, the ML-7482 triode,

Figure 11 (and its water-cooled counterpart, the ML-7560)
provides a coaxial terminal construction (such as introduced

19, NO. 1, 1962



Figure 11 — ML-7482: Massive components of the anode assembly
achieve a rugged efficient structure.

by the ML-5681) together with high alumina ceramic cylin-
ders for insulation. Manufactured with a technique proven
by the ML-7007 (a highly popular VHF television tetrode)
the ML-7482 terminal section is fabricated in a “hvdrogen
furnace”. The reducing atmosphere of the furnace ensures
parts cleanliness and obviates the need for subsequent clean-
ng.

In addition to ils advantages in fabrication, the high-
alumina ceramic permits high outgassing temperatures, ex-
hibits a lower rf loss factor than glass, and demonstrates a
low gas level as indicated by excellent stability under high
voltage. The cleanliness of the tube interior is conducive to
longer cathode life — a fact amply demonstrated by the
comparative life figures of the ceramic envelope ML-7007
and the glass tube it has replaced: tube life has been in-
creased on the average by a factor of two to three times.

The anode of the MI.-7482 is made from heavy wall cop-
per tubing. It is fabricated by hrazing a hottom plate, heavy
nolched ribs, top flange and kovar final seal lo the tube

(Figure 12).
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Figure 12 — ML-7482 Outline Dimensions.

Flectrical characteristics and maximum ratings for the

ML.-7482 are given in Table I.

TABLE 1
Electrical Characteristics:
Filament Voltage ... ... 16.5 volts
Filament Current ... .. .. ... 450 amperes
Amplification Factor ... 45
Maximum Ratings — RF Amplifier — Oscillator (Class C Telegraphy)
DC Plate Voltage ... 20,000 volts
DC Grid Voltage ... —1,500 volts
DC Piate Current ... 30 amps
DC Grid Current ... . 4.0 amps
Plate Input ... . . 600 kW
Plate Dissipation ... .. .. 200 kW

The Macllett Laboratories’ continuing participation in
programs of national interest and importance - such as
the Voice of America Greenville project — is a source of
great satisfaction to the Company and provides also, a

demonstration of the quality and reliability of its products,
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The a New Tube for

Scan Conversion

by SAMUEL T. YANAGISAW A, Manager Photosensitive and Storage Display Tube Division

Introduction

everal years ago, electrical-signal storage tubes were

developed that made possible a lurge variety of signal

and information processing techniques. These tubes were
called “scan converter tubes” when constructed with fwo
electron gans that could stmultaneously write and read
stored information independenily of each other. As with
most first production models, these tubes had their limita-
tions and in time, the performance requirements of new
applications became increasingly varied and more demand-
ing. The Machlett Laboratories, together with the Compagnie
Generale de Telegraphie Sans Fil of France, anticipated
many of these requirements and developed a new tube. The
ML-8087 has features not available heretofore with the re-
sult that both equipment manufacturers and users can now
enjoy a simplicity of design and usage with high perform-
ance capabilities.

Applicatiens

The use of scan converter tubes has spread so rapidly
into many fields that it is of interest to review some of the
present applications.

The first in point of time and the largest use at present is
in radar bright display equipment for the surveillance and
control of aircraft while en route between airports and during
the approach and departure phases of traffic control. PPI
radar information is fed directly into a scan converter and is

VOL. 19, NO. 1, 1962

converted to be displayed as a bright, flicker-free television
type of display on several consoles. Fuily controllable storage
of this information enables the observer to see the aircraft as
bright dots with fading trails that, in themselves, indicate the
heading, the paths followed, and also the relative speed by
the length of the trail and by the distance between successive
past positions. This technique eliminates the need for remem-
bering and tracking successive radar returns as was formerly
necessary. It also immediately differentiates between moving
aircraft and stationary clutter. The ease of observation greatly
relieves the viewing tension and increases observer efficiency.
The storage of these returns also aids in the display of air-
borne beacon returns for identification and control. The same
advantages of scan conversion and storage are used in other
radar applications wherever detection efficiency and operator
fatigue are concerned.

Scan conversion tubes are being used to transform from
one set of television standards to another, such as in the case
of European or British programs that are to be rebroadcast in
the United States or vice versa. Video tape can now be scan
converted to be reused on any local standards. The problems
of network synchronization can also be eliminated by rebroad-
casting at the local line and frame rates.

Band compression to reduce video or informational band-
width can be accomplished a number of ways; i.e., readout by
a slow spiral scan, by slow television raster scan, or by a
reduced sampling scan. Conversely, low frame rate informa-
tion can be converted into a flicker-free rapidly scanned visual
display.

An interesting application in astronomical observation is the
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improvement of signal to noise ratios by ability to integrate
video signals over a number of scans to enhance the contrast
over the existing noise level.

With the scan converter, analogue information on a given
time base can be changed to a variable time base with or
without a controllable delay. This finds application in some
types of signal simulation equipment.

Sonar displays are improved with the storage capabilities
and flexibility of operation being important factors.

In more complex equipment, three scan converters can be
used, each to store a separate color. Readout into a color
television tube produces a display with fading storage in which
color signifies a fourth parameter such as altitude or identi-
fication of stored information.

Three dimensional radar displays are proposed showing the
illusion of height so that aircraft trails may be observed in the
vertical dimension.

Another application that has been discussed recently is the
correlation of statistical data through signal processing and
storage in scan converter tubes.

The applications of signal and information processing with
these tubes are still increasing as circuit and equipment de-
signers continue to explore the possibilities.

Features of the ML-8087

[ntensive and continued development of the storage target
and both the wriling and reading electron guns have culmi-
nated in this new tube which has no crosstalk, high resolu-
tion, a fast and complete erase cycle, and a wide storage
range.

Until the development of the ML-8087, scan converter
tube types had “crosstalk”. This was undesired feedthrough
of the written signal directly into the reading circuit where
it was displayed as unsynchronized background noise. Vari-
ous methods to circumvent this crosstatk have had to be used,
such as rf modulation of the reading beam or video cancella-
tion circuits. Rf carrier techniques entail a loss of signal
power during the process of detection in the reading circuil
and thus lower the signal to noise ratio. Extensive rf shield-
ing is necessary to avoid undesirable parasitic effects, in
addition to the required rf circuit. Video cancellation tech-
niques are simpler but require additional internal tube
shielding to avoid undesired effects during intentional write
sweep overscanning or offcentering. Now, with the precision
ML-8087, the circuit and equipment design is simple and
straightforward since no crosstalk exists.

Both writing and reading guns have heen designed lo
give wide dynamic range and high resolution. The tube
when used in PPI to television scan conversion will resolve
a minimum of 170 range rings at 50% modulation and an
ultimate resolution of over 200 range rings when used with
a 945 line raster on the read scan. The resolution when used
in orthogonal television raster conversion is up to 1000 TV
lines. To obtain the full benefit of the resolution capability
of this tube, electrostatic dynamic focussing of the read
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electron beam must be provided and the bandwidth of the
video circuits must be suflicient to pass all the information.

The stored information can he erased in a maximum cycle
time of 2 seconds at the long storage setting. In the usual
case, the erase time can be much less. The reading process
in this, as in all hombardment induced conductivity tubes,
also acts lo slowly erase the stored information. Normally,
the greater the beam current, the shorter the storage. The
wide storage range is obtained by varying the collector
vollage and the beam current, usually between 0.5 to 5.0
microamperes. During the erase cycle, the heam current is
increased by an erase electrode to over 100 microamperes.
This greatly increased beam and an erase cycle procedure
to the storage target backing plate quickly erase all the
stored information down to the noise level. Information can
be written and read at full amplitude immediately after the
erase cycle is completed without the use ol any special
wriling intensification circuits.

The wide storage capability of the ML-8087 enables it to
read information continuously for minutes or it can read
and erase information in one television frame scan. This
latter short storage ability allows the tube to scan convert
between television standards perfectly with no lag or drag
of one picture frame into another which would tend to blur
fast motions. No other scan converter tube can do this
particular task as well.

The principle of hombardment - induced - conductivity
makes possible very fast writing rates and allows the use of
very short time base sweeps. In addition the response from
large and small areas are of uniform amplitude so that
intensities corresponding to the original written information
are preserved. The level for the Minimum Detectable Signal
does not change at a given setting.

The dynamic range is such that noise or “grass” may be
written and read without heing swamped by the highlights.

There are no collimation problems as both writing and
reading beams sirike the target at high velocity and are not
decelerated. This also results in high linearitv of trans-
formation, no pattern distortion, high accuracy of registra-
Lion, and eliminates any drift stability problems.

Conclusion

The Machlett Laboratories has developed the ML-8087 as
a precision scan conversion tube. Its application is simple
and reliable. Its adjustments are few and it can e changed
in the equipment in less than five minutes.

In a succeeding issue of CATHODE PRESS a detailed
technical article about the ML-8087 and its application data
will appear. In the meantime, the Engineering Department

will be most happy to answer any inquiries.

*The impact of high speed writing electrons, in this instance, canses
conduction within the dielectric storage medium in accordance with
the stored pattern created by the electron bombardment.
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Announcing
Machlett

ML-8130
ML-8139

Brightness: Over 2000 foot lamberts — ML-8130
Over 1500 foot lamberts — ML-8139

Writing Speed — at full brightness:
Over one half million inches per second — ML-8130
Over 150,000 inches per second — ML 8139

Storage: Uniform Storage Characteristics
Resolution: To 80 written lines per inch at optimum brightness
Focus: — both tubes: Electrostatic

Deflection: ML-8130 — Electrostatic
ML-8139 — Magnetic

The Machlett Laboratories, Inc. announces the availability of two new Direct View Storage Tubes, ML-8130
and ML-8139. (Available also in non-shielded versions as ML-7222 and ML-7033). Ruggedized and reliable,
these tubes are particularly suited for these typical applications:

Airborne Shipboard Ground
Weather radar Sonar long-memory displays Slow-scan television
Search Navigation Marine displays Storage instrumentation

Terrain Avoidance Sonar devices displays

Write today for complete data on these new Machlett Direct View Storage Tubes.

The Machlett Laboratorles, Inc Sprmgdale, Connecticut




ML-8087

Scan Conversion Tube
Fast Erase — High Resolution

The Machlett Laboratories, Inc. announces a new precision manufactured
Scan Conversion Storage tube, the ML-8087. Successor to the Machlett
made 403X type tubes, which have seen over one million hours use in air-
ways control service, the ML-8087 provides these principal advantages
and important features:

1 High resolution: a minimum of 180 range rings/
diameter at 50% amplitude modulaticn; equivaient
to 900 TV lines.

2 Fast erase: less than 2 secconds erase cycle to
reduce stored information to noise level.

3 Wide storage range: to meet FAA 1213b specifica-
tion and beyond.

4 High signhal/noise ratio, typically 80:1 (peak signal
to rms noise).

5 Rapid set-up time: A few minutes installation is all
that is required to adjust tube for optimum opera-
tion. No need for critical dynamic focussing of
electron beams.

6 No variation of output signal with size of written
area.

7 Only simple video circuits are needed for readout.

Available now from The Machlett Laboratories, Inc. . . . send for complete data on the ML-8087.
The Machlett Laboratories, Incorporated

A division ot Ravtheon Company

Springdale, Connecticut
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ML-7301A

High Sensitivity
Tipless Vidicon

Highest sensitivity—less than 0.05 Ft. C. faceplate
illumination required.

The Machlett ML-7351A tipless vidicon offers the

highest sensitivity of any commercially available vidicon.

High sensitivity permits use of tube with less than 0.05
foot candles illumination incident on faceplate. This
corresponds to an average scene illumination of less
than 2.5 foot candles when using an f/2.0 lens.

Lower dark current—for slow scan television

Operating at sensitivity equivalent to that of other high
sensitivity vidicons,the ML-7351A requires alower dark
current. In slow scan systems, therefore, the lower dark
current pedestal permits greater signal current accom-
modation by the amplifier. For example, at ASA 1200,
the ML-7351A requires a dark current of only 0.05 ua,

approximately % that of comparable tubes.

High radiant sensitivity in the red region

High sensitivity in the extreme red region permits advan-
tageous use of the ML-7351A in viewing incandescent
materials, jet exhausts and other extreme temperature

phenomena.

Resolution...
500 lines to 800 lines depending on focus electrode

potential.

Signal decay rate...
About half that of standard light sensitive vidicons.

Write today for the complete data on the ML-7351A tipless vidicon.

THE MACHLETT LABORATORIES, INC. M C ETT
SPRINGDALE, CONNECTICUT A

An Affillate of Raytheon Company
~ . : Y
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Editor’s Note:

With the acquisition of its new 1.2MW power tube test
unit, The Machlett Laboratories has consolidated the testing
of its largest power triodes ( forced-air-cooled, water-cooled,
and vapor-cooled) in a single, highly efficient device. In
addition Machlett has established the means for future de-
velopment into even higher power tubes than are now
offered (600kW input) and can take new developmental
steps with the full assurance that these tubes-to-be will be
qualified for performance at their highest ratings. Other
large test sets now in operation include a 100kV-100mA
pulse tube test set and a 200kV-200mA unit (Cathode
Press Vol. 19, No. 1, 1962, “Hard Pulse Modulator Test
Facility: 200kV-200mA Capability”) in addition to its
already extensive power tube test equipment, place Machlett

in a uniquely strong position (o evaluate and rate its tubes.
e o o

Desion, Engimeermg and Construction of the

In the following article, Mr. T. L. Wilson, Chief Engineer,
Elecironics, Votator Division, Chemetron Corporation, de-
scribes the Machlett 1.2 MW test set as seen from the point
of view of the designer translating the customer’s instruc-
tions into fact. Mr. Wilson discusses the need for one man
operation, the consequent simplification of controls and the
considerable attention given to proper luyout and instru-
mentation of the control panel. The electronic/electrical
fundamentals of the unit, as outlined, reflect the need for
easily controlled, continuously variable drive and the use
of an infinitely variable load impedance system. Physical
provisions for tube installation and test, with resulting
considerations given for maintenance of proper electrical
conditions (terminal connections, provision for muximum

decoupling between driver and neutralizing circuit among
others) are developed in addition to maiters relating to tube
water load, tube cooling, power supply requirements and
fault protection.

The basic statistics of the 1.2MW unit reflect its consider-
able magnitude.

o Plate Supply Volts 0-30 kVdc Amps 0 —40a
o RF Bias Supply Volts 0-4 kVdc Amps 10a
o Bias Supply
(peak emission &
static test) Volts 0.5 kVde Amps 20 ma
o Frequency 13.56 Mc
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Mr. T. L. WILSON

Mr. T. L. Wilson is a native of Salt Lake City and an electrical engineering graduate of
the University of Utah. He was with RCA in Cainden, N. |. and Federal Telephone and
Radio Company, Newark, N. J. before joining Thermex, now a Department of the
Votator Division.
Votator, a division and major affiliate of the Chemetron Corporation is basically a
manufacturer of process equipment. Through its pioneering line of “Thermex”* dielec-
tric heating equipment, Thermex and Machleit have been jointly associated for many
years.

*Registered Trademark of Chemetron Corporation

“Thermex” High Frequency Tube Tester

By T. L. WILSON, Chief Engineer, Electronics,

Votator Division, Chemetron Corporation

Introduction

“We need a high-frequency test set sufficiently stable to handle a wide variety of
tubes under various load conditions, to make all the necessary production tests
plus special engineering tests for the ‘odd-ball’ job, to handle powers from 50
kilowatts to 1.2 megawatts, to use ordinary city water directly in the cooling sys-
tem, to put no unusual burdens of short circuits on the power lines, although it is
expected to operate a crowbar as much as 2,000 times per week, and to do all this
without any danger of radio interference or X-radiation.”

This in essence was the assicnment given to the Volalor Division of Chemetron
Corporation by The Machlett Laboratories, an alliliate of the Raytheon Company. After
many months of detailed planning, building and testing in Louisville, Ky., plus installa-
tion and more testing at Springdale, Conn., a test set thal meets these exacling require-
ments and more is a reality and is in daily use to ensure the production of increasingly
reliable tubes for a large variety of uses.

The compact new unit, which covers a floor area of 255 square feet, is designated a
Thermex High Frequency Tube Tester. “Thermex” is Chemetron’s trade-mark for the
Votator Division’s line of high-frequency dielectric heating equipment and related
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electronic products. It is an amplifier type unit that can test
the most power[ul modern tubes in a circuit very similar to
that in which they will actually be used; it also provides
absolute stability of [requency for greater control of test
conditions than more common oscillator-tvpe test systems.

At 1.2 megawalis input, the new unit is believed to be

the most powerful high-frequency tube test set in operation
at this time. A companion article in a subsequent issue of
the CATHODE PRLESS by Machlett’s Mr. Raymond C.
Black describes the uses of the equipment and reasons for
the exacting specifications. This article deals with the de-
sign, engineering, and construction of the test set.

Figure 1 — Overall view of the 1.2 MW high frequency tube
tester designed and constructed by the Votator Division of the
Chemetron Corporation for The Machlett Laboratories, Inc.

Size and Shape

Machlett’s specifications were written in such a manner
that the over-all layout of the test set was left to the Votator
Division’s Thermex engineers who presented drawings and
other data outlining their plan of attack. Among other early
steps, a life-size mock-up of the main control panel was con-
structed for approval by Machlett.

The drawing of Figure 2 shows a plan view outlining the
general shape of the equipment and the photograph of
Figure 1, made at the Votator plant in Louisville, gives an
over-all concept of the test set. As indicated in these figures
the general shape is similar to a letter T, with the distances
being 17°6” across the top and 29" from end to end.

The entire equipment was constructed to be broken down
into a minimum number of sections, and all but the fragile
and very heavy components were shipped from Louisville in

4

place in their cabinets. Scheduling arrivals at the plant site
in proper order to permit logical unloading and movement
into the building without the necessity of moving one section
past another greatly simplified the installation of the equip-
ment.

One Man Operation

Operator convenience and ease of accessibility to all
components were two of the major considerations that
dominated the layout discussions. For economy in normal
production work it was essential that only one operator he
required to accomplish all of the necessary operations of
vacuum tube production test work. Yet the equipment had
to be built with the knowledge that at many times the per-
formance of special tests on developmental models of tubes
would make it desirable to have space for several observers
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near the operating position. Furthermore, although the test-
ing of tubes is a task which requires skill and judgment on
the part of the operator, the fewer control adjustments neces-
sary for a given test, the fewer the costly mistakes. There-
fore simplicity was an addilional important consideration.
It may seem contradictory to call a unit as large and com-
plex as this test set a simple device. Yet when it is broken
down into separate components and functions, it is not really

one wing of an “organ console” type control panel (Figure
4). Thus the operator, positioned at an angle to the front of
the unit, merely turns his head to view either the melering
equipment or the tube itself. Meters which had to be located
above convenient eye level for space reasons are lilted
to let him look directly at the scales. Switches for changing
the ranges of the instruments are usually located near the
instruments themselves. A few of the less used control
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Figure 2 — Plan view of 1.2 MW test unit outlining general

shape.

very complicated. Reference to Iigure 2 during the reading
of the next few paragraphs will help in understanding the
description and comments.

Control Panel

During early design stages the control panel received a
great deal of attention. The full scale mock-up enabled the
designers to visualize the various operations the test man
would have to perform and to place the controls and meters
at a conventent location for him. For example, it was essen-
tial that the tube under test and the supervisory metering
equipment he readily observed almost simultaneously. For
this reason Machlett wisely specified large meters with mirror
scales in many instances. Also, the final layour (Figure 3)
located a large 30” x 36" viewing window for the tube
under test to the right of the operator and made it part of
VOL. 20, NO.
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switches are also located on the upper portion of the panel.

Having one wing of the control console also serve as the
wall of the tube under test compartment made it logical to
have the waler and air metering equipment located on this
same wing of the console. This greatly simplified the piping
problems and shortened the capillary tubes to the various
thermometers. The temperature of incoming air and water
and the temperature of the water leaving the load and the
tube are measured by separate instruments. The incoming
air pressure is also measured. Water flow in the anode cir-
cuit of the water cooled tubes and in the water load is
measured by rotameters, two in each circuit, so that an
accurate range of rotameters is available for the full size
range of tubes and powers being handled. A fifth rotameter
measures the water {low in a load that can be connected to
the driver section of the test set.



Figure 3 — Control panel showing large face meters easily
viewed by operator.

The main conltrols required by the operator are located
on a lower tilted panel that is just above a desk space on
which he may place his test sheets and other reference
material. This places most of the required switches and
controls for the final amplifier at his finger tips, with no
need to raise his elbows from the desk top. The main tuning
controls and drive control for the equipment are handled by
the left hand while the filament and plate voltage controls,
on-ofl switches and other necessary switches are on the right.
Major meters indicating plate and grid voltages and cur-
rents are directly in front of the operator.

Controls for the low powered rf stages from the crystal
oscillator through the driver stage are located on the left
wing of the console. Some of these are manually operated
while others are motor driven. All motor-driven controls in

Figure 4 — Control panel area showing ease with which test
operator can view both tube under test and control panel
metering.

the test set have position indicators. The left wing of the
control console also has the “home” or “storage” position
for all the door keys, an oscilloscope for noting wave shapes
and measuring peak emission of the tubes, an rf voltmeler
used in checking the rf potentials of certain circuits and
in neutralizing procedures, and a rather comprehensive sys-
tem of lights which indicate the conditions of various por-
tions of the circuit (Figure 5). These lights are very useful
in analyzing the status of the control circuit and have saved
many hours of trouble-shooling in design testing and early
slages of tube testing.

Block Diagram

Figure 6 shows an electrical block schematic diagram of
the equipment. An assigned frequency band for industrial,

Figure 5 — Control circuit status lights for analysis of condi-
tions in various portions of the circuit.
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Figure 6 — Electrical block diagram of 1.2 MW test unit.

scientific and medical equipment, 13.56 megacycles, was
selected as the frequency for this unit. However, as is well
known, some of the harmonics of this [requency do not lie
in the frequency bands assigned for the ISM services and
even though the equipment was to be well shielded, it was
possible that a harmonic could he troublesome. Therefore,
a narrow bank on either side of this frequency was also
specilied so that slight shifts of frequency could be made if
desired.

A crystal oscillator operating at half frequency feeds a
tetrode buffer amplifier which also acls as a frequency
doubler. This in turn supplies drive to an inlermediate
power amplifier utilizing a tetrode tube. The screen voltage
of the bufler-doubler amplifier was made variable so that
the drive power to the tube under test could be readily
controlled by a single knob on the control operator’s panel.
This also required operaling the subsequent stages in a
Class A-B type operation during some of the low powered
tests. However, no great attempt at linearity was felt neces-
sary.

The actual equipment for the low powered stages is
located directly hehind the left wing of the control panel.
A coaxial line is used to transmit the rf power to the driver
stage which is located on the opposite side of the tube under
test compartment from the conirol panel. This stage, using
a pair of Machlett 7007 tubes in parallel, supplies the main
driving power for all the tubes under test (I'igure 7). The
tuning of the driver is motor-driven from controls on the
left wing of the console. Metering circuits for all of the low
powered 1f stages including the driver are also on this panel.

The driver is enclosed in its own cabinet, access to which
is gained through three full height doors so that each com-
ponent is within easy reach for maintenance.

The driver cabinel, in addition to conlaining the neces-
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sary power supplies for its own operation, also contains the
bias power supply and the filament transformer for the
adjacent tube-under-test compartment.

Tube-Under-Test Compartment

Most designs of power amplifiers require the use of only
one type of tube and one value of load impedance although
several frequencies of operation are usually required. In
Machlett’s Thermex test set there is only one narrow band
of frequency operation, bul the set must handle at least five
basic tube designs and a large number of load impedances
so that the load on the five types of tubes can be varied
from near zero load to considerably overloaded conditions.
The variation in load impedance is an “infinitely varia-
ble” type systen.

Inasmuch as the five basic tube designs also required
three types of cooling, namely water, air, and vapor, con-
siderable mechanical as well as electrical flexibility, was
required of the design. In addition to the normal amplifying
tests, during which the power haniling abilities of the tube
are delermined, several slatic lype lesls are also performed
with the test set. These include measurement of peak emis-
sion, gas current, amplification factor, filament character-
istics, and others.

For ease of mechanical handling, as well as llexibility to
adapt to the various types of tubes, wheeled carriages or
dolties were consiructed (Figure 8). Three of these were
made, one for each of the three types of cooling lo be em-
ployed. Each dolly has a basic insulated stand to which the
various tube sockets and their adapters are mounted. The
adapters fov the various Iubes, of course, include the con-
nectors for the filament and grid terminals in addition to
the cooling socket. The dollies are easily placed in position
to receive the various connections required for the tests. A
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Figure 7 — ML-7007 tetrodes supply main driving power for
all tubes under test.

portion of the tube-under-test compartment floor was lowered
to the building iloor level to [acilitate moving the dollies in
and out.

Cooling connections are easily made. The air cooled tube
dolly is merely pushed against the main incoming air duct
in the amplifier to complete the air connection. For water
cooled tubes quick connecting fittings on flexible hoses are
used so that only a few seconds are required for making the
water connections. Water spillage is kept to 2 minimum and
a floor drain carries away any water that does escape.
Connections for the vapor cooled tubes are somewhat more
complicated by the need to attach the steam outlet chimney
that conducts the vapor from the boiler upward to the con-
densing system mounted on top of the compartment. From
this point the condensed vapors drain back into the tube
socket where they may again be vaporized.

Accessibility vs. Stability

Although dollies were provided for moving the tubes to
be tested into the test position, it is desirable in many in-
stances to be able to change the tube without removing the
dolly from its test position. This limited the amount of
equipment that could be placed directly above the tube
under test. Furthermore, for stability reasons, certain por-
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Figure 8 — Test bay showing tube under test on dolly and its
simplified cooling connections.

tions of the circuit had to be shielded from other portions.
Thus, it was desirable to have a rear access door, reached
by way of the ignitron contactor compartment, as well as a
front access door to the tube-under-test compartment. For
mechanical flexibility in handling the various sizes and types
of tubes, the otherwise desirable short leads usually found in
high frequency, high powered equipment were somewhat
compromised. For example, a coaxial arrangement of fila-
ment and grid circuits was considered but abandoned due
to the difficulties in changing tubes as well as adapting to
various types of tubes. The various leads connecting the
tubes to the circuits were made as wide as possible in order
to reduce the difficulties inherent with this compromise. To
permit rolling the dollies in and out, 180 degrees of the
horizontal space around the tubes had to be left clear and
was not available for circuitry. The side closest to the con-
trol panel also had to be kept relatively free of large circuit
components in order to provide an unobstructed view of the
tube from the operator’s position.

To provide maximum decoupling between the driver
circuit and the neutralizing circuil, in addition to the me-
chanical considerations mentioned above, the driver circuit
was placed on the far side of the tube-under-test compart-
ment {rom the control console. This placed the neutralizing

CATHODE PRESS



circuit, inherently smaller than the driver, near the opera-
tor’s viewing window, but to the operator’s left, i.e. to the
rear of the tube-under-test compartment (see Figure 4). The
main tank and load circuits were placed between the neu-
tralizing circuit and the driver circuit and to the rear of the
tube under test. Necessary shields were included to isolate
the circuits from each other.

A coil type neutralizing circuit was chosen because of its
simplicity as well as its relatively lower voltage requirements
for the tank capacitor components. This places a parallel
resonant circuit between the plate and grid of the tube so
that there is a high resistive impedance between these two
elements rather than the usual low capacitive impedance. 1t
was found that this choice was adequate inasmuch as it is
possible to reduce the drive voltage to zero, once the circuit
is properly neutralized and under Class C conditions for
many tube types and plate voltages.

The tank circuit utilizes a water-cooled inductance and a
variable vacuum condenser which is also water-cooled.
Another water-cooled variable vacuum condenser is used in
the load circuit. The coupling capacity between the two
circuits is not directly water-cooled (its mounting connectors
are) nor adjustable under power, although it is a variable
vacuum condenser.

Water Load

In achieving the specified capability of dissipating 800
kilowatts continuously, two loads were constructed. These
were the same type as have been used for many vears for
calorimetrically measuring the power output of dielectric
heaters. These loads are simple devices wherein the water
itself conducts the rf current. Fach load consists of a metal
tank through which water is circulated, and these tanks are
connected in series. Inasmuch as the tanks are near ground
potential only short hose connections and metal pipes are
required. The water load includes an electrode which is im-
mersed in the tank water and is insulated from the tank itself.
The inner electrode is connected to the hot terminal of the
generator and conducts the current to the water. The flow
rate and temperature rise of the water as it passes through
the load are measured and calculations made to indicate the
power output. It is usnal to run the water flow at a con-
venient rate so that a full integral number of kilowatts per
degree temperature rise is obtained. Then multiplying the
temperature rise by the integral number gives the power
output without the need of slide rule calculations.

The water load is made part of a parallel resonant circuit
which is capacitively coupled to the main amplifier tank
circuit. The load circuit is not normally tuned to exact
resonance and the tuning adjustment is used to determine
the amount of load placed on the amplifier. This does not
unduly detune the amplifier, although it is necessary to
maintain surveillance on the amplifier tuning as the load
adjustment is made. The tuning and the load control switches

VOL. 20, NO. 1, 1963

are located close enough 1o each other so that the operator
needs only one hand to make both adjustments. Using this
load circuit arrangement it has been possible to adjust the
load from that required by the largest tube operating at
high current and low voltage to that needed by the smallest
tube at a fraction of its normal capabilities.

Cooling

For proper measurement of air flow to the air cooled
tubes, and particularly for calibration of these measure-
ments, it was desirable to have a long air duct between the
blower and the tube under test so that the air flow would
be laminar and stable at the point of measurement. This
made it logical to have the cooling section as the rearmost
compartment of the entire equipment. The cooling section,
in addition to the large blower for air cooled versions of the
tubes, contains another blower for moving air through the
various cabinets for general cooling. Filters and a damper-
ing system automatically filter and mix outdoor air with the
returning air from the equipment to keep the interior at the
desired temperature at all seasons of the vear.

The cooling compartment also contains 3 water pumps,
one for the tube under test and rectifier tubes, one for the
water load, and one for the ignitron contactor. The ignitron
contactor has its own cooling system to maintain the ignitron
cathodes al the proper temperature under all conditions,
independent of the load on the rest of the cooling system.
Ordinary city water is used for cooling the tubes directly.
No distilled water is used in the water cooling systems. City
water is recirculated throughout the equipment with enough
cool water being taken into the system to keep the average
temperature of the water at a safe value. Automatic tem-
perature control valves are used for this purpose.

The load resistor for the main rf bias supply, which also
acts as the grid leak for the tube under test, is located in
the return air duct just above the main cabinet cooling
blower. This eliminates considerable heat from the rest of
the equipment inasmuch as the air is discharged over the
erid leak resistors. The mechanical magnetic contactor, in-
cluded in the circuit in addition to the ignitron contactor, is
also located in the cooling section compartment.

In both the rectifier and the tube-under-test cooling
system, electrolytic targets were placed at strategic points to
avoid electrolysis of the metal portions of tube sockets. In
the case of the tube under test, the electrolytic target is at
the dc potential of the anode of the tube under test, but a
silicone flexible hose was placed between the electrolytic
target and the actual tube under test. This flexible hose
handles the major portion of the rf voltage drop so that
only a small portion of the high frequency anode voltage is
placed on the plastic piping.

Rectifier and Ignitron Compartment

The intervening space between the cooling compartment
and the tube-under-test compartment is used for the main
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high voliage rectifier and its associated flter, the ignitron
contactor, and crowbar (Figure 9). Access to these sections
is through full height doors on either side of the unit, with
large glass windows for permitting visual inspection of the
interiors during operation. The rectifier circuit utilizes six
high vacuum type rectifiers in a three phase series type of
circuit. Other than the use of rigid plastic piping in the
cooling hose reels, the use of high vacuum rectifier tubes,
and the necessily of increasing the size of the plate trans-
formers for reasons described below, this circuit is quite
standard. A small filter is included to smooth the ripple
inherent in rectified dc to a sufficiently low value for test
purposes.

The other power supplies for the entire equipment are
rather straight-forward. All amplifier tubes have fixed bias
supplies so that the entire equipment can be keyed as in a
telegraph transmitter. This was actually done at low power
levels as a test of equipment stability. The high voltage
which, as previously mentioned, uses high-vacuum tubes
necessitated by the high voltages which were called for, also
includes an ignitron contactor, the reasons for which are
described below.

Outdoor Components

The very heavy components such as the main plate trans-
formers, the induction regulator, the series line chokes, etec.,
were specified so they could be placed in an unheated build-
ing. The transformers and line chokes have heen placed in
a specially constructed steel house to provide shielding which

prevents radio frequency interference. The induction regu-
lator for controlling the plate voltage from zero to 30,000
was placed out of doors. These items were located some 300
feet away from the main test set where space was available.

X-Ray Protection

In general, the equipment has a steel framework covered
with 14” steel panels. Where radio {requency interference
problems required good conductivity between sheets of
melal, an aluminum liner was used. The steel, in addition
to providing necessary structural strength and mechanical
protection, also provided very adequale protection against X-
radiation which comes from vacuum tuhes when operated at
voltages in excess of 20,000 volts. At 30 kilovolts, the highest
required voltage, X-rays are of the soft variety that do not
have great penetrating power. However, they are dangerous
if allowed to escape into the areas containing personnel.
Where windows in the steel cabinet structure were required,
leaded glass was installed to complete the X-radiation pro-
tection. These precautions reduced the X-radiation to an
almost immeasurable level when the doors were closed (very
much less than 0.1 milliroentgen per hour). However, with
the doors open the radiation was measured to be 115 milli-
roentgens per hour with the tube operating at 30 kVde. The
radio frequency shielding was ako checked and was found
to be good while the equipment was at the Votator plant.
Preliminary checks made at the final installation site indi-
cate the radio frequency radiation is well within the require-
ments of the Federal Communications Commission.

Figure 9 — lgnition compartment. Carl Ellsworth, Votator
Division, is shown making an electrica! check.
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Interesting Problems

In addition to the interesting problems connected with
the design of the tube-under-test compartment there were
other unusual problems encountered. These were largely due
to the high power requirements of the equipment and are
generally electrical in nature.

Power Line Protection

For example, the utility company that was to supply
power for operating this equipment was concerned abumt
the high number of short circuits that could he experi-
enced by the power line. In the development of new tube
types it is essential that a reliable maximum voltage rating
be determined. In making such an evaluation it is necessary
to check tube arcing vs. dec plate voltage and power output
on a number of tubes. To make a satisfactory analysis, the
tubes must be run considerably in excess of the ratings
that are ultimately given on the technical data sheet for
the tube type. During such experimental work the tube will
be subjected to many internal flash arcs. During the routine

“seasoning”

portion of production tube tesling, plate volt-
ages are also higher than those given in the published ratings,
and the tubes will be subjected to internal arcs. These arcs
place a short circuit across the high voltage dc power sup-
ply and permit a large amount of energy to be discharged
into the tube under test. To limit the amount of energy a
crowhar device was included. It places a second and lower
impedance short circuit on the output lerminals of the dc
supply, thus short circuiting the currents which may flow in
the internal arc of the tube under test. In order to limit the
amount of damage to the tube under test, Machlett requested
that the crowbar device operate in approximately 10 micro-
seconds and not damage a small thin section of aluminum
foil placed between the high voltage dc bus and ground.
Such a erowhar device was successfully constructed.

When the utility company learned that such a device
would be installed thev questioned their ability to allow this
equipment to he connected to their power lines. As originally
conceived, with normal reactance in the magnetic com-
ponents of the power supply it would not he unusual for a
12.000 kVA fault to Le applied to the incoming power lines,
and under some conditions, it could he even higher. This
much of a suddenly applied (or suddenly removed) load
on the incoming system would cause a serious voltage dip
each time the short circuit was applied. These voltage dips
would cause flickering lights and television picture diffi-
culties in nearby residential areas and possible drop-out of
contactors and circuit hreakers with the associated equip-
ment or plant shut-downs in nearby indusirial plants. Any
power system is subiject to currents of this magnitude once
in a while, but 2,000 of them per week were considered un-
hearahle. The utility company requested that the suddenly
applied or removed load be no more than the full load kVA
of the equipment. This permitted no increase in load current
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under many short circuit conditions. Of course this request
was technically unfeasible.

Three steps obviated this problem. First, negotiation with
the utility company produced a tentative agreement which
raised the limit of suddenly applied or dropped load to
5,000 kVA. Second, sulficient reactance was included in the
various transformers and line reactors in the incoming line
so that the short circuit kVA would be limited to the 5,000
value. The line reactors were located alongside the high
voltage transformers in the outdoor shielded enclosure.
Third, a high speed contactor was included that removes
the short circuit from the utility line in about one-half cycle.
This was accomplished through use of an ignitron contactor
system which was triggered to operate or open the circuit
at the same time the crowhar was triggered to place a short
circuit across the high voltage bus. Thus the crowbar re-
moves the voltage from the tube under test in approxi-
mately 10 microseconds and the ignitron contactor removes
the short circuit from the power lines in less than 10 milli-
seconds (about one-half cycle). This high speed removal of
the short from the power line is too fast for visual observa-
tion of flicker even in fluorescent lights and is much faster
than magnetic devices such as contactors and relays. In the
several weeks of operation of the equipment during initial
tests and operation no complaints have been received al-
though it is known that the crowbar and ignitron contactor
have hoth functioned several thousand times.

High Voltage Transformers

The inclusion of the high reactance in the power system
feeding the equipment caused unexpeclted difficulty in speci-
fying the size of the high voltage transformer. In normal
power supply design, even in those for as large as 300
kilowatts output, the reactance of the supply line is usually
found to he sufficiently low that an increase of 5% in trans-
former voltage and kVA above the dc requirements is
sufficient. However, in the power supply for the 1.2 mega-
watt tube tester, where the large amount of current limita-
tion had to be included for the reasons described above, the
kVA rating of the plate transformer had to be increased
from 1.2 to 1.7 MVA, an increase of 429 inslead of the
usual 5% comnonly allowed. Resulting voltage regulation
problems were casily taken care of hy an induction regulator
already specified (or the equipment.

The increase in kVA of the plate transformer bank was
required Dy the fact that inductance tends to cause current
to flow even after the voltage which originally caused the
current has reached zero. This creates an overlap of current
conduction between the various tubes in the rectifier such
that for short intervals of time two phases are “short cir-
cuited” during each cycle. The result is an increase in
voltage drop in the reactance of the line feeding the rectifier
bank, called the commutation reactance, and requires a
higher voltage from the high voltage transformer to com-
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Figure 10— Power supply transformers and line chokes, shown
here, for 1.2 MW test unit are located in a steel house to pre-
vent rf interference.

pensale for the additional drop. The current rating of the
transformer remains constant although the kVA rating is
raised by the additional voltage requirement.

Credits

As in any project of this nalure, the successful conclusion
has been the result of cooperative effort not only hetween
Machlett and Votator but also between the individual engi-
neers immediately involved. During the construclion phases,
where engineering information was not complete, close co-
operation of the manufacturing facility with the designing
facility was required. Such cooperation was given by all
concerned with this project. Some of the people carrying
the largest share of the burden include R. C. Black of
Machlett Laboratories who was advised by Dan Kudola and
C. V. Weden (now Project Engineer, Power Grid Tube
Laboratory at Eitel- McCullough) of the Machlett engineer-
ing staff. For the Votator Division Carl E. Ellsworth was
assigned the job as his major effort and followed the job
from start to finish. He was assisted in various stages by
Richard R. Moore and Willard H. Hickok of the Votator
engineering staff, plus Rufus E. Smith and James E. Mar-
shall of the Votator manufacturing stafl. To these men goes
a lion’s share of the credit for the success of the project.
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Supplementary
Advantages
o
Vapor Cooling:

Recovery of Heat

About half of the input power into a broadcast transmitier
of high efficiency has to be removed as heat from the anodes
of the power tubes in the final stages. In air cooled and also
in water cooled tubes this power is lost. In water cooled
tubes, for example, the temperature of the outgoing water
is 100 low to be of any use. In vapor cooled tubes the same
amount of heat has to be removed ; however it is in the form
of steam, which is directed into a heat exchanger. It now
becomes feasible and rather simple, using a water cooled
heat-exchanger, to bring the waler in a secondary circuit to
about 95°C, and use the water for central heating of the
broadecast station and adjoining staff homes. Very hot water
lends itsell well to heat storage; thus, in many installations
a hot water storage tank is provided, and at nighttime, when
the transmilter might be shut down, central heating may be
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Cooling of high power electron tubes by the vapor cooling
process has been in existence for more than 10 years in
Europe, and has during the last few years found interest
and application in this country also. The first major installa-
tion in America using this highly efficient method was the
250kW Voice of America transmilter, constructed in Green-
ville, N. C. by the General Electric Company'. Each trans-
mitter employs five Machlett ML-7482 vapor cooled tubes
(Figure 1), two in the final amplifier, one in the inter-
mediate power amplifier and two in the modulator. All tubes
operate into one common cooling system.

Efficient cooling of high power tubes by ebullition of
water or other liquids (with subsequent high anode dissipa-
tion levels) was developed in France by the Compagnie
Frangaise Thomson-Houston. The first commercial applica-
tion was constructed and put in operation in 1950. Since
then more than 100 broadcasting stations and more than
300 installations for industrial purposes, including rf heat-
ing, have been put into operation in Europe, Africa and
America. Other European tube and equipment manufac-
turers have followed the lead of CFT-H and now almost all
transmillers above 100 kilowatts output are being designed
for vapor cooling of the modulator and power output stages.

The theory of operation has been discussed in several
papers, as noted in Reference 1. Here we are interested in
discussing the supplementary advantages vapor cooling can
provide, which are:

* Hot water near the boiling point (95°C).
* Distilled water.

Space Heating and Distilled Water Production

By HELMUT LANGER, Development Engineer, The Machlett Laboratories, Inc.

accomplished utilizing the stored hot water from the day-
lime operation.

When heat recovery is desired, the vapor cooling installa-
tion requires a water cooled heat exchanger ahead of the
air cooled heat exchanger, see Figure 2. It is furthermore
necessary to provide a thermostat, which controls the water
flow to the cooling circuit of the heat exchanger in order
to obtain a consltant water outlet temperature of approxi-
mately 95°C, independent of changes in the rate of plate
dissipation of the power tubes. In a 100kW broadecast trans-
mitter, with water entering the system at 20°C and leaving
the heat exchanger at 95°C, about 180 gallons of hot water
per hour will be obtained at no cost to the user. The heat
oblained from the power tube is, therefore, about 800 Kilo
Calories per kilowatt-hour. Reference 2, (Figure 3), de-
scribes hot water volume vs. anode dissipation for different
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output water lemperatures in the secondary circuit.

Lf the available steam is not completely condensed in the
water heater exchanger, then a portion will go to the air-heal
exchanger; this heat is then dissipated in the air. It must be
determined in each instance whether the heat exchanger
should be convection or forced-air-cooled. Of course, when
no heat recovery is needed, an air-heat exchanger only will
be required and the heat dissipated may be released into
the outside air.

Heat recovery and subsequent use for space heating and
local hot water needs is certainly not limited to broadcasting
installations, but will also be of value in the field of indus-
trial rf-heating where high power levels are involved, e.g.
induction melting of steel, tin re-flow, rayon drying, and
many more. When planning a new installation using the
vapor cooling process or changing to it from another cooling
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AIR HEAT EXCHANGER

ELECTRO VALVE
WATER HEAT EXCHANGER
| | TO HEATING SYSTEM
P
HOT WATER
OUTLET
~— THERMOSTAT
o
INSULATING PIPE
\»\ /
[T j ELECTRICAL - TUBE
\ CONTROLS
U |
BOILER
Y/ COLD WATER INLET =2 /
12"MIN.
1l o | I | . L — _WATER LEVEL

Figure 1 (below) — ML-7482 Vapor-Cooled Ceramic Triode.
Note anode ribs or protrusions which promote efficient vapori-

zation of water in boiler.
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LEVEL CONTROL

I

INSULATED WATER INTAKE

Figure 2 (above) — Diagram illustrates use of vapor cooling
to provide hot water for heating of buildings and domestic
purposes.

method, the advantages noted should he considered. It is
certainly rather simple to utilize heat recoverv and direcl
the available hot water into an existing heating system. If,
for example, an oil-fired hot water system is used in the
building, the oil-ired [urnace may be treated as a supple-
mentary device, only to be used when the vapor-cooled tubes
are nol in operation.

Production of Distilled Water

By tapping the outlet of a heat exchanger, a large fraction
of the distilled water may be drawn off and utilized for
industrial purposes. Compensation for waler removal must
then be made by feeding raw waler into the vapor cooling
boiler. A 1ypical installation diagram is shown in Figure 4.
The basic vapor cooling system remains unchanged; how-
ever, the hoiler is equipped with an additional, insulated,
raw water intake and a lower outlet for draining silt. Raw
water has to be soltened belore il enters the boiler, and the
raw water llow regulated in order to maintain a constant
waler level in the complele system. The distilled water may
be stored in a waler storage tank, (al time of removal {from
the heat exchanger the water will be very near the boiling
point).
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HEAT EXCHANGER

SIE

DISTILLED WATER

STORAGE TANKXT J ‘—?

DISTILLED WATER OUTLET

Figure 3 (above) — Diagram illustrates use of vapor cooling
in production of distilled water.

Production of distilled water can be regulated rather
simply by unse of a water level control in the storage tank,
which would act to stop entry of distilled water into the
tank when a certain water level is reached. An eflicient,
safely operating, distilled water supply system, and one
which will not interrupt a basic vapor cooling system, may
be readily designed by any competent heating engineer.

Conclusion

[t has heen shown that the vapor cooling process of large
power tubes in broadeasting and in industrial heating appli-
cation may, without much extra cost, supply hot water for
heating and local uses and also make available large quan-
tities of distilled water, which may he of advantage in certain
industrial operations. (Several hundred liters of distilled
water may be obtained daily from a tube of medium power
output.)
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Ediior’s Note:
f ACF radar beacons utilizing Machlett planar triodes have
been incorporated in spacecraft used in the NASA Project
: Mercury. The ACF beacons, themselves, are part of a com-
| munications sub-system supplied by Collins Radio Company
to the McDonnell Aircraft Corporation.

Machlett planar triodes, extensively used in radar beacon
equipment used by commercial airlines and others, have
been chosen for their long term reliubility and for the ex-
cellent electron emission density provided by the tube’s
cathodes. A radar beacon is primarily a radar “responder”
being actuated by a coded radar beam sending to ground
units an identifying signal. These signals are monitored and
tracked on the radar screen. It has been through the use of
these beacons that the Mercury capsules have been tracked
in orbit and pinpointed after descent.

Two beacons, for example, were aboard the Sigma 7
capsule.

Radar Beacon ..

ASTRONAUT

C BAND BEACON

S BAND BEACON

Mercury capsule employing ACF radar beacons in which Mercury capsule showing location of radar beacons.
Machlett planar triodes were used.
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The First C-Band Pulsed 1kW Oscillator

I ntroduction

The recent marketing of a Radar Beacon, employing a
C-Band pulsed 1 kW oscillator, by The ACF Electronics
Division, Paramus, New Jersey, is of particular interest. For
the first time a planar triode, ML-6771, has been used in
this service and in this frequency range.

Planar Tube Experience in S-Band

ACF Electronics Division, Paramus (one of three plants
of the Division) is principally involved in production and
development of light-weight equipment for aircralt, missile
or submarine use for information, detection, transmission
processing or display. As an important part of this activity,
ACF has developed long-range radar beacons for missile
and space application. These beacons provide pulsed out-
put signals used for missile or space vehicle tracking,
identification or pulse-coded signaling. Radar heacons must
be light, fault-free in performance and capable of prolonged
periods of operation in environmental extremes.

In their development and application of the Type 149-S
S-Band beacon (1.5 kW pulsed power) ACI' has employed
the ML-471. Through the use of this tube, and because of
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reliable, long-life performance, ACF became interested in
the possibility of using a Machlett triode as a magnetron re-
placement in their C-Band equipment, used in almost every
major missile program.

Highest Reliability Required

Highly important space application, including the Mer-
cury program, dictated the need for the utmost equipment
reliability, especially with regard to transmitter and oscil-
lator tube performance. By establishing special test criteria
(developed in conjunction with Machlett engineering per-
sonnel) to match the tube to the cavity (Figure 3) it was
found that the required performance standards could be
obtained. Out of this arrangement the ML-471 was de-
veloped. Shock tests, to 100g for 5 milliseconds, have further
demonstrated the ruggedness of the tube-cavity combination.

Of convincing interest was the long life experience pro-
vided by ML-471. Because of the excellent cathode emission,
filament heater power was safely and satisfactorily reduced.
An operating filament voltage of 5.9 == .2 is now employed
by the S-Band Radar Beacons (C-Band Beacons also use

17



Figure 1 — Radar Beacon, Type 149, manufactured by ACF
Electronics Division. This beacon used in S- (Type 149-S) or
C-Band (Type 149-C) is employed in almost every major missile
program. Transmitting tubes in all S-Band and some C-Band
beacons are Machlett planar triodes.

Figure 2 — Machlett ML-471, planar triode, achieves life in-
crease of 509, or more, operating at an Ef of 5.9 + .2 volts
in Type 149-S Beacon employing the ACF Model 331 cavity.
Excellent cathode activity permits pulsed power emission of
11 amps cm2.
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Figure 3 — ACF Cavity, Model Number 331, S-Band Triode
Pulsed Oscillator Cavity:

Frequency Range .................... 2800 - 3000 mc

Peak Power Qutput .................. 1.5 kw min.

Pulse Drive .............................. 2.4 kv @ 2.2 amps nominal
Filament ... ... 6.3 v @ 0.9 amps nominal
Duty ... 0.001 max.

Pulse Width ... ... 2 psec max.

SiZe W .. 2 e e o 2 s 3 Approx. 514" Long, 114" Dia.

excluding connectors

5.9 == .2 volts). This filament voltage reduction has effected
a life increase of approximately 509% or more.

Life/power tests performed at ACF and at Machlett have
shown a consisient power level range (1.2 to 1.5 kW pulsed
output) over the period of the test, 700 hours and 500 hours,
respectively. In both instances the tube was operating satis-
factorily at the conclusion of the test period. It is of interest
to note that the ACF test was made with 6.3 v on the fila-
ment, the Machlett test with 6.0 v Ef, a comparison which
provides good evidence of the tube’s ability o operate under
varied conditions: Ilield experience, over fifty flights in
orbited satellites, has amply re-inforced test conclusions, and
has conclusively demonstrated that the tube can perform
well and long at lowered Ef.

Planar Triode in C-Band Beacons

The use of a planar triode in pulsed C-Band beacon
equipment by ACF marks a positive advance in this field.
Severe environmental conditions, associated with the use of
the beacon, favor the use of planar triodes. There are, for
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Figure 4 — ACF Cavity, Model Number 350, C-Band Triode
Pulsed Oscillator Cavity:

Frequency ... 5400 - 5900 mc

Peak Power Output . ... 1.0 kw (500 mc tuning range)
Duty Cycle ... 0.002 max.

Pulse Width ............. ... 0.4 to 1.20 microsec.

Peak Anode Voltage ...............2.5 kv

Peak Anode Current e 2.5 amp (nom.)
Vibration .. ... .. 10 g 20 - 2000 cps
SiZe .. 334" Long x 114" Dia.

example, no parts external lo the tube which could be dis-
placed to affect tuning. Further, the planar triode is less
sensitive to voltage fluctuations and offers an economic
advantage measured by a factor of four or more. Regarding
comparison of sizes, the tube plus cavily is only a very
slight amount larger than a magneltron of equivalent fre-
quency range. All that was needed for the beacon was the
right tube. Since the adoption of the ML-6771 by ACF for
their C-Band Beacon, these desirable performance and eco-
nomic parameters have been successfully incorporated in
their equipments.

Fmploving a plate-pulsed oscillator, ACF’s C-Band long
range radar beacon is tunable throughout a 500 megacycle
range [rom 5400 to 5900 mc. Nominal peak power of the
transmitter is 1.5 kW (200 mc tuning range), available at a
0.001 duty, .4 to 1.0 usec pulse width. (For lightness and
compactness ancillary circuitry of the heacon is transistor-
ized.) High reliability — in addition to that inherent in the
tube — and sustained peak power performance is achieved
Ly ACF by an exac! mating of the tube to the cavity (Fig-
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Figure 5 — Machlett ML-6771 — First Triode used in C-Band
equipment. ML-6771 and its associated cavity, ACF Model 350,
have successfully operated under tests to 30 g from 20 to
2000 cps.

ure 4) . Unusual siructural reliability, {or a tube of the 6771
type, is evidenced by the successful shock and vibration
test, wherein the ML-6771 and its associated cavity, oper-
ated withoul detriment to performance at 30 g, from 20 to
2000 cps, on six different planes. The ability of the ML-6771
to operate under these conditions, hitherto prohibitively diffi-
cult, resulis from the tube’s excellent mechanical structure
and precise assembly as well as its high cathode activity and
stability. Fven under high veliage, high altitude conditions,
the ML-6771 cathode (as well as that of the ML-471) shows
no tendency to deposit cathode oxides on the grid assembly.
Further evidence of cathode performance is found in the
ability of the tube lo operate at reduced EFf.

Reliabilitv under eritical conditions is a mark of Machlett
products. With the assignment of the ML-6771 and ML-471
to ACY radar beacon equipment, demonstration of this fact
is once again provided.
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Editor’s Note:

Machlett planar triodes have been chosen for many exact-
ing assignments in the nation’s space programs. One of the
most important of these has been the use of specially adapted
ML-6771 tubes in Mariner 11, the Venus spaceprobe. These
were the only electron tubes in the Mariner rf circuitry.
Other interesting space usage of Machlett planar triodes is
described elsewhere in this issue in an article on ACF radar
beacons.

In the S-Band transmitters of the Nimbus weather satel-
lite a frequency stable triode, ML-518 is employed for use
during the brief transmission periods made by the satellite.
The fact that the ML-518 can be brought to [requency stable
operation within an extremely short period of time elimi-
nates the need for long warm-up periods and thereby reduces
power consumption requirements. Nimbus will transmit
four[een times each twenty-four hours as it passes near
Fairbanks, Alaska on its near polar orbit; only ten of these
transmissions, however, will be within the range of the
Fairbanks ground station. A satellite design life of six
months, minimum, is expected. During this period over two
hundred and thirty thousand photographs of the earth’s
surface (including, of course, its cloud cover) will have been
transmitted to Fairbanks.

(Photograph courtesy of General Electric Company)

As the accompanying photograph (taken at General
Electric’s Missile and Space Division, Valley Forge Space
Technology Center) indicates, Nimbus will have undergone
extensive testing before it is sent aloft. Nimbus is shown
here entering MSD’s Environment Simulation Chamber.

20
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Nimhus Weather Satellite

I ntroduction

A meteorological satellite, Nimbus, scheduled for opera-
tion in late 1903, is being developed by the Goddard Space
Flight Center of NASA. General Electric Co. is fabricating
the spacecraft structure and will integrate the various sub-
systems produced by other manufacturers. Telemetry Trans-
mitters, employing the ML-518 frequency stable planar
triode, have been provided for Nimbus by General Electronic
Laboratories.

Stringent transmission requirements include a 45 second
warm-up period® for the transmitter followed by a ten
minute transmission. The Machlett triode, ML-518%* spe-
cifically designed for fast stabilization meets this difficult
operating condition satisfactorily.

*Cathode temperature stabilization for the planar triodes is reached
prior to this period.

**Frequency Stable Anode Design for Planar UHF Tubes, by Wer-
ner Brunhart, Cathode Press, Volume 18, Number 3.

VOl.. 20, NO. 1, 1963

General

Nimbus is designed primarily to maintain a continuous
watch, by vidicon cameras, of the earth’s daytime cloud
cover. (Clouds are, of course, hasic weather indicators.)
The satellite will follow a nearly circular orbit at an altitude
of 600 miles. It will he stabilized about each axis and kept
in a perpendicular orientation to the earth’s surface. A site
in Alaska will acquire and store monitored data from the
satellite and will also inject certain command functions.

The Satellite

The Nimbus Spacecraft consists of control and informa-
tion sections rigidly interconnected (see Figure 1). In op-
eration the control section, electrically powered by solar
cells, utilizes inputs from infrared scanners to establish
horizon references and thus the desired orientation of the
craft. Compressed nilrogen jets and flywheels act to stabilize
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(Diagram courtesy of the General Electric Company)

Figure 1 — Nimbus Spacecraft showing major sub-systems
and components. S-Band telemetry transmitters designed and
manufactured by the General Electronics Laboratories are
located in the lower section of the structure.

the unit and provide corrective [orces from signals generated
by the scanners through a small space-borne computer. Solar
paddle/sun orientation is derived from a sun-sensor; yaw
gyro drift is also monitored from the sun system.

The information or sensory system of the satellite consists
of over 16 different sub-svstems including:

(1) S-Band 5 watt Transmitters having a frequency

stability of .005%. (I'M transmitters emplov ML-518s in

1700 mc band to transmil to the ground station informa-

tion from the Advanced Vidicon Sub-system and the high

resolution radiometer sub-svstem.)

(2) Advanced Vidicon Sub-system (To take cloud cover

pictures; employs 3 cameras, one normal to the earth’s

surface, the others displaced to provide a slight picture

overlap; pictures from cameras are siored on 4-track

tape recorder; upon command from ground station vidi-

con information is transmitted on S-Band.)

(3) High Resolution Radiomeler Sub-system (To provide

nighttime cloud cover picture; utilizes infrared radiation

in the 3.4 to 4.2 micron region.)

Other sub-systems include those for telemetry and for
measuring infrared radiation from certain spectral bands
and earth-sun experiments to determine the role of the sun

in earth’s weather.

S-Band Telemetry Transmitter

The telemetry transmitter used in Nimbhus is a self-con-
tained unit (two are employed to provide the highest re-
liability practical) designed to operate in the 1700-1850
me/sec region. Designed primarily for use with FM sub-
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Figure 2 — The S-Band Telemetry Housing employs cast mag-
nesium fabricated in two sections. The total weight of the
transmitter is approximately 19 pounds.

Heat Sink for Q201,Q202 Pressure

Transducer
G201

MOD-
INPUT

TUNING SCREW

(slightly obscured

by cable) for
TRIPLER CAVITY tripler plate.

DOUBLER CAVITY

TUNING SCREW
for Doubler Plate

Figure 3 — Block diagram of Model 25A1 S-Band Transmitter.

carrier or sinusoidal wide-hand video, the transmitter, Gen-
eral Electronics Model 25A1, can with minor modification
transmit asymmetrical data of the PCM or PACM (Pulse
Aniplitude Code Modulated) type.

Designed for lightness and reliability, the unit is packaged

and 2A),

and employs epoxy encapsulated miniature vacuum tube cir-

in a cast magnesium two part housing (Figure 2

cuit sections and magnesium cavity castings for the final tube
seclions. A complete unit weighs approximately 19 pounds.

A block diagram showing the major sub-poriions of the
25A1 transmitter is given in Figure 3. The basic unit con-
sists of a modulated oscillator, stabilizing circuitry, multi-
plier chain and output stage as well as a power supply
together with auxiliary circuitry for moniloring transmitter
performance. Since ruggedness and frequency stability have
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Figure 2A — Model 25A1 S-Band Transmitter.

been critically important in the transmitter design, both
circuit configurations and components have been selected
with this criteria in mind. The oscillator, for example, uses
a Clapp circuit to achieve a minimum of incident frequency
modulation (such as might result from external vibration).
To further enhance stability, portions of the oscillator are
secured to the chassis by epoxy adhesives. A erystal dis-
criminator determines the average frequency of the oscil-
lator, the average center frequency devialing only slightly
(less than .005%) from the desired center frequency over
60°C range.
Following this
amplifier stage which, in turn, works into a tripler and a

two doubler stages work into a final

doubler, each employing the ML-518. Operating in a
erounded-grid mode the tripler slage utilizes a radial cavity
(Figure 4) with capacity loading to minimize volume. The
cavity operates at a one quarter wavelengtll anode; tuning
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Figure 4 — Radial cavity employed in tripler stage which uses
ML-518.
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Figure 5A — Planar Tube with Frequency Stable Anode Design
as in ML-518 and ML-7855.

Figure 6 — ML-518.
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screws vary cavity resonance by variation of end loading ca-
pacity. Power transfer from the tripler to the doubler cavity
is effected by tapping the plate line at a maximum point.

The final or doubler stage is similar, in characteristics, to
the tripler stage. The output, of approximately 6.0 watts, is
coupled to the load by means of a loop.

ML-518
The ML-518 is a UHF planar triode employing a fre-

quency slable anode, and high alumina ceramic insulation.
Designed to operate as an oscillator, amplifier and frequency
multiplier, the tube has a maximum frequency rating of
2500 Mc. Smaller in overall height than the typical Machlett
planar triode, the ML-518, which has a maximum plate
voltage of 600 v, provides a dimension “A” (bottom of
cathode connection to top of anode) of a maximum of 1.507
inches; this compares lo dimension “A” of the ML-7855 of
1.815 inches, and which has a maximum plate voltage of
1000 volts.

The frequency stable anode effectively eliminates the drift
prohlems associated with conventionallv designed tubes used
intermittently or required to perform after a 45 seconds
warm-up time following cathode temperature stabilization.
In the typical planar triode the initial thermal changes
effect a difference in grid-anode capacitance. This, in turn,
creates a frequency shift, the initial magnitude of which
may run into tens of megacycles. With the frequency stable
tube, such as the ML-518, frequency drift is small, initially,
tens of kilocycles, and stability is achieved within a few
seconds. Conventionally, frequency stability does not occur
until several minutes — perhaps 15 or more — after appli-
cation of plate voltage.

In Figure 6 a schematic view is shown of the typical re-
entrant anode design. Factors causing anode expansion,
hence those that aflect frequency shift, are the re-entrant
distance of the anode, its material and the temperature
change from the initial condition. Re-design of the anode
structure, schematically shown in Figure 6, results in a
structure whose anode is almost unaffected by thermal
changes.®

e o o

The Machlett Laboratories’ strong position in specialized
electron tube offerings is well exemplified by its UHF planar
triode group. Planar types for pulsed service, quick warm-
up, high cathode current, or for frequency stability, are now
established catalog items. In outer space, or in the inner
air space wherever communications requirements are
the most stringent and the design problems most exacting

Machlett planar triodes will be found in operation.

*Both the ML-518 and ML-7855 (operates at higher plate powers)
provide stability of operation in telemetry circuits or where voltage
fluctuation is a possibility, because of the use of light unregulated
supplies. For example, in pulse coded use differing duty cycles will
affect the power dissipated by the anode, hence the anode tempera-
ture. The frequency stable tube will not be significantly affected by
such changes.
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Pipeline and other right-of-way companies, confronted with the complex
problems of scheduling, precise timing and transmission of varieties of
essential data, turned early to the use of private microwave communications.
Utilizing circuits and components first developed during the early '40’s
various equipment manufacturers had readied reliable microwave units by
1948-1949. In 1949 the first privately owned microwave system was installed
by the Keystone Pipe Line (now the Atlantic Pipe Line) in five stations
between Philadelphia and Reading, Pennsylvania. Soon thereafter, other
pipelines became enthusiastic pioneers in this new field of electronics. Con-
tinuous growth since this time has seen the installation of nearly 30,000
miles of microwave network by over 100 individual companies.

Utilizing a two thousand megacycle system, Atlantic Pipe Line has gen-
erated hundreds of thousands of hours of tube life in a communications
system which has grown to 25 stations since 1949. In doing so it has not
only developed highly systematized and useful maintenance techniques, but
has achieved significant performance criteria through the many records it
has kept. Planar triodes are employed in Atlantic Pipe Line’s microwave rf
equipment as (requency multiplier, transmitter final output and as receiver
local oscillator tubes. Of the types used, two manufactured by The Machlett
Laboratories — MIL-2C39A and ML-3CX100A5 — have seen extensive
service. Typical field tube life, as will be noted in more detail below,
approximates two years or nearly 16,000 hours.
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Figure 1 — The Atlantic Pipe Line Company’'s Eastern Pipe
Line Division — from Pt. Breeze (Philadelphia) to Pittsburgh,
west, and Tonawanda (Buffalo) north — is linked by 830 miles
of microwave communications network.
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Figure 2 — The S. S. Atlantic Challenger, on its maiden voyage
from Venezuela, in 1962, passes under the Walt Whitman
Bridge in Philadelphia. 743 feet long, 105 feet in breadth, this
huge tanker can bring a maximum of over a million tankfuls of
gasoline to the Company’s eastern terminus.

Figure 3 — Mr. L. R. Yoder, Communicaticns Supervisor, in-
spects an ML-7289/3CX100A5 at the Company’s Broad Street
(Philadelphia) microwave station.
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S. S. ATLANTIC CHALLENGER
(the newest and largest Atlantic Refining Co. tanker)
Length Over All, 743 feet; Breadth, 105 feet; Deadweight, 48,000 tons; Maximum Cargo

Tank Capacity, 413,000 barrels (42 galions per barrel); and Speed, 17.5 knots per hour.

A Pipe Line System: Continuous Performance

The Eastern Division of the Atlantic Pipe Line Company
has a potential throughput of 5,500,000 gallons of petroleum
distillates daily. Taking ils supply [rom nearby refineries
and marine tanker terminals the Point Breeze Pump Station
in Philadelphia receives petroleum products destined for
Scranton, Pittshurgh, Buffalo and Rochester, as well as
intermediate points and interconnecting pipelines to Cleve-
land, Ohio and Syracuse, N. Y. Strategically placed pumping
stations, operating al pressures up lo 1200 lbs. per square
inch, move refined oils, gasoline and bulane over the Appa-
lachian ridges of central and northern Pennsylvania and up
into Western New York State. The daily variety of fluids in
the line normally consists of furnace oil, kerosene and vari-
ous grades of gasoline from a number of shippers. A typical
day in the Eastern Division will find as many as 20 separate
hatches of different products in the line, and an average of
30 deliveries to the 63 delivery points along the system.

To avoid the unhappy result of providing a shipper with
several thousand gallons of fuel oil when his needs called
for high test gasoline — and even more, to provide the
shipper with all the furnace oil he needs when, for example,
sudden healing demands require it — calls for painstaking
plotiing of demand curves on hourly schedule charts of wall
sized magnitude. Operating on a three week lead time, de-
liveries are scheduled fo the five minute period.
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Communications: Reliability, Flexibility On Demand

A pipeline requires a variety of communications circuits
to meet its daily needs. Point-to-point voice circuits for dis-
patching and administralive use, remote control of mobile
radio base stalions, lelemetering and remote control of un-
attended pump stations, alarm and signal systems all go to
make up the complex of communications. Rapid pipeline
response under critical conditions requires not only rapid
communications (as nearly instantaneous as possible) but
also the highest order of reliability.

The typical Atlantic PTM microwave equipment provides
up lo 45 audio channels of 3.5 Kc each. Each voice signal
modulates the lime of occurrence of a video pulse. These
pulses, in turn, amplitude modulate a 1900 Mc transmitter
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Figure 4 — Pumping station at Caledonia, New York, at the
junction in the line between Tonawanda and Rochester.

having output rf power of up to forty-five watls peak.
Without the continued, effective functioning of these micro-
wave units, Atlantic Pipe Line could not, except with ex-
treme difficulty, operate properly. Reliable communications
require a continuous maintenance surveillance — preventive
medicine, so to speak — to keep the system in top operaling
condition.

Atlantic must keep in peak operating trim 25 microwave
transmitting-receiving stations located at 20 to 50 mile in-
tervals. All are unattended. All of them, of course, require
towers (up to 200 feet) and feed lines of varied length.
Almost all have standby generators for power fault condi-
tions. System maintenance, including the maintenance of
associated lone, control, telemetering, telephone units, etc., is
obviously no simple task. It requires its own precise schedul-
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Figure 5 — Valley Forge Microwave Station, unattended opera-
tion here is typical of the Company’s many installations.

ing and planning. Basic to the maintenance program is the
prevention of system oulages by the elimination of tube diffi-
culties. Three important factors are operative here: (1) The
“pre-signalling” provided by the microwave rf planar triode
(2) The extensive records and tube history kept by Atlantic
(3) The purchase of the most reliable available electron
tubes.

The typical planar tube complement in Atlantic’s micro-
wave transmitlers consists of three tubes in a multiplier
chain (450 Mc, 960 Mc and 1900 Mc) and a final tube at
carrier frequency. A planar tube is also used as a local
oscillator in the receiver. Since cathode heating power is
the single most important factor in planar tube operation,
insofar as long life is concerned, precise attention was paid
to this matter by the equipment designer, ITT Kellogg. At
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Figure 6 — ML-7289/3CX100A5.

the low end and middle of the multiplier chain 5.5v is
maintained at the heater terminal; at the high end 5.3v is
maintained. Since thermal stability is also of great impor-
tance in the maintenance of long tube life, heater power is
never shut off except for emergency repairs. Under these
conditions, Atlantic finds that the ML-2C39A, used in the
first two stages, averages 16,000 hours and the ML-3CX-
100A5, used in the higher frequency stages, averages 13,000
hours.

Individual planar tube replacement is kept at an economi-
cal minimum, commensurate with the needs of reliability
by observing the gradual change of cathode current level.
Monthly monitoring of tubes provides this data as well as
other information. Tube breakage is almost nil. Field spares
are one tube for each four in service.
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James S. Walsh joined the Raytheon Company in 1956 and
has, since then, been active in the field of radar transmitiers.
Now a Group Leader (Transmitier Section, Range Insiru-
mentation and Surveillance Dept., Surjace Radar and Navi-
gation Operation, Equipment Division) Mr. Walsh has had
a comprehensive experience which includes work with:
hard-tube and hydrogen-thyratron circuits and components;
high-stability pulsed coherent amplifier chain transmitters;
magnetron, amplitron, klystron, triodes, tetrodes and travel-
ling wave tubes: and instrumentation for measuring time
and phase stability of high stability mti radar transmitters.
Mr. Walsh, who received his A.E.E. degree from North-
eastern Universily, was the project enginer on the NASA
Spandar Transmitter.
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SPANDAR: NASA's Long Range Tracking

Bv JAMES S. WALSH, Senior Engineer,
Equipment Division,
Raviheon Company

lnlroduclion
SPANDAR is the National Aeronautics and Space Ad-

ministration’s long range tracking radar at Wallops Station,
Wallops Island, Virginia. The SPANDAR radar system is
a successful integration of system components designed by
various equipment manufacturers and assembled (with some
equipment modifications) by NASA and Lincoln Labora-
tory engineers and scientists. The antenna, pedestal and
tower are similar to those employed in Lincoln Lahoratory’s
Millstone Hill radar; the range unit is a modified Reeves-
Verlot unit; the transmitter was designed, constructed, and
installed by the Raytheon Company to NASA specifications,
wrilten specifically for the SPANDAR system.

Long range tracking of rockets is accomplished primarily
by three means; the conventional skin tracking in which
tracking is accomplished by employing the return of a signal
reflected from the surface of the vehicle transmitted by the
ground based radar; beacon tracking in which tracking is
accomplished by employing a signal emitted from a rocket-
borne transponder, when the transponder is interrogated by
a ground based radar; and lelemetering tracking in which
tracking is accomplished by employing a telemetering signal
emitted from equipment horne by the missile. A ground
based radar transmitter is not required for the last of these
techniques.

The three techniques mentioned each have their ad-
vantages and disadvantages and are usually employed to
complement one another. The primary advantage of skin
tracking is its independence of rocket horne equipment, and
the fact, therefore, that it can provide tracking in the event
of rockel horne equipment failure.
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Radar Transmitter — Its Desion and Performance
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Figure 1 — NASA’s SPANDAR, long range tracking radar, at
Wallops Island, Virginia, employs a Raytheon designed, con-
structed and installed radar transmitter using the ML-7560 as
a modulator switch tube. Shown here are the 60-foot parabolic
antenna and 90-foot tower of the installation.

Design and Performance

Features of SPANDAR

The primary role of SPANDAR, a skin tracking radar, is
the long range tracking of rockets or other space vehicles.
The system is also equipped with instrumentation for heacon
tracking. The anlenna system includes a 60-foot diameter
parabolic dish mounted on a 90-foot tower. (Figure 1).
Acquisition is accomplished either from data supplied by a
manually operated optical tracker, or by data supplied from
other smaller, shorter range radars.

The performance of the integrated SPANDAR system has
been ouistanding. SPANDAR has provided skin tracking
ranges of approximately three times other Wallops Island
radars. Figure 2 is a plot of the track of a JAVELIN vehicle
launched from Wallops Island. SPANDAR has tracked the
fourth stage of a SCOUT rocket launched from Wallops
Island for over 1,000 nautical miles. SPANDAR also tracked
the Echo II balloon launched from Cape Canaveral to hori-
zon impact.

The SPANDAR transmitter produces five megawatls of
peak power and ten kilowaits of average power at S-Band
over the {requency range of 2700 to 2900 Mc. Some of the
more salient transmitler fealures are:

A. Broad-Banded — needs no tuning over the frequency

range of 2700 to 2900 Mc.
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Figure 2 — Plot of a track, made by SPANDAR, of the JAVELIN
vehicle.
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Figure 3 — Block diagram of SPANDAR Transmitter.

. Pulse Coding

High Frequency Stability — 1 part in 10° short term,
1 part in 10° long term.

Continuously Adjustable Output Power — from full
output to —40 db.

Continuously Adjustable Output I'requency -
2700 to 2900 Mc in 100 kc steps.

High Output Frequency Precision — Five (5) fixed

from

transmitter frequencies are provided to a precision of
one part in 107,

High Phase Stability — The pulse-to-pulse transmitier
phase stability is 0.5 degrees peak-to-peak maximum.
Fast Rise and Fall Times — The rf output pulse rise
and fall times are 50 and 100 nanoseconds respec-
tively.

- The transmitter can produce three
one-usec pulses, two two-usec pulses or one five-usec
pulse. The time between pulses can be continuously
varied between six and forty microseconds or time-
tone modulated for beacon tracking purposes.

Pulse Repetition Frequency — 200 to 400 pps.

Power Programming — The transmitter output power
can be programmed to vary inversely as the square
of the target range from full output power at a target
range of 200,000 yards, to —40 db at zero target
range to provide protection for “on-board” receiving
equipment.

. Remote Control — A remote control console is pro-

vided for complete transmitter remote control and
monitoring.

Local Oscillator — The transmitter is provided with
a highly stable local oscillator at a frequency 30 Mc

Jow - ——— JIKW — 5 MEG W 10KW o
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GECILEATOR CONSOLE HEAT EXCHANGER DEHYDRATOR 3 mlo.
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removed from the transmitter frequency for receiver
use.

M. Coherent Qutput Signal — The transmitter provides a
highly stable coherent output signal at 30 Mc for all
transmitter [requencies.

Figure 3 is a block diagram of the SPANDAR transmitter.
As shown in the block diagram, the transmitter is a Master
Oscillator-Power Amplifier type system employing three
power amplifier stages in cascade. Pulse shaping and power
programming are performed in the driver amplifier stage.

Details of the microwave system following the output of
the final amplifier have been omitted and will be described
separately.

Transmitter Design Details
Final Amplifier Stage

The final amplifier stage employs a Varian Associates
VA-839B klystron as the microwave power amplifier pulsed
by a hard tube modulator through a pulse transformer. The
modulator pulse is designed to overlap in time the rf drive
pulse for all transmitter pulse widths, thereby causing the
output rf pulse waveform to be determined by the rf driv-
ing pulse rather than the modulator video pulse. This tech-
nique simplifies the design of final amplifier modulator at
the expense, of course, of final stage efficiency. The klystron
operates at a peak voltage of 140 kv at 104 amperes. The
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Figure 4 — Simplified schematic of final modulator amplifier.
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klvstron efficiency is 349 with a power gain of approxi-
mately 35 db. Klystron heam focusing is performed by a
four-coil electromagnet supplied by four current-regulated
and individually adjustable power supplies. The klysiron
and its electromagnet are mounted on top of the modulator
oulpul pulse transformer, and the entire assembly is pack-
aged within a retraclable lead enclosure for x-ray protec-
tion. Cooling of the klystron and its electromagnet is ac-
complished along with other transmitter components by a
closed-loop cooling system (see Figure 12).

Final Amplifier Modulator

The final amplifier modulator design problem was the
most difficull encountered in the overall design of the trans-
mitter. The design was made significantly simpler, however,
by the use of a Machlett ML-7560 triode amplifier as the
switch tube. Through the use of the ML-7560 it was possible
to switch the [ull peak and average power of 15.7 megawatts
and 37 kilowalls, respectively, with a single modulator
switch tube. In fact, the modulator employing a single
ML-7560 triode is capable of producing 25% more power
than is required by the final amplifier. This feature pro-
vides both a conservalive safely margin for present final
amplifiers as well as considerable growth potential for pos-
sible future final amplifiers. Figure 4 is a simplified sche-

Figure 6 — ML-7560 in modulator cabinet; shown also is
ML-6697 switch tube.

matic of the tinal amplifier modulator showing the principal
voltages and currents of interest. The ML-7560 is operated
at 48 kVde and produces an output pulse of 45 kv at 310
amperes across lhe primary of the output pulse irans-
former. The ML-7560 is driven by a trigger driver which
provides a grid pulse of 2.2 kv positive at 205 amperes.
Figure 5 is a plot of the ML-7560 plate characteristics with
the modulator operaling point and load line included. The
ML-7560 is driven inlo saturation lo reduce the trigger
driver pulse voltage droop, ringing, and ripple being irans-
ferred to the output pulse. This technique simplifies the
design of the trigger driver and its power supply. Figure 6
is a photograph of the ML-7560 mounted in the modulator
cabinet. Also shown in the photograph is the final stage of
the trigger driver which employs a Machlett ML-6697 triode
as the switch tube. The ML-7560 is water cooled, with a
ceramic crock connected in series to provide a 30-foot
column of water for insulation purposes.

Output Pulse Transformer
I

The modulator configuration shown in Figure 4 has ad-
vantages from the point of view of modulator design, (for
example, the calliode of the ML-7560 is held at ground
polenlial, therefore permitting the trigger driver to be

Figure 7 — Simplified schematic of crowbar circuit used to
protect klystron and modulator tube.
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grounded), but, however, presents a problem from the point
of view of pulse transformer design. The modulalor con-
figuration chosen requires that the pulse transformer be
designed for 50 kVdc between primary and secondary
which requires, of course, a relatively large spacing hetween
transformer primary and secondary. This large spacing
creales a relatively high transformer leakage inductance.
The combination of this high leakage inductance and the
high energy being switched results in significant energy
being stored in the leakage inductance at the end of the
output pulse, as much as 3 joules. Since a modulator is
generally designed to gate off the switch tube abruptly, this
stored energy will produce an exiremely high voltage back-
swing al the plate of the modulator switch tube, ML-7560.
This backswing volitage is difhcult to clip by conventional
clipping diodes since the primary current flowing just before
the end of the output pulse is 340 amperes and this current
must be picked up by the clipping diode. The backswing
voltage will add to the power supply voltage causing the
plate voltage on the ML-7560 to go as high as 100 kv. This,
clearly, would be an intolerable situation. The fact that the
ML-7560 has ample reserve plate dissipation, under the
modulator operating conditions, provided the solution to
this dilemma. The ML-7560 is gated off more slowly allow-

Figure 8 — Simplified schematic of high voltage power supply.
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ing the energy stored in the leakage inductance to be dissi-
pated primarily in the ML-7560 plate. An ML-7560 plate
circuit fall time of approximately 0.5 psec is required to
accomplish this. This technique somewhat increases the
dissipation in the klystron collector due to the increased fall
time. The usual backswing related to the energy stored in
the transformer magnetizing inductance is handled by the
convenlional hackswing clipping diode. Other modulator
configurations such as grounding the pulse Iransformer
primary and “floating” the switch tube were considered, bul
discarded due to the complexities of the Irigger driver de-
sign and packaging.

Final Amplifier Trigger Driver

The final amplifier trigger driver is required to pulse the
ML-7560 grid to a positive voltage of 2200 volts peak at a
current of 205 amperes, and to overcome the negative 2500
volts bias applied to the ML-7560 grid. An oulput pulse,
therefore, of 4700 volis is required at 205 amperes or
approximately 1 megawall peak power and 2.3 kW average
power. The entire trigger driver was designed to operate
from a single high voltage power supply. A Machlett ML-
6697 was emploved in the final stage of the trigger driver
and provides the required driving pulse with ample plate
current and plate dissipation margin lo assure long tube
life and reliable operation.

Final Amplifier Bias Circuit

A single supply is provided for biasing the various slages
of trigger driver and modulator. The major problem in the
design of a bias supply is the reverse current flowing into
the supply as a result of the high grid currents being drawn
in the modulator and trigger driver grid circuits. As much
as 0.5 amperes average reverse current is produced by the
ML-7560 alone. This current, of course, varies directly as
the modulator pulse repetition frequency and the pulse
width. To provide proper regulation, the bias supply em-
ploys a “brute-force” technique, using a heavy bleeder cur-
rent to “swamp” the effects of varving grid return currents.

Modulator Faualt Protection

When voltages in the order of 50 kVdc and 140 kv
pulse are employed it should he expected that there may be
an occasional spark in the vacuum tubes such as the klystron
and switch tube. Because of the very high energy stored in
the high vollage power supply oulput capacitance for a
modulator of this tvpe, such a spark would be catastrophic
unless suitable protection circuitry is provided. Figure 7 is
a simplified schematic of a “crowbar” circuit included to
provide this protection. The circuil short circuits the output
of the power supply and discharges the power supply energy
storage capacitors in the evenl of a power supply load fault.
The crowbar reaction time is approximately two psec when
triggered from either of two fault detection circuits. The
fault detection circuits sense switch tube voltage drop and
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peak klystron current. In the event of a switch tube spark,  Figure 9 — Block diagram of transmitter exciter.
the switch tube voltage drop will decrease to nearly zero.
This action will trigger the crowbar circuit and short circuit
the power supply output voltage. Since, under these condi-
tions, the pulse transformer is between the switch tube and
the crowbar, the switch tube circuit will appear as a rela-
tively high impedance compared with the crowbar triggered
spark gap and the current will stop flowing in the switch _ .
P gap 1 P g I Figure 10 — Block diagram of coherent signal system for
tube and will be conducted to ground by the spark gap. In  gata processing equipment.
the event of a klystron arc the peak klystron current will in-
crease above its normal limit. This will also result in trigger-
ing of the crowbar and short-circuiting of the power supply -
output voltage. INPUT (omies
L ——
ML-7560 Filament Circuit
The ML-7560 employs a thoriated-tungsten filament-
cathode which draws 450 amperes of heater current. The wixen 30MC somc
presence of this relatively high heater current plus approxi- Assy A ren | RereRence
mately 550 amperes of pulse cathode current presents some I
interesting filament circuit problems. It is desirable to pro-
vide a pulse current path that creates approximately equal
pulse current in the two filament conductors. The conven- LOCAL '
] L AR OSCILLATOR IsoLATON |
tional means of accomplishing this is to ground the center INPUT t
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tap on the heater transformer secondary and hypass the two
ends of the secondary to the center tap with capacitors Lo
provide equal low impedance paths to ground for the pulse
cathode current. Since the voltage developed across these
capacitors due to the current Howing during the pulse sub-
tracts from the switch tube grid driving voltage, droop in
the output pulse voltage is created. The standard technique
to reduce this problem is to provide sulliciently large capaci-
tors to reduce this voltage build-up to some reasonable value.
With 550 amperes ol pulse cathode current, however, the
size of these capacitors hecomes loo large to be considered.
Instead of hypass capacitors, 0.45 ohm bypass resistors are
employed. Approximately 110 volis is subtracted from the
grid driving voltage as a result of pulse current. This veltage
is, however, a constant during the pulse and does not create
voltage droop in the output pulse. This technique would be
prohibitive in lerms of power loss in circuils emploving
switch tubes which consume a relativelv small amount of
heater power since approximaltely 300 watts is dissipated in
these resistors due 1o the filament voltage across them alone.
This power loss, however, represents only 5% of the heater
power of the MI-7560 and is, therefore, not significant.
Iigure 4 includes the filament circuit showing the voltage
and currents of interest. This same technique is also em-
ployed in the filament circuit of the ML-6697 in the rigger

driver.

Switch Tube Dummy Load

During the installation of a new ML-7560 into the modu-
lator it is desirable, initially, to pulse the tube into a high
impedance, low current load instead of its normal high cur-
rent load. This is because a new tube is likely to spark more
frequently at first due 1o shipping shocks and vibration. A
30,000 ohm resistive dummy load is included in the final
modulator for this purpose. During operation into the
dummy load the crowhar triggering circuit is disconnected
to allow the ML-7500 1o spark without triggering the crow-

bhar. This procedure allows the sparks to burn out at a safe
current level without damage to the ML-75060.

Final Amplifier High Voltage

Power Supply

The final amplifier high voltage power supply is designed
to deliver up to 50 kVdc at currents up 1o 1.2 amperes.
The power supply is designed to have a maximum output
ripple voltage of 0.05% and to have a maximum short cir-
cuit current of 20 amperes. The de output voltage is regu-
lated to within ==1% by an induction voltage regulator
controlling the primary vollage supplied to high voltage
power supply. The induction voltage regulator is controlled
Iy a differential circuil that senses the high voltage output
and compares il to a reference voltage which is produced by
a corona regulalor tube. Figure 8 is a simplified schematic
of the high vollage power supply.

Driver Amplifier Stage

The driver amplifier stage emplovs a Varian Associales
VA-12853 TWT as the microwave power amplifier. The
VA-128B produces 3.2 kW peak power to drive the final
amplifier, at a gain of approximately 33 dh. The VA-128B
is provided with a modulating grid and, therefore, can be
modulated with a low power, high performance modulator.
The modulator produces a 900 volts peak pulse with a rise
time of less than 50 nanoseconds and a fall time of less than
100 nanoseconds. The top of the modulator pulse voltage is
clipped to provide an extremely rectangular flat top driving
pulse to the VA-128B grid. The high voltage power supply
for the driver amplifier stage is a negative, electronically
regulated supply with an output ripple of less than 100 milli-
volts. Two variable attenuators are provided in the micro-
wave link between the driver and final amplifiers. The first
attenuator provides for adjustment of the peak rf drive
power to the final amplifier. The second performs the fune-
tion of the power programmer which varies the transmitted

Figure 11 — Block diagram of SPANDAR transmitter microwave system.
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output power from full output to —40 db.

Buffer Amplifier Stage

The buffer amplifier stage employs a Huggins PA-10A
TWT as the microwave power amplifier. The PA-10A pro-
duces 10 watts peak power to pulse the driver amplifier at
a gain of approximately 33 db. The width of the rf pulse
is designed to overlap the driver amplifier modulator pulse
width in time, thereby assuring that the VA-128B TWT has
full rf drive throughout the pulse period. The PA-10A is
provided with a modulating grid and, therefore, can be
modulated with a low power modulator.

Exciter Stage

Figure 9 is a block diagram of the transmitter exciter or
master oscillator. As shown in the block diagram five fixed
frequency precision oscillators are provided. These oscil-
lators, operating between 4.6 and 4.9 megacycles, provide
the transmitter frequency stability of 1 part in 10" short
term, 1 part in 10° long term. The outputs of the five fixed
frequency oscillators are multiplied up six times to the
vicinity of 28 Mc by five independent multipliers. Also in-
cluded as part of the exciter is a Manson Laboratory crystal
synthesizer which provides a variable [requency over the
frequency band of 27 1o 29 Mc in 1 ke steps. The output
of one of the five multipliers or the crystal synthesizer is
then selected through relays to be connected to the input of
a one-hundred times broadband multiplier. The X100 multi-
plier is divided into three stages, the last stage of which is a

X5 varactor multiplier. The output of this multiplier is, of
course, at the desired transmitter frequency between 2700
and 2900 megacycles.

Local Oscillator

The local oscillator provides an rf signal located 30 Mc
above the transmitter frequency. The local oscillator is essen-
tially identical to the transmitter exciter providing the same
frequency stability and frequency precision. A Huggins
HA-30 TWT is added to amplify the output of the local
oscillator to a power level of 100 milliwatts CW. The local
oscillator output is used in the radar receiver mixer.

A completely separate local oscillator is emploved instead
of the more conventional oscillator-mixer configuration to
avoid the problem of multiple mixer outputs heing intro-
duced into the transmitter channel and being amplified by
the hiroadband transmitter.

Coherent Output

Radar signal dala processing frequently requires the use
of an II' frequency reference signal that is phase coherent
with the transmitted rf signal and the receiver local oscilla-
tor frequency. To obtain this signal the output of the trans-
mitter exciter and local oscillator are mixed to produce a
coherent output signal at 30 Mc, as shown in block diagram
form in Figure 9. The isolators shown are employed to
prevent the transmitter [requency {rom leaking into the
local oscillator output and the local oscillator frequency from
leaking into the transmilter exciter output, and be, thereby,

Figure 12 — Block diagram of transmitter cooling system showing coolant
flow levels in various components of interest.
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amplified by the broadband transmitter power amplifiers.
Since the coherent signal is derived from the local oscillator
and exciler, it has the same frequency precision and
stability.

Microwave System

Figure 11 is a block diagram of the SPANDAR trans-
mitter microwave system. Following are brief descriptions
of some of the components included.

Arc Detector

A waveguide arc detector is provided to protect the final
amplifier klystron from damage due lo a possible waveguide
arc. The arc detector senses the light of an arc in the wave-
guide by means of a light sensitive diode. The signal pro-
duced is amplified and used to interrupt the trigger to the
driver amplifier modulator within one interpulse period.

Klystron VSWR Monitor

The klystron VSWR monitor provides continuous meas-
urement of the VSWR seen by the klystron. A second
identical monitor is included at the transmitter output to
monitor antenna VSWR. This monitor is also employed
during antenna tuning procedures.

Power Monitor

A peak and average power monitor is provided to monitor
the klystron output power. The power monitor employs a
hot-cathode vacuum microwave diode as a sensing element
and provides continnous peak and average power measure-
ment over a 40 db dynamic range in four 10 dl steps.

Waveguide Switches

Two waveguide switches are employed 1o switch among
the transmitter dummy load, the oulput to the antenna and
a tesl port to which test loads can be connected. The rf
dummy load provided is capable of operation at full trans-
mitler power.

Receiver Duplexer

A ferrite circulator is included to perform the function of
a receiver duplexer. Also included on the receiver arm of
the circulator is a receiver protector TR cell and shuiter.

Noise Figure Monitor

A noise figure monitor system is included lo provide con-
tinuous measurement of receiver noise figure.

Waveguide Pressurizer

A waveguide pressurizer-dehydrator system is emploved
to pressurize the radar waveguide syvstem with clean-dry
sulphur-hexafloride at a pressure of 35 PSIA. The system
is the heatless dryer, recirculating type manufactured by
Applied Pneumatlics.
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Cooling System

Transmitter cooling is provided by a two stage closed
loop system emploving a 50-50 water-glycol solution on the
outside of the transmitter building and distilled water on
the inside. A liquid-to-air heat exchanger outside the Iild-
ing transfers the heal from the water-to-glycol loop to the
outside air, and a liquid-to-liquid heat exchanger, inside the
building, transfers the heat from the water system lo the
water-glycol system. The cooling system is capable of dissi-
pating a maximum heat load of 75 kW at an outside air
temperature of 120°F. Figure 12 is a block diagram of the
transmiller cooling svsiem showing the coolant flow levels
in various components of interest.

Conclusion

The SPANDAR transmitter has fulfilled all of the hasic
requirements of a transmilter for a long range tracking
radar. The transmitter provides a minimum of 5 megawatis
across its operaling band and up to 7 megawatts in the
center of the band. It is completely remote controlled and
is equipped with many fault diagnostic type indicators.
During the tracking operation of the SPANDAR radar a
small control panel in the Master Radar Control console
provides the radar operator with all the necessary trans-
mitter controls, such as frequency, pulse width and oulpul
power. Frequency and pulse width are changed by a push
button control and output power by the turning of a knob.

The transmitter has been in operation at Wallops Island
for nearly one year and has logged well over 1000 hours of
operation. Although there have been some minor difficulties
during the first year’s operation, the lransmitter has never
failed during the tracking of a vehicle.

The same klystron and ML-7560 swilch tube are in opera-
tion thal were in operation when the equipment was accepted
by NASA. The ML-7560 has actually improved performance
with age. The number of transmitter “kick-outs” due to
sparking of the ML-7560 has decreased with time. The
problem of possible sparking of the switch tube or klystron
caused some concern during the design of the transmitler,
particularly if such a spark were to ocenr during a tracking
operation. A [asl acling automatic fault clearing circuit was
designed 1o reduce this problem. The fanlt elearing circuit
automatically restores the transmitter to full power output
in the event of such a spark during a rocket flight. Restora-
tion of power is complete within 2 seconds after the fault.
Testing of this circuit performance has indicated that the
radar operator can harely discern that a fault has occurred
during the track. Also included is a “flight short” swilch
which disables all non-eritical transmitter interlocks lo as-
sure that the transmitter is not shut down during a tracking
operation due lo a minor failure such as a door interlock.

In conclusion, the transmitter has provided NASA’s
Wallops Station the power, performance and reliabilily re-
quired for a long-range tracking radar.
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ML-7480

General purpose, vapor-
cooled triode for

50 - 75 kW service to 30 Mc

For industrial heating and AM broad-
cast applications, the ML-7480 is
designed for use as an rf power am-
plifier and oscillator. Features include:
a unique vapor-cooled anode design
capable of dissipating 80 kW; a sturdy
self-supporting, stress-Iree, thoriated-
tungsten flament; and ceramic en-
velope, coaxial terminal structure.

Maximum Ratings as RF
Power Amplifier and Oscillator
Class C Telegraphy

DC Plate Voltage 16000 v

DC Grid Voltage ~-3200 v
DC Plate Current 11 amps
DC Grid Current 2.0 amps
Plate Input 140 kW

Typical Operation

DC Plate Voliage 15000 v
DC Grid Voltage —1600 v
DC Plate Current 7.0 amps
Driving Power,

Approx. 0.60 kW
Power Output 80 kW

New Machlett Developments

With this issue, CATHODE PRESS introduces a new section which will re-
port, in brief, the latest Machlett electron tube designs and improvements.

ML-8317
General purpose, lorced-
air-cooled triode for
100 kW service to 30 Me¢

and pulsed applications

Designed primarily for high power,
shortwave communications, the ML
8317 is capable of more than 100 kW
carrier output in a plate-modulated
amplifier. In SSB service, it is capable
of 100 kW peak envelope power out-
put under two-tone modulation, ard
more than 500 kW PEP under 16-tone
conditions. In pulse service it is capa-
ble of 15 Mw typical outpul power.
Fmploys high-efficiency radial-fin
anode cooler.

Maximum Ratings RIY
Power Amplifier and Oscillator

DC Plate Voliage 20000 v
DC Plate Current 20 amps
Plate Input 250 kW
Plate Dissipation 60 kW

Maximum Ratings Pulse Modulator
or Pulse Amplifier

DC Plate Voltage 50 kv
Peak Plate Voliage 35 kv
Pulse Cathode Current 550 amps
Plate Dissipation 60 kW

DP-18

High power triode
for pulse service to 27 Mw

Designed to operale primarily as a
switch tube in hard-iube modulators

- for radar and similar applications.
Emplovs ceramic envelope, thoriated-

tungsten cathode, and forced-oil-cooled
anode.

Maximum Ratings Pulse Modulator
or Pulse Amplifier

Peak Plate Voltage 180 kv
Cathode Current 225 amps
Plate Dissipation 20 kW

Typical Operation
DC Plate Voltage 170 kv

DC Grid Voltage —150 v
Pulse Positive Grid

Voltage 1300 v
Pulse Plate Current 135 amp
Pulse Grid Current 55 amp
Pulse Driving Power 100 kW
Pulse Power Output 20 Mw

Pulse Output Voltage 150 kv
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ML-8403

UHF planar triode provides
frequency stable capability
and high cathode current
service to 3 Ge

ML-8403 is a ruggedized, high-cath-
ode-current, [requency-stahle anode,
high-mu planar triode. It emplays
ceramic-to-metal construction, and is
designed for use as a grid-pulsed,
plate-pulsed, or CW oscillator, fre-
quency multiplier, or amplifier in
radio Iransmitting service from low
frequency to 3 Ge.

Maximum Ratings

CW Oscillator and Amplifier

DC Plate Voliage 2000 Vdc

DC Grid Voltage —150 Vde

Plate Dissipation
(forced-air-cooling) 100 W

Maximum Rating
Plate-Pulsed Oscillator
and Amplifier

Peak Plate Pulse

Supply Voliage 3500 v

Maximum Ratings
Grid-Pulsed Oscillator
and Amplifier

Pulse Length 6 usec
Duty Factor 0.0033
DC Plate Voltage 2000 Vdc
Peak Plate Current

from dc Supply 5.0 a

ML-7351A

Highest sensitivity,
tipless vidicon
for low light level or
slow-scan applications

ML-7351A is a tipless vidicon designed
to provide extremely high sensitivity
under 2870°K illumination. At 6000
A the output is 25 ua/uW.

For slow-scan TV; operates with
lower dark currents — at ASA 1200
a dark current of only 0.05ua is re-
quired (approx. Y4 of comparable
luhes).

Operates with less than 0.05 ft-c.
faceplate illumination, or average
scene illumination of less than 2.5
ft-c. with /2.0 lens.

Dimensions: dia. 114”; length

6V,

ML-8443
Compact 5” DVST
for airborne radar applications
where space is a premium

ML-8443 direct-view storage tube
offers bright visual display of hall-
tones and compact size without any
sacrifice in performance.

Size: 5” dia. 8” max. length

Resolution: 70 lines/in

Storage Time: 1 minute minimum

Deflection: Magnetic

Focus: Electrostatic

Writing Speed: 200,000 in/sec

Brightness: (At 6.5 kV view-screen
potential) 1000 ft.L

ML-2058G

High resolution 2” vidicon

Operates with conventional image
orthicon dellection coils.

Offers 507 amplitude modulation
at 1100 TV lines. Limiting resolution
is 2000 TV lines. Also available with
x-ray sensitive photoconductor. Maxi-
mum length is 12 in.




ML-677]
PLANAR TRIODE

The only electron tubes aboard the MARINER 11
in rf circuits are the Machlett ML-6771 planar
triodes, adapted specifically for this application

Space communications from
the Marinerll Venus experiment
were successfully maintained
by the two 3-watt transmitters
and ¥ watt driver, each powered
by a Machlett special ML-6771
planar triode.

High reliability” is the reason
that Jet Propulsion Laboratory,
designer of the rf cavities, has
chosen Machlett planar triodes.

*High reliability means, here, excellent

cathode emission stability; and uni-
form long-life, performance achieved
through the highest Quality Control
standards.

Send for
UHF Pilanar Triode Brochure

THE MACHLETT LABORATORIES, INC.

SPRINGDALE, CONNECTICUT

An Affiliate of Raytheon Company
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Svnchrotron and Machlett Power Tubes’

BvR. H. RHE,' AUME, Brookhaven National Laboratory
Associated Universities, Inc.

Upton, L. I, N. Y.

n the ferrite-coupled wideband power amplifier sltages of

the Brookhaven Aliernating Gradient Synchrotron, ML-

6424 and ML-6696 coaxial triodes help accelerate protons
to an energy of 33 hillion electron volis.

Introduction

From the early days of x-rays there has been a Machleu
tradition of service to atomic science and technology through
contributions to the art of high vacuum tubes!. Modern super-
energy particle accelerators are themselves very large high
vacuum tubes designed for studying subatomie particles, the
building blocks of the universe. The most important of these
high energv physics research machines, the cyclic particle
accelerators, rely upon high-power electron tubes for radio
frequency accelerating energy. The largest accelerator yet

*Work carried out under contract with U. S, Atomic Energy Com-
mission.

M lachlett Cathode Press, Memorial Issue, 1955.
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1o be huilt, the Brookhaven Ahernating Gradient Synchro-
tron, requires not only more, but also more precisely con-
trolled vf acceleraling power than former machines, and
employs ML-6424 and ML-6696 coaxial power triodes
toward this purpose.

Brookhaven and the AGS

Studies of atomic nuclei form a major part of the research
program ol Brookhaven National Laboralory, a national
center for fundamental and applied research in the nuclear
sciences and related subjects situated at Upton, Long Island,
New York. This research, which is basic to nuclear science,
broadly involves all the major machines and ranges from
ineasurements of the masses and other properties of undis-
turbed nuclei to observations of the violent disruptions re-
sulting from nuclear fission and from bombardment of
targets by ultra-high energy particles. Workers in this field
use acceleralors of various designs al many different energy
levels, since the experimental resulis vary with the energies
of the bombarding particles. With the aid ol the more recent
machines, new particles such as mesons and hyperons have
been discovered; the latest discovery has been the verihca-
tion of the existence of two kinds of neutrinos and their
corresponding anti-particles by means of the Alternating
Gradient Synchrotron, or AGS. A summary of known funda-
mental particles and interactions is presented in Table L.
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Table 1 continued — Fundamental Particles and Interactions

THE INTERACTIONS

GRAVITY STRONG NUCLEAR
Gravitational ‘““charge’ is mass. Short range force.
Gravitational force between particles Charge independent.
negligible. Strength of force when nucleons
Force falls off with inverse square of touch is over 100 times greater than
distance-velocity independent-always electric force.
attractive. Agent of force is = meson.
Graviton - agent of force - not de-
tected.
ELECTROMAGNETISM WEAK INTERACTIONS

Charge - Q - quantized - either 4 or
Agent of force is photon.

E-M force responsible for atomic and
molecular binding, hence for most
“forces' of everyday world.

Force is velocity dependent, chang-
ing aspect from electrostatic to elec-
tromagnetic depending on relative
velocity of source and observer.
Force can be attractive or repulsive.

10-" times weaker than strong nu-
clear.

Responsible for 3-decay radioactivity
and particle decays taking longer than
10-" seconds

THE

RULES

THE DESCRIPTION OF
ALL INTERACTIONS

Is independent of:
Space translation
Time translation
Space rotation

Zero of electric
potential

Inverse of space and
charge together

Reversal of time

Leading to

conservation of:

Momentum

Energy-Mass

Angular momentum

Charge

Product of space
parity and charge
reflection

Time parity

? Baryons and leptons

THE STRONG AND ELECTROMAGNETIC
(BUT NOT THE WEAK) INTERACTIONS

Leading to
Are independent of: conservation of:
Reflection of space Parity

Reflection of charge Charge parity: T
and S

THE STRONG
(BUT NOT THE ELECTROMAGNETIC OR WEAK)
INTERACTION

Leading to
conservation of:
Isotopic spin, T

Is independent of:
Charge

SPIN
S

ISOTOPIC SPIN

THE PARAMETERS

T

PARITY
EVEN OR ODD

b

STRANGENESS

S

BARYON AND LEPTON NUMBER

!

In a magnetic field, a particle with spin s can exist in (2s 4 1)
energy states.

Interaction with the electromagnetic field separates particles_
with isotopic spin T into (2T + 1) charged states.

The function describing a particle system remains unchanged,
except for a possible change of sign, if the sign of all the
spatial coordinates is changed. (space reflection). The func-
tion has odd parity if it changes sign: even if it does not.

The charge centers of the isotopic spin multiplets within the
same class are not the same. The ‘‘strangeness’’ number
signifies the amount of this displacement. The charge cen-
ters for the two classes are chosen to be those for pions and
nucleons.

The baryons have b + 1 for particles and b — 1 for
antiparticles.

The leptons have | -+ 1 for particles and | -
particles. 1

For baryons and mesons electric charge Q Qelectron charge

Q=c¢e

— 1 for anti-

b S
L+5+7
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Figure 1 — Aerial view of the Brookhaven AGS.

Description of the AGS

The discovery ol the strong-locusing principle made feasi-
ble the design and construction of accelerators in the energy
range of lens of hillions of electron volts. Two such machines
now exist in the 28 to 33 billien electron volt range. The
first is at the European Organization for Nuclear Research
(CERN) in Geneva, Switzerland. The second, and somewhat
larger, is in operation at Brookhaven National Laboratory,
having produced an initial beam ol accelerated protons July
29, 1960.

Perhaps the most direct way to describe such a machine
is to follow a beam of protons from the point of origin until

VOL. 20, NO. 2, 1963

they attain the full design energy of the machine. An aerial
view and a schematic representation of the Brookhaven AGS
are given in Figures 1 and 2, respectively. At point (A),
Figure 2, protons are ohtained by ionizing hydrogen gas in
a cold discharge source. Acceleration commences with the
raising of these charged particles to 750,000 electron volts
(ev) by means of a Cockcroft-Walton generator, illustrated
in Figure 3. 1t is simplv a high-potential transformer-recti-
fier-capacitor-multiplier arrangement with an RC filter for
reducing ac ripple.

In the second step, protons from the Cockecroft-Walton
generalor are accelerated to 50 million electron volts (Mev)
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Figure 2 — Plan of Brookhaven Alternating Gradient Synchro-
tron.

Figure 3 — Cockcroft-Walton generator,

by projecting them down the central axis of the 110-foot
linear accelerator tank (Linac), point (B). The interior of
this tank, viewed from the low-energy end, is shown in
Figure 4. It is approximately three feet in diameter, with
124 high voltage drift tube electrodes axially spaced, shaped,
and excited at resonance with several megawatts of long-
pulse 200-megacycle rf power to impart the needed beam
energy.

From the Linac, the 50-Mev protons are launched into the
half-mile closed vacuum orbit of the synchrotron. Spaced
around this orbit in twelve equal superperiods are two hun-
dred and forty AG (i.e., alternating gradient) electromag-
nets weighing 4400 tons, for bending the acceleraling beam
while focusing it into pencil-thin bundles of particles (hence,
“sirong-focusing”) . Simultaneously, ferrite-loaded de bias-
juned cavities do the actual beam accelerating at the twelve
stations (C), Figure 2, with high-level rf power controlled
by proton beam commands. Each station gives the beam an
8000-volt “kick™ every revolution, making the energy gain
for each orbital turn 96,000 electron volts.

In a 1.1-second magnet excitation-beam acceleration cycle,
the particles make more than 340,000 revolutions (over
170,000 miles) synchronized with the rising magnet field
and with the phase of the rf voltage waveform. Internal
targets may be pushed into the beam’s path, or the beam
may be deflected out to the target building and experimental
areas (D), or both. Figure 5 is a photograph of a typical
nuclear even! occurring in an external hydrogen bubble

CATHODE PRESS



33 Bev

Protons

About 1, mile in a tunnel 18-foot-square cross-section
20 pulses per minute

Cold discharge in hydrogen atmosphere

750-Kev Cockcroft-Walton generator

110-foot-long 50-Mev linear accelerator

240 units each weighing about 20 tons, maximum corrected
field 13,000 gauss

12 phase 36,000 kva alternator dc to magnets 6000 volts, and
current rising from 0 to 6500 amps, in 1.1 seconds

0.078” thick, oval shape 314" vertical axis, 7” horizontal axis

Dry type evaporated titanium gettering. Linac tanks 1X10-* mm
of hg. synchrotron chamber 3X10-“mm of hg.

12 power amplifiers rated at 20 kilowatts, output rf power fre-
quency range 1.4 to 4.5 megacycles

100 ft. wide x 250 ft. long
30,000 sq. ft.

60,000 sq. ft.

14,000 tons of concrete
Over 2,000,000 linear ft.

chamber.

During the following two seconds the stored magnelic
energy (14 million joules) is returned to the 47-ton flywheel
of a 5500-horsepower motor generator for re-use in the next
magnet excilation cycle.

AGS Beam Dynamics®

In conventional circular magnetic accelerators, the par-
ticles are confined to their equilibrium orbits by magnetic
focusing forces ohtained by shaping the radial magnetic
tield so that

0<n<l, 1)

in which n, the field gradient index, is defined by

r 0B
= WA
" B or @)

where B is the induction and r is the orbit radius. Increas-
ing n strengthens vertical focusing forces at the expense of
the radial ones; decreasing n has the opposite effect. The
narrow range of n limits the strength of both focusing
forces.

Except for necessary straight sections (i.e., field-free
sections), n has always been kept constant with azimuth and

2]. P. Bleweti, “The Proton Synchrotron,” Reports on Progress in
Physics, Volume XIX (1956) pp. 37-79.
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*Figure 5 — Typical nuclear event in hydrogen bubble cham-
ber.

*Pholograph showing 630 Mev/. %+ and protons. The track aa is
a 7+ that is scattered with recoil proten b. Track cc shows a beam
proton, while dd is a dense background track. About half the length
of the chamber is shown. The direciion of the heam is from top to
bottom of the piclure.
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relatively large magnets have had to be employed:

Machine Location Energy Magnet Weight
Cosmotron Brookhaven 3 Bev 2,200 tons
Bevatron Berkeley 6 Bev 10,000 tons
Synchrophasotron Dubna 10 Bev 36,000 tons

A conventional (i.e., “weak focusing”) 33-Bev proton syn-
crotron would require more than 200,000 tons of magnet
steel.

In the AGS, successive application of very strong magnetic
focusing and defocusing forces of equal magnitude results
in strong net focusing, reducing the orbit aperture require-
ment to 23" height by 6” width compared with the Cosmo-
tron’s 77 by 36”. A slender magnet array is achieved
weighing only 4400 tons. This great reduction is explained
from the Hill’s equations for “betatron” oscillations in cir-
cular machines:

(= mer =0, fo= (=052 @)
d’z 4+ ez =0 f, = (m)? 2, (1)
dt: i ’ ‘ 2

wo is the protons’ revolution frequency, and as long as
o < n < 1. {, and f, describe particle-orbit, or betatron,
oscillations of the order of half the revolution frequency. In
the AGS, however, n = == 305, and the betatron oscillation
frequency becomes
Nu

T

v = = 8.75 oscillations per revolution. (5)

N is the total number of periods of the alternating gradient
system of the magnet ring, sixty in all, and u represents the
oscillatory phase shift through one such pair of focusing-
defocusing elements, heing defined for stability of oscillation
by

— 1 <cosp <1 . (0)

Since excursions from the equilibrium orbit for a given
initial error in particle direction will be proportional to
betatron wavelength (i.e., inversely proportional to betatron
oscillation frequency), the effective restoring forces in the
AGS are an order of magnitude greater than in a weak-
focusing machine.

This economy in size and weight is achieved only at the
cost of highly precise shaping and positioning of the in-
dividual magnets. The net focusing effect, while strong, is
not nearly as strong as the individual forces which follow
one another in opposing senses. Therefore, small misalign-
ments of individual magnets cause large orbit deviations,
particularly for integral numbers of betatron oscillations per
revolution. Sensilivily to such misalignments is reduced,
however, by decreasing n and the number of betatron wave-
lengths per revolution; accordingly, the AGS has been de-

10

signed finally for v = 8.75, with alignment of magnet units
held to better than half a millimeter.

The integral (i.e., resonant) n values must he avoided.
These are conveniently displayed on a stability diagram,
Figure 6. Operation is possible only within a small diamond-
shaped area between resonances, and further vestrictions of
operaling area arise from subsidiary resonances.

The injected particles vary among each other not only in
direction but also in energy, and therefore in momentum
and speed, giving rise to radial “synchrotron” oscillations
in addition to the betatron oscillations. A proton injected
with a momentum error Ap must travel on a different orbit
having a new radius r deviating from the equilibrium radius
R by an amount Ar. In a weak-focusing synchrotron these
quantities are related by the expression

Ap Ar

— 1l—n — (7)

P R
defining the limits of a stable, weakly damped sinusoidal
oscillation in phase of the beam with respect to the equi-
librium phase of the rf accelerating voltage wave of roughly
a thousand cycles per second, evidenced by a radial oscilla-
tion of several inches amplitude about this new orbit.

In the AGS, however, a proton injected with a momentum
error Ap travels in an alternation of sinusoidal and hyper-
bolic-functional deviations from a new average circular orbit
differing by Ar from the equilibrium orbit in accordance
with

v2Ar Ap
R p

These oscillations are strongly damped with increasing

(8)

field, and at injection will be of the order of a centimeter in
amplitude. They account for the greater width than height
of the AGS orbit chamber.

When the mean proton kinetic energy in a bunch is helow
7.2 Bev, protons of somewhat larger than mean energy will
tend to arrive sooner at the accelerating gaps because their
flight time around the ring is smaller. 1f the rf acceleraling
voltage waveform is phased so that the accelerating polential
across the gap is rising at each passage ol the bunch, higher
energy particles, arriving early, will collect a smaller energy
increment from the gap than lower energy particles arriving
later. This illustrates the phase-stability principle. Our word
“Synchrotron” and the Russian “Synchrophasotron” arise
from this fundamental requirement for capture and accelera-
tion of particles.

Above 7.2 Bev, the particle speeds are already over 99
percent of the velocity of light, and cannot increase much
more. Protons having more than the mean energy in the
Iunch now tend lo take longer revolution times because
their equilibrium orbit radius is larger than the mean for
the bunch. They arrive later at the gaps and must therefore
e subjected to a falling acceleraling potential in order to
receive smaller energy increments than the mean particle.
In the AGS, this 7.2 Bev phase transition is passed without

CATHODE PRESS
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Figure 6 — Stability diagram for the AGS.

Figure 7 — Principle of phase lock rf acceleration.

generating radial excursions of the proton heam greater
than those experienced earlier in the accelerating cycle, by
inserting a precisely timed 120° phase step in the rf ac-
celerating voltage waveform.

Phase Lock RF Acceleration®

It would not have been possible with conventional fre-
quency programming lo accelerate protons in the AGS and
retain them within the narrow orbital restrictions of Figure
0, nor to negotiate their phase transition. Therefore a closed
loop phase lock rf accelerating system has heen developed
whose source of commands is the protons themselves. A
multiple heterodyning circuit locks the accelerating stations,
rf pick-up electrodes, and circulating proton hunches into
precise phase relation with each other. eflectively eliminat-
ing losses of particles to the orbit chamber walls during
acceleration.

With twelve identical segments or “superperiods™ around
the AGS orbil, it becomes convenient to employ Lwelve ac-
celerating stations spaced at in-phase or out-of-phase orbital
positions relative to each other. The twelfth harmonic of
the proton revolution frequency is made the accelerating
frequency. and a starting oscillator generating its initial
value separates the injected Linac heam into twelve bunches
of protons spaced equally around the ring. The starting

3M. Plotkin, “The Radio Frequency Accelerating Svstem for the
Brookhaven Alternating Gradient Synchrotron,” LR.E. 1960 Inier-
national Convention Record, Part 9.
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oscillator is then disconnected until the next injection lakes
place.

A continuous command rf accelerating voltage of fre-
quency @ is induced upon the rf pick-up electrode, Figure 7,
by the passing proton bunchest. It propagates in a small
time interval t; to mixer M. By this time the continuing
voltage al the rf pick-up electrode will have accumulated
¢ (ty) radians ol phase, while My will have accumulated
none. After the next interval 1, the rf pick-up electrode will
have accumulated ¢ (1 + ty) radians, while My will have
acquired ¢ (1). Summation of ¢ (1) in mixer M; with & (1)
from a local constant-frequency (i.e., £) oscillator will have
produced ¢ (t) + ¢ (1) radians at the input to the com-
pensating time delay cable t., and also at Mjy. Simultane-
ously, the output voltage from t, will have accumulated
¢ (t-ty) + & (1-ty) radians at M,.

Subtractive mixing with ¢ (1) in M., provides a constant
(i.e., £) frequency link for injecting radial phase-correcting
beam commands K (x) into the control loop, as well as the
120° phase-transition step and a vernier adjustment, which
are not shown in Figure 7. Subitractive mixing in My pro-
duces a phase accumulation ¢ (t + t») + & (t2) 4+ K (x)
radians at the input to the high power wide hand rf ampli-
fier, by the end of t.

Time interval t; is made the same from M, to each ac-

4H. S. Snyder, Privale communication.
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celerating station by cutting all the high power rf transmis-
sion cables to the same electrical length. Therefore all
stations will have accumulated ¢ (t 4 toa — t3) + & (t2)
+ K (x) radians by the end of t, and the difference in
phase at that instant between the rf pick-up electrode and
the accelerating stations will be
¢ (t411) — ¢ (14 1at3) — L (t2) — K (x)
¢ (12 + 1) — £ (o) — K (x) radians. (9)

If the length of the compensating cable is made such that
ty {; -+ tg, then the residual phase difference, — ¢ (t2)

K (x), will remain constant throughout the interval t.
This is the desired result.

So far, all time intervals have been assumed small enough
to permit regarding ¢ as constant. For larger time intervals,
o and its derivatives will be assumed continuous throughout
the accelerating cycle, enabling expansion of (9) by Taylor’s
Theorem:

S w@) = - bt — K@) + G (6~ b+ 1)

e 21

For t; = ty, all the derivative terms vanish, and the

previous conclusion is again reached, namely,

Stw(at) = — ¢(ts) — K(x).

In the foregoing discussion, propagation !imes are as-
sumed either frequency-invariant or negligibly small. Ex-
pressed in another way, the phase-frequency response of
each circuit component must be linear. Otherwise, the beam
of protons will make undesirable radial phase-correcting

(11)

movements.

AGS RF Power Amplifier®®

At 96,000 volts per turn, about 250 kilowatts of rf power
must be dissipated in the accelerating station cavities. The
rf voltage wave at each one has to be locked in phase, or
out of phase as the case may be, with its neighbors; its
phase-frequency relation to mixer M3 must be made essen-
tially linear, and it must faithfully reproduce the M3 voltage
waveform. A linear amplitude transfer is requisite, while
injected phase noise, ripple, harmonics, and parasitics must
be suppressed. These are performance requirements for the
AGS rf power amplifier.

Physically, the amplifier is a 70 db-power gain, 80 kw-
output driver unit of nine ferrite-coupled balanced wide-
band stages, Figure 8, energizing tuned remote final stages

5Brookhaven National Laboratory Patent Application S-21074, fan-
uary 3, 1961, “Amplitier Apparatus for High Energy Particle Ac-
celerator.” R. H. Rhéaume, F. Janik, R. E. Zider.

6Brookhaven National Laboratory ADD Internal Report RHR-5,
March 6, 1959, “A Parallel-Transistor Cascaded Amplifier for Con-
trolling Very Large Currents,” R. H. Rhéaume.

12

at the accelerating stations. The 1.4 10 4.5 mc swept rl
command wave arriving from My is amplified to 80 kw,
then transmitted over identical coaxial cable pairs to the
tuned accelerating stations, Figure 9. The wideband circuit
diagram and a typical ferrite inter-stage autotransformer
are shown in Figures 10 and 11. The high-level ML-6424
and ML-6696 stages are seen in Figures 12 and 13.

In these highlevel stages, large zero-biased Class-A
cathode-driven coaxial power triodes are coupled through
centertapped step-down autotransformers, Figure 11, closely
wound on large Ferroxcube 4-H toroidal cores. At lower
levels, grid-driven Class-A tetrodes and pentodes are em-
ployed in similar circuits. With the triodes, no broadbanding
resistors are needed because their cathode drive input im-
pedance is self loading, the power reappearing usefully on
the output side. Neutralization is unnecessary because of the
excellent input-output isolation at each stage. A common
4.4 kv 220 adc plate power supply serves both the high-level
wideband stages and the tuned remote final stages. The
voltage transfer function for the tetrode stage network is 7
The corresponding Class A tetrode wideband transformer
stage network is shown in Figure 14. In equation (12) it is
assumed that the tetrode dynamic plate resistance is large
enough to have negligible effect upon the voltage transfer
function.

Equation (12) top next page.”

Figure 15 is the Class-A triode wide band transformer stage

7Appendix.

U
8Equations (12) and (13) are in form X

V) (W) (Y) ()

Figure 8 — Rf high power wide-band driver amplifier stages.
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network. The voltage transfer function for this triode stage
network 1s

Equation (13) ahove.®

where 1, = R. In equations (12) and (13) it is also as-

sumed that series leakage inductance L5 is much smaller

Figure 9 — Typical tuned accelerating station.

.2, 1963

than primary inductance Ly, that copper and core losses are
negligible, and that distributive effects may be disregarded.
Cy and C; include terminalting capacitances, and C, is the
parasilic capacitance associated with the series leakage in-
ductance.

Amplitude-frequency and phase-frequency responses may

Note: Figure 10 — FOLLOWING TWO PAGES.
Figure 11 — Typical ferrite interstage autotransformer.
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Figure 12 — ML-6424 power triode stage.

be determined by substituling real frequency poinis for s in
equations (12) and (13) for realizable sets of circuit param-
eters. Balanced siages may be analyzed wilh composite tubs

characteristics®10,

APPENDIX

Derivation of Class-A wide-hband transformer networks
and transfer functions,

Improved stage gains and smoothness of phase-frequency
response may be achieved in wide-band amplifiers for given
tube capacilances with cerlain multipole interstage Iransfer
functions containing finite transfer zeros arising from para-
sitic capacitances shunting the series inductive elements!.
However, in high-power wide-band interstage networks the
circuit elements must be kept as few as possible to avoid
unrealistically high individual element “Q’s” and ecritical
adjustments.

9Herbert L. Krauss, “Class-A Push-Pull Amplifier Theory,” PIRE v
36 n 1 January, 1948, pp. 50-52.

10MIT Staff, “Applied Electronics,” John Wiley and Sons, N. Y.,
1943, pp. 440-446.

11B, F. Barton, “Interstage Design with Practical Consiraints,” IRE
National Convention Record, 1957, Part 2, pp. 154-159.
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Figure 13 — ML-6696 power triode stage.

Too many elements may cause wide variations of inter-
slage input impedance with frequency, resulting in screen
or grid overloading even when the overall siage transfer
function is flat. Siability should be such as to ensure con-
stant phase and amplitude responses without lrimming
during the normal life of the power tubes.

Wide band interstage iransforiners and autotransformers
offer a convenient solution for these requirements. The high-
frequency equivalent transformer circuit of Figure 16(d)*?
is a three-pole low-pass filler network. By lumping the exter-
nal source and load capacitances with C, and C,, and by add-
ing the primary shunt inductance and the load resistance at
the input and oulput ports, respectively, the Class-A tetrode
wide-band transformer stage network is obtained, Figure
14. Copper and ferrite losses and the tetrode dynamic plate
resistance are omitted.

1 _sCL +1

Y, =sC + I, <L, (14)

12T, R. O’Meara, “Analysis and Synthesis with the ‘Complete’ Equiv-
alent Circuit lor the Wide-Band Transformer,” 1961 Electronic
Components Conference Proceedings, pp. 21-1 through 21-24. See
also F. E. Terman, “Radio Engineers’ Handbook,” McGraw-Hill,
N. Y., 1943, p. 370, Figure 12(b).
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Figure 14 — Class A tetrode wide-band transformer stage net-
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Figure 15 — Class A triode wide-band transformer stage net-
work.
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Yg = SC2+S—L2 —7SLQ (|6)
sLo -
e o
1 sC:R 1
Y:=sCi+ g = %- (18)
R
Zs = sC:R + I (19)
(il - ig)Zl == ig(Zg + Z;;) (20)
il = i?(Zl + Z2 + LE) (21)
Z,
iy = 7 (22)
(22) into (21):
Co _ YA (23)
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(15), (17), (19) into (23):
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: - SL] SL2 R (24)
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Figure 16B — Simplified low-pass filter equivalent circuit, valid
for high frequencies.
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Figure 16C — Network transformation useful in deriving equiv-
alent circuits for a transformer, valid for high fequencies.
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Figure 16D — Transformed equivalent circuit for a transformer,
valid for high frequencies, identical to that in Figure 16B.
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After expanding, regrouping,

L; >> L., (24) becomes:

and making the assumption

< G < 1
e _ clc2+cm+c2€3> S)(““cg_____ )
ho P — Si(cl_—t (_:'-’)_ —— s (Cl + C )
R(C.C. + C,Cy + CoCq) T Ta(C,Cy + CiCs +
1

P N
LR(C.C. + CCs + CCa) T

The denominator of (25) will be factored by Lin’s® method.

It takes the form:
s' + Bas® + Bus? + Bis + By = 0. (26)
A trial divisor is formed from the last three terms of (26) ;
B, B, -
s+ B. s + B, (27)

1

LiLa(CiCs + CiCs + CaCo)

cy @

s (30)

Inserting (28), (29),

trial divisor becomes

IR S
R(Cy + Cs)  Ly(C + Cy)

Dividing (31) into the denominator of (25) and neglecting

s* + (31)

where By = L.L.(C,C; + C,C; + C.Cy)’ (28) the small remainder, the resulting dividend is:
. [ C+C 1
R CC: + CC3 4+ C, Ci+ Gy
v C, +C7; oo G+C I s _—I (32)
Lo(CCe + CiCs + CoCh)  Li(Cr + Cs) (CiCa + C,Cy + C.Cy)(Cy + Co)R2 7 (Cy + Ca)2(RY) |

For the range of component magnitudes ol practical interest,
(32) may be further simplified:

Cs+ C.C; ~ G,

Expressions (31) and (33) may now be factored by the
quadratic formula, taking advantage in each case of the
relatively small magnitude of the coeflicient of s for simpli-
fying the portion under the radical sign:

.1 o 1
WSS TR 4 C) TINL@E £y Y
S.S*=_1_< G+C
P2 52 2R\C,Cy + C,C3 + CoCs Cy + Gy
| 1
+1 L (( JC + CxC'; + C C'f) (35)
& (C, + Cy)

13Shih-Nge Lin, “Methods of Successive Approximations of Evaluat-
ing the Real and Complex Roots of Cubic and Higher Order
Equations.” J. Math. Phys., Vol. 20, No. 3, August 1941.
V. Del Toro and S. R. Parker, “Principles of Control Systems
Engineering,” McGraw-Hill, N. Y., 1960, pp. 644-647.
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C;,} + {L:_;(clc‘?vr C.Cs + CuCy) ||

Cy +.Cs ] (33)

When equations (34) and (35) are substituted in the de-
nominator of (25), and g, e for the driving tetrode is sub-
stituted for iy in (25), and both sides of (25) are then
multiplied by g, N, equation (12) is obtained.

Figure 15 and equation (13) for the Class-A grounded
grid triode are derived from the substitution of (g 4 1) e
in series with the triode dynamic plate resistance r, at the
input port of Figure 14 in place of 1; = g, eg, then assum-
ing that r, = R, the transformed load resistance. The deriva-
tion of equation (14) then proceeds in a fashion similar to
that for equation (13).

The additional input loading of Class-Ay grounded grid
triode operation has no effect upon equation (13), but does
slightly lower the magnitude of the load resistance presented
to the previous stage.
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Tube Life of ML G421F vs. ML 5667 at Station WWY

continuous standard frequency and time signals on six different

It adio Station WWV, of the National Bureau of Standards, hroadcasts

frequencies. WWYV has heen using Machlett ML-0421F triodes as
replacements for ML-5667 tubes originally installed in all final audio
and radio frequency stages of four high power lransmitters, operating
al 5, 10, and 15 megacycles, respectively. Tube life data of the newer
ML-64211, which has a thoriated tungsten filament, and ML-5667, which
has a pure tungsten filament, has been careflully recorded. The following
is a tabulation of this data as of July 17, 1963.

ML-5667 (Pure tungsten filament)
In RF service:
In Mod. service:
In combined service:

ML-6421F (Thoriated tungsten filament)
In RF service:
In Mod. service:
In combined service:

14 tubes; avg.
9 tubes; avg.
23 tubes; avg.

8 tubes; avg.
4 tubes; avg.
12 tubes; avg.

life 16,128 hours per tube
life 23.669 hours per tube
life 19,898 hours per tube

life 47,134 hours per tube
life 55,460 hours per tnbe
life 49,826 hours per tube

To date, in RF sevvice, thoriated tungsten filament tubes have given almost 3 times the life of pure tungsten tubes; in
Modulator service thoriated tungsten tubes have given over twice the life of pure tungsten filament tubes; in combined
service the thoriated tungsten filament tubes have given over 21/, times the life of pure tungsten tubes. All 12 original
thoriated tungsten tubes are slill in operation.

TRANSMITTER TUBE
FREQUENCY TYPE

5 Mc ML-6421F
ML-6421F
ML-6421F
ML-6421F
10 Mc ML-6421F
ML-6421F
ML-6421F
ML-6421F
15 Mc ML-6421F
ML-6421F
ML-5541
ML-5541

Leceno: RTFL

RI'R — Radio Frequency, Righi

General Operating Conditions per tube:

FILAMENT VOLTS*

Modulator — 6421
5541
Radio Frequency

SERIAL TUBE
NUMBER POSITION

428425 RFL
426798 RFR
425856 ML
425857 MR
426800 RFL
428328 RFR
426791 ML
426801 MR
428330 RFL
425611 RFR
410224 ML
410108 MR

Radio Frequency, Lelt ML — Modulator, Left
Modulator, Right

6.0 A.C.
5.3 AC.
6.0 A.C.

MR

PLATE VOLTS

6000 D.C.
6000 D.C.
6000 D.C.

HOURS LIFE
AS OF 7-17-63

53,126
53,126
58,435
58,435
50,846
50,846
52,486
52,486
51,167
51,167
70,072
70,072

ORIGINAL INSTAL

LATION DATE

5-7-56
5-7-56

7-1
7-1
45

3-35
3-55
-56

4-5-56

12
12

14-55
14-55

10-18-56
10-18-56

10-
10-

9-53
9-53

Modulators have static current of 0.1 Amperes. They are pulsed with a 5 cycle burst of 1000 cycles once per second, and

voice and telegraphic code announcements for approximately 30 seconds out of each 5 minutes.

*Filament voltage metered, recorded a minimum of once per day; filaments operate within +0.1 volt.

Care and atlention 10 operation of tubes at WWV uare, of course, excellent and contribute to their very substantial life hgures.

“*There have been no tube failures in this group of thoriated tungsien lilament tubes. All tubes ave still in operation.
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Editor’s Note:

The Commitiee on Thermionics and lonics has been
established by engineering groups from Raytheon Company
and its affiliates to provide information of advanced tech-
nological interest to the Company. Of the two seminars held
in 1963, “Vacuum Technology” and “Tubes in Space,”
CATHODE PRESS is pleased to print three of the papers
given at the latter meeting. “The Impact of Space Environ-
ment on FElectron Tube Design” by R. C. Hergenrother,
Spencer Laboratory; “CW Amplitrons for Space Communi-
cations” by W. W. Teich, Spencer Laboratory; and “Nega-
tive Grid Tubes for Space Applications” by W. Brunhart,
The Machlett Laboratories.

Dr. Peter F. Varadi of The Machlett Laboratories, Inc.,
has been the Chairman of the Comimnitiee on Thermionics
and lonics since its inception.
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DR. R. €. HERGENROTHER

Dr. R. C. Hergenrother is Consulting Engineer to Spencer Laboratory on all types of present
and forward looking programs. He was appointed to this position in May, 1962.

He received the degree of Bachelor of Aris from Cornell University in 1925. He went to
Pennsylvania State College in 1927 as an instructor in physics and received the degree of Master
of Science in Physics from that school in 1928. He continued his graduate studies at the Cali-
fornia Institute of Technology, where he did research on X-ray crystal structure analysis, and
was awarded the degree of Ph.D. cum laude in 1931.

Dr. Hergenrother joined Raytheon in 1945 as a senior engineer, and served as Manager of
the Beam Tube Laboratory from 1950-62. Hall a dozen patents have been issued and others are

pending from his work at Raytheon. He has published articles and presented papers on camera
tubes, color television tubes, storage tubes, eleciron optics, reflex klystrons, magnetic focus
backward-wave oscillators, and electrostatic focus hackward-wave oscillators.

The Impact of Space Environment

on Electron Tuhe Desion

By Dr. R. C. HERGENROTHER, Spencer Laboratory, Raytheon Company

The Evolutionary Process

Electron tubes, as well as other man-made devices, can
he thought of as progressing through a process of evolution
analogous to that which we see operating in nature. The
environment in which the device is fabricated and used has
a dominant eflect on the form and capabilities of the device.

Earthbound Environment

The evolution of electron tubes started in an earthbound
environmeni which had both advantages and problems. For
example, the earth is a virtually infinite thermal sink, so
there is no problem for heat dissipation. On the other hand,
the aimosphere is a handicap to many fabrication processes
such as meiallurgv, which becomes a very “dirty” process.
The problem of enclosing the electron tube in a gas-tight
envelope having electrically insulated leads passing through

VOL. 20, NO. 2, 1963

it and containing windows for rl radiation is sometimes
formidable. The problem of exhausting, baking and sealing
the envelope require a complex, costly and time consuming
technique.

Airborne Environment

When electron tubes became airborne, additional require-
ments of increased ruggedness and decreased weight were
added to those already existing and thermal dissipation be-
came less easy.

Space Environment

The adven! of spaceborne vehicles, however, introduced
a new environmen( which differs radically from the terrestial
environment. The ultrahigh vacuum, the low temperature,
the high energy particle radiation, and the limited thermal
capacity of an isolated system, each raises its own problem
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for the electron tube designer. How some of these problems
may be mel and others tnrned to advantage will next he
considered.

Primary Requirement for Spaceborne Electronics
Reliability

The electronic systems in spaceborne vehicles serve funce-
tions of communication, control, and, in some instances,
propulsion. The cost of launching a vehicle is very high and
once it is spaceborne, it is inaccessible for modification or
repaiv in the usual sense. This places a high premium on
reliability of the components comprising such systems.

Efliciency

Another requirement which is second only to reliability
is high efliciency. Improvements in efliciency are reflected
immediately in decreased power input requirement, and
thus, in size and mass of power source and power conversion
devices. Another henefit of increased efliciency is a redue-
tion in the thermal dissipation problem, which will be dis-
cussed later.

Minimium Mass

Any reduction of mass which may be achieved by im-
proved efliciency or other means exerts a great leverage in
that this reduces the power required for launching and the
powers required for propulsion.

[tlectron Tubes versus Solid State Electron Devices

It is important to raise the question reguarding which, il
any, functions of spaceborne electronic systems are hest
performed by solid state electron devices and which are
lhest performed by electron tubes.

Solid state devices are compact and have a potential of
long life capability. Their power output capability, however.
is limited and theiv frequency-handwidth capability is also
limited. Solid state devices are affected by high energy
particle radiation and must be adequately shielded if re-
quired to operate in regions of high density, high energy
particles, as for example the Van Allen belt. High tempera-
ture processing, such as sterilization, can also cause de-
terioration of some solid state devices.

Electron tubes, on the other hand, can have a high power
output capability and also have a wide lrequency handwidth
capability. Tubes are virtually unaffected by high energy
particle radiation and are not alfected by high temperature
processing, such as sterilization.

The hest engineering Irade-off of these characteristics
appears lo be achieved hy using radiation-shielded, solid
state electronics at low power levels if the frequency band-
width requirements are within its capabilities. At power
levels above one (1) watt, electron tuhes are mandatory.
A notable example is the Telstar communication satellite
which uses solid state electronics throughout except for the
power output tube, which is a traveling wave tube. It will
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be recalled that the first Telstar had a failure of the solid
state electronics because of insufheient shielding.

Properties of Space kEnvironment
The radical properties of the space environment in which
spaceborne electronic systems will be required to operate
are listed below:
Ultrahigh Vacuum
l.ow Ambient Effective Temperature
Virtually Zero Acceleration (Force)
High Energy Particle Radiation
Meteoroids
Limited Thermal Capacity (of Vehicle)

Ultrahigh Vacuum Environment

The most lavorable factor of space environment for elec-
tron tubes is the ultrahigh vacuum. This is spectacular by
terrestial standards, as shown in Table I.

TABLE I
Altitude Pressure (Torr) Molecules/cm3
0 760 2.7 x 10"
100 mi 106 3.5x 10
500 mi 10-10 3.5x 108
1000 mi 10-12 3.5x10%
Interplanetary 0.3 x1013 10

At a pressure of one (1) Torr or one (1) millimeter of
mercury, a cubic centimeter contains 3.5 x 1018 molecules
ol gas. The achievement of pressure of 10 Torr or 3.5 x
107 molecules per cubic centimeters in sealed off tubes in
the earth’s environment is technically diflicult. This pressure
is alreadyv reached at an altitude of 300 miles above the
earth’s surface, and at 1000 miles the gas density is of the
order of 3.5 x 10* molecules per cubic centimeter and is
believed to be of the order of 10 molecules per cubic cen-
timeter in interplanetary space.

Insulation

One benefil of a total environment of high vacuum is that
this serves as the lest possibl= insulation. This means that
insulation needs are reduced to only mechanical support
requirements. Limitations on conductor spacings are im-
posced only hy electromechanical forces and by cold emission
which can occur al electric fields above 10% volts per cen-
limeter.
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Envelopes

The high vacuum existing in space suggests the possibility
of constructing the tube envelope so that it can be opened
when the system is in space to achieve the benefit of a con-
tinuous high speed, ultra high vacuum pumping. Such a
procedure would allevidte many common electron tube
problems, such as ion oscillation effects, cathode poisoning,
and gettering.

A more radical approach which may be considered is the
complete elimination of an envelope. This would not only
increase the pumping speed hut would eliminate the need
for leads and rl windows which are required in an en-
velope. Transmission lines for rf can be reduced or even
in principle eliminated if the interaction circuit and radiator
could be combined. The elimination of the rf window would
eliminate the problems which these windows are subject to,
such as losses, mismatch, multi-pactor and breakdown.

Cathodes

The use of an openahle envelope would permit the use of
any type of conventional cathode which could he processed
in the usual way. The elimination of the envelope would
introduce new problems with respect to the cathode. It
would be possible to defler activation or processing of the
cathode until the system is in the space environmenl, in
which event, any type of cathode could be used. This would,
however, preclude the possibility of testing the system with

FOCUS ELECTRODE

‘ ELECTRON BEAM

LENS
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SOLAR 7/
RAYS
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|
SOLAR-HEATED CATHODE

ITABLE I Reference — Jastrow. R. and Kyle, H. The Earth’s Atmos-

phere Sec. 2.1 of Handbook of Astrenautical Engincering, First Ed.
Heinz Hermann Kelle, ed., McGraw-Hill Book Co., Inc., 1961,
pp. 2-2- 213.
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the cathode in earth environment hefore launch. It would De
possible to test the system before launch in a bell jar which
could be evacuated. The system would then he removed from
the hell jar and installed in the vehicle but would not he
re-activaled until it was in a space environment. This pro-
cedure would preclude the use of oxide coated cathodes or
similar types, but would permit the use of pure tungsten or
tantalum cathodes, dispenser tvpe cathodes, tunnel cathodes
and secondary emission cathodes.

Cathode Heating

In addition to the conventional ohmic heating of thermi-
onic cathodes, two other heating methods can be considered.
It would he possible, for example, in systems which did not
get too [ar from the sun to use solar energy directly for
heating the cathode. This requires focusing the solar image
on the cathode and implies orientation requirements. An-
other interesting approach is to use “collector-cathode” heat-
ing. In this scheme, the collector from one tube is combined
with the cathode of the following tube so that the energy
dissipated at the collector is used to supply the cathode
heating energy. Both of these methods, which are illustrated
in Iligure 1, have the advantage of reducing the energy in-
put requirements.

The ideal cathode for space enviromment is the tunnel
cathode since this does not need to he heated and can
theoretically achieve a high level of efliciency.

RADIATION ¢

INTERACTION STRUCTURE
|

|
COLLECTOR-RADIATOR

COLLECTOR-CATHODE

Figure 1 — Methods of Cathode Heating and Spent Electron
Beam Power Dissipation.
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Figure 2 — Retarded Potential Collector.

Beam Energy Conservation

To improve the efficiency of the tube and at the same time
minimize the problem of heat dissipation, maximum use
should be made of the retarded voliage beam collector con-
cept, which is shown schematically in Figure 2.

Another method of conserving energy would be to com-
bine the targel electrode with a thermoelectric generator, as

indicated in Figure 3.

Beam Energy Dissipation

It might be supposed that the energy of the used electron
heam could easily be disposed of by letting the electron
beam be projected into free space. Such a procedure would,
however, result in the build-up of a positive electric potential
on the surface of the vehicle and the resultant electric field
would quickly reach sufficient strength to pull the electrons
hack to the surface of the vehicle which would then act as a
collector, as shown in Figure 4. The space charge clond,
which would build up around the vehicle, could conceivably
interfere with radio communication.

The only way to get rid of residual waste thermal energy
in the space vehicle is through radiation. The thermal power
radiated from a surface depends on its emissivity and is
proportional to the area and to the absolute temperature
with exponent four. This means that doubling the tempera-
ture is equivalent to a sixteen fold increase in area. This
suggests the use of a small target of tungsten, or the like,
heated by the waste electron heam to a very high tempera-
ture and located in the shadow of the vehicle, as is indicated
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Figure 3 — Conservation of Spent Electron Beam Power.

in Figure 1.

Magnetic Field Effects

Magnetic fields in interplanetary space are exiremely
weak being two or three orders of magnitude lower than the
earth’s magnetic field. These fields then will exert no action
on the electron tubes. However, any magnetic fields in the
vehicle produced by focusing systems, for example, will be
acted on by the earth’s magnetic field when the vehicle is in
the vicinity of the earth and produce a mechanical couple
such as is produced on a compass needle by the earth’s field.
To minimize this effect, magnetic moments within the vehicle
should be balanced so their vector sum is virtually zero.
Periodic magnetic focus systems should have an even num-
her of magnets, for example. Conversely, the earth’s mag-
netic field could be used for orientation maneuvers by using
solenoids throngh which controlled electric currents can he
sent.

Meteoroids

The density of meteoroids in space is very low? and is in
inverse proportion to their size. Meteoroids of 1 (one}
microgram mass have an incidence of about 3 (three)
particles per square meter per vear, and particles of 1 {one)
milligrain mass have an incidence of 1 (one) particle per
square meter per 300 vears. Shielding would not be neces-
sary since a 1 (one) microgram particle would have a
negligible effect even if it struck the cathode and even a
1 (one) milligram particle wounld have only a minor effect.
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Particle Radiation

Particle radiation from cosmie rays comprises high energy
protons, alpha particles and completely stripped nuclei with
masses up to ten. The overall average in free space is of the
order of 2.5 particles per cm? per sec.

Solar flares give rise to particles with energies ranging
from a fraction of BEV up to 20 BEV. These occurrences are
related to solar flares and the solar cvele which are not
closely predictable. The most intense radiation is in the
Van Allen belt comprising protons and electrons trapped in
the earth’s magnetic field, and in an artificial electron belt
produced by a high altitude nuclear explosion of July 9,
1962 which is similarly trapped by the earth’s magnetic
field.

These particle radiations, particularly solar flares and
trapped radiation, can have serious biological effects and
are being intensively studied for this reason. The eflects on
solid state devices, such as transistors and solar cells, are
significant and are being studied®. The effects of these par-
ticles on electron tubes would be confined to their effects on
insulators and these are expected to be orders of magnitude
less than the effects on semiconductors. No shielding orv
other electron tube design considerations will be affected by
these particle radiations as far as we know at present.

2Alexander, W. M., McCracken, C. W., Secretan, L. and Berg, O. E.
Review of Direct Measurements of Interplanetary Dust From Satel
lites and Probes X-613-62-25, Goddard Space Flight Center, NASA,
1962,
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If Envelope is at Cathode Potential,

T e §

== . _ ’,

Electron will not penetrate

Summary

In the space environment, reliability is of vital importance
and is the basic factor guiding the design and construction
of electronic systems. The techniques of quality control and
testing must be carried to the highest level of refinement.

Second only to reliability is the requirement for high
overall efficiency. This factor increases in importance with
increasing power levels. Solid state electronic devices have
the advantage of compactness and ruggedness. They have
high reliability and long lile when adequately shielded from
high energy particle radiation. They are a natural choice
where their {requency and bandwidth capabilities and their
power handling capabilities are adequate for the required
application.

At power levels ahbove one watt, solid state microwave
devices reach their present state-of-the-art limit of power
output, and at higher power levels, tubes are used.

In the range of one (1) watt to 100 watts the sealed-off
tube represents the simplest sohition. As power is increased,
it becomes more desirable to open up the envelope to outside
space after the svstem has gone lieyvond the earth’s atmos-
phere. This requires the development of simple, reliable,
light-weight, one-shot vacuum tight devices. At sufficiently
high power levels, the envelope-less structure with its free-
dom from lead through and rf windows with its simplified
transmission lines hecomes attractive to the designer.

'3Hulten W. C., Honaker. W. C., and Patterson. John L.: Irradiation
Effects of 22 md 240 Mcv Protons on Several Transistors and Solar
Cells NASA TN D-718, 1961.
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Destion of (W Amplitrons for

By WESLEY W. TEICH, High Power Tube Laboratory,

Raytheon Microwave and Power Tube Division,

Burlingion, Massachuserts

| ‘.he requirements for microwave transmitters to be car-
ried into space place unusual demands on the microwave
tubes to he employed. To hest meet these demands, not
only must careful attention be paid to the design details of
the device selected, but also it is important that selection of
the basic device to he employed be based on proper con-
sideration of the needs of the application.

The basic simplicity and high efliciency of the Amplitron
make the device attractive for space applications. The re-
quired rf structures lend themselves well to conduction
cooling at ground potential and to low mass and high
rigidity which promise high resistance to modulation or

26

space Applications

damage from severe shock and vibration. The high efh-
ciency, of course, is reflected in low power consumption and,
consequently, in minimum size and weight of the associated
power supply.

Table T presents the characteristics of four Amplitrons
currenily being built at Spencer Laboratory for several
space applications. The anode structures of these four tubes
are nearly identical, but variations in the packaging ar-
rangement and the selecled operating point adapt them to
specific systems. Three of these types are shown in the
photograph of Figure 1.

The Amplitron is a crossed-field device and consequently
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TABLE 1

SPACE AMPLITRON CHARACTERISTICS

QKS997A QKS1051 QKS1119 QKS1200

Anode Voltage V 1800-2000 1800 2450 1500
Anode Current mA 25 22.2 50 14
Power Output W 20 22 70 10
Frequency Mc 2200-2300 2295 2295 1700
Plate Efficiency 55% 55% 60% 55%
Heater Power (Run) W 0-4 0-4 0-3 0-4
Heater Voltage Preheat V 6.3 6.3 6.3 6.3
Drive Power mW 500 450 1760 100
Cooling Conduction Conduction Conduction Conduction
Weight 24 oz. 24 oz. 32-43 oz. 24 oz.
Size 2% dia. x 2% dia. x 2% dia. x 2% dia. x

(less connectors) 2% long 2% long 3 long 2% long

requires a dc magnetic field perpendicular to the basic
flow of electrons from cathode to anode. In the tubes pic-
tured the magnetic field is generated by two cylindrical
magnets of Alnico VIII material. The tube anode together
with the magnets are mounted inside of a steel can which
provides the return path for the magnetic circuit, lhe
thermal path {rom the rf structure of the anode to the cold
plate on which the tube mounts, and mechanical support
for the entire tube. This shell is 234 inches in diameter and
either 3.4 inches long on the 70-watt version, or 23 inches
long on the lower power types. The 20-watt tubes weigh

only 24 ounces.

Because of the magnetic shell, the tubes are practically
immune to changes in performance due to the presence of
nearby magnetic materials. The strav field from the Ampli-
tron is less than 200 gamma (10 gauss) al a distance of
3 feet from the tube.

Figure 2 shows the basic anode assembly of the QKS997A
together with the cathode, a ceramic mounting washer and
one of the pole piece assemblies necessary to complete the
vacuum envelope.

One rather unique feature of the Amplitron which makes

Figure 1 — Three Raytheon CW Amplitrons developed for communications.
Shown (left to right) are the QKS997A, QKS1051, and the QKS1119.
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it attractive for many telemelry applications is the absence
of allenuation in the rf structure. With no voltage applied,
the tube bchaves as a bandpass filter with an electrical
length of only a few half-wavelengths. Iis insertion loss in
either direction is of the order of 0.5 10 1.0 db (Figure 3).
Most of the common [ailure modes, especially of low power
tubes, leave this property intact, and cffective redimdancy
can be oltained by placing two identical tubes in cascade
and switching vollages to the one selected for operation at
a particular time (Figure 4).

The feed-through feature also permits multi-level opera-
tion at high efliciency. In the simplest arrangement, the
driver is allowed 1o feed through a single Amplitron stage
providing two output levels differing by about 20 db.

The absence of attenuation in the Amplitron makes it
often desirable to include circulators in the system design
to provide non-reciprocal altenuation. In general, the driver
for the Amplitron must be protected by a circulator or
isolator since reflections from the Amplitron load pass
through the tube unattended (and unamplified). With a
20-db gain in the Amplitron, the load would have to be
kept below 1.1/1 VSWR 1o prevent the driver from seeing
a short cirenit or worse. In addition, the Amplitron itself
generates reverse directed power about 20 db below the
output signal, and a circulator will prevent this from affect-

ing the driver performance.

The Amplitron is a crossed-field continuous-cathode back-
ward wave amplifier. In the QKS997, which has been de-
veloped specifically for spaceborne telemetry, an eleven-
vane r{ structure is employed 1o obtain electronic interaction
with the n= 4 space charge mode.

The rf structure, shown in Figure 5, consists of a pair of
straps forming a two-wire transmission line. This line is
loaded Iy 11 vanes connected to alternate sides of this
line. The vanes are primarily capacitive and they are
shunted by coaxial cavities which are inductive (less than
quarter-wavelength) at the operating {requency. Connec-
tions are made to either end of the two-wire line through
coaxial line terminating in TNC female connectors. Dimen-
sions of the coaxial lines are selected 1o provide appropriate
impedance transformation between the anode structure and
standard 50 Q coaxial cable.

At the operating frequency, the phase shift along the
two-wire line is approximately 3 half-wavelengths. The rf
field distribution inside the anode hole is then 8 half-wave-
11 180° phase reversals introduced by the
alternate conneetion of the vanes minus 3 x 180° = 540°

lengths

phase delay on the straps.
Electronic interaction with the wave traveling on the
anode circuit can then he obtained with a space charge

Figure 2 — Parts of Basic Anode Assembly, CW Amplitron.
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Figure 3 — QKS997A-101 Insertion loss through CW Amplitron.

distribution with four strokes, similar in many respects to
the space-charge distribution in an oscillating 8-vaned mag-
netron. The operating parameters — magnetic field, anode
voltage, efliciency are calculated on the same basis as
that of the magnetron.

In the case of the QKS997, the calculated V, = 192 volts
and B, == 487 gauss at 2300 Mc. The selected operating
point is V = 1800 volis with a magnetic field of 2200 gauss
— B/B, = 4.5. For this value of B/B,, the theoretical
efficiency is 87%. Efficiencies in excess of 60% are meas-
ured under these conditions.

The voltage-current characteristic of a CW Amplitron
appears as shown in Figure 6. With rf drive present, a
sharp “gauss line” or operating line appears near the voltage
for oplimum interaction at the frequency of the drive signal.
This line is an impedance of only a few hundred ohms, com-
pared to 500 to 100 kilohms for the static impedance of the
tube. The maximum current that may be drawn on this line
is a function of drive power. A plot of power output at the
maximum current as a function of drive power is shown in
Figure 7.

Also plotted in Figure 7 is a mathematical expression for
gain in the Amplitron device derived hy W. C. Brown and
based on a rigid spoke theory of interaction. The power
output plotied is the maximum that can be obtained by
adjusting the power supply for maximum anode current at
the drive level specified. The normal operating current is
chosen at least 209 below this maximum level.

With the current held constant at a value less than the
maximum value, varying the drive signal power has litle
effect on the power output. Any additional drive power
above the minimum required passes through the tuhe and
VOL.
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Figure 4 — Block Diagram, 20-watt Amplitron Telemetry System
with redundant power stages.

adds to the output without amplification.

With no drive power applied, the Amplitron will draw
reduced current and produce a noisy output signal several
megacycles wide centered al a frequency which is propor-
tional to the applied voltage.

With drive applied, the anode voliage of the Amplitron
must be held within narrow limits if amplification is to be
obtained. This is generally accomplished with a power sup-

Figure 5 — Pictorial representation of the eleven-vaned rf
circuit of QKS997A.
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Figure 6 — QKS997A Voltage-Current Characteristics.

ply which includes current regulation, as current is a sensi-
live measure of proper operating voltage. The simplest lorm
ol regulator is series resistance, but this is usually rejected
for all except laboratory systems because of the power lost
in the dropping resistor and the relatively poor regulation
provided.

The series resistor may be replaced by a vacuum tube or
transistor with appreciable gain in the feedback circuit. In
this case, much improved regulation is obtained with less
power loss bul with added complexity.

The circuit of Figure 8 has been suggested by engineers
of Ravtheon’s Magnetics Operation and Space Information
Systems Division as a means of providing low [requency
regulation at high efliciency and with minimal complexity.
The regulation in this case is in the primary circuit of the
high voltage transformer sensing current in the secondary.
It provides stabilization against input line variations as well
as any changes in tube voltage arising from changes in fre-
quency, lemperature, magnetic field or the effects of life.

In the circuit shown, a similar feedbhack scheme is used
in the heater circuit which although not imperative appears
desirable {rom several aspects. It assures good control of
the heater power by sensing the heater current. It effectively
limits the surge current when power is applied to the cold
heater. It provides a convenienl means to introduce the re-
duction of heater power desired as the plate power is applied
to compensate for the back hombardment heating of the
cathode.
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QKS997A with anode current adjusted for maximum at each
drive power level.

As in the magnetron, some of the elecirons emitted {rom
the cathode of the Amplitron find themselves in the wrong
rf phase. These accept a small amount of energy from the
rf field and are driven back to the cathode. The excess
energy which they have accepted (rom the rf field is con-
verted to heat at the surface of the cathode. It is customary
to reduce the heater power upon application of plate power
to compensate for this heating eflect.

These electrons striking the cathode surface also give rise
to rather large amounts of secondary emission. In [act,
some lubes, especially at higher powers, are operated with
cathodes supplying only secondary emission. Several types
of cathode operating near room temperature have been
found satisfactory.

In the case of the QKS997, a conventional oxide-coated
cathode with a nickel matrix developed at The Machlett
Laboratories, Inc.,” has been selected. A cathode emitting
area of nearly 0.4 sq. em is provided so that primary emis-
sion densities at the 20-waltt level are less than 60 mA/cm?,
a hgure which in traveling-wave tubes is used to predict an
operating life in excess of 40,000 hours. Because of the
presence of back hombardment in the Amiplitron emission life-
times are expected to he somewhat less than those predicted
al comparable temperatures without hack bombardment.

“*P. F. Varadi and K. Ettre, “Simultaneous Cataphoretic and Elec-
trolytic Depositing Nickel for Plated Cathode of Reliable Electron
Tubes,” JAP.
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Figure 8 — Block Diagram, Amplitron Power Supply.

The space Amplitrons now heing built at Spencer Labora-
tory are the first in which operating lifetimes greater than
10,000 hours have been the objectives of the development
program. Much of the technology that has been generated
by other devices has heen incorporated into the Amplitron
design. The validity of the translation of this technology can
only he proved hy extensive life tests which are currently
planned.

The most critical question is, of course, the wear-out
phenomenon of the cathode — to what extent can the sec-
ondary emission which is generated be used to reduce the
demands for primary emission and consequenily high tem-
peratures and evaporation rates.

The ability of a cathode to supply adequate emission at
low temperatures and for a long period of time is dependent
on its operation in a vacuum envelope free from foreign
vapors. Careful selection of materials for the vacuum en-
velope and advanced processing techniques including double
vacuum hakeout at high temperature are employed to assure
long life in the Amplitron.

The thermal design of the QKS997 is one factor which
tends to reduce the possibility of gas evolution in the tube.
The r[ structure is designed to collect the entire electron
current in normal operation. It is made up of copper parts
at ground potential which provide an excellent heat path to
the mounting plate. With 20 watts of dissipation, the tem-
perature drop [rom the tips of the vane where clectrons are
collected to mounting plate is calculated to he less than 10°C.

VOL. 20, NO. 2, 1963

The mechanical design of the tube is also such as to pro-
vide high resistance to damage [rom severe mechanical
environments. Several tubes have been tested with 200g
shocks in three mutually perpendicular planes without change
in characteristics. Vibration tesls with sinusoidal vibration at
the 15g level in any of the three planes shows less than 1°
rms phase modulation induced by the vibration. Data from
one QKS997A is shown in Figure 9.

One of the more important characteristics with respect to
frequency or phase modulated systems is the phase modula-
tion due to power supply ripple or other sources. The rela-
tively chort electrical lengtliof the Amplitron also contributes
to a low pushing factor. The phase shift is less than 2° for
a 1% change in anode current around the 20-watl operating
point. Thus, a power supply with 1 volt of ripple and an
internal impedance of 5000 ohms would introduce ahout 2°
of phase shift. The phase modulation by noise is also low,
less than 0.5° rms in a 500 Ke band pass. No measurable
increase was found in the background of 1 to 2° in two
separate systems in which a tube has been checked. An ex-
perimental tube has also been tested and found stable in a
phase locked loop with a bandwidth of 20 cps.

The most serious limitation of the Amplitron for telemetry
applications has been its relatively low expected gain. Most
pulsed Amplitrons have heen Luilt {or extremely high power
operating point chosen to provide only 10 to 13 db of gain.
As has heen shown in the QKS997A development, however,
proper selection of the operating point and good rf circuit
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design can yield Amplitrons which can be operated with
nearly 20 db gain. At S-band, this gain is sufficient to bring
the output of a solid state exciter to the 20 to 100-watt level
in a single stage.

When higher gains are required, additional Amplitron
stages are practical, especially where efficient operation at
several power output levels is desired. Figure 10 is a block
diagram for a system in which three levels would be avail-
able — the 200-mW level of the solid state driver, the
20-watt level of the driver-Amplitron, and the 500-watt level
of the final Amplitron. (The QKS1115 is currently under
development.) Both of the Amplitron stages could he 60%
efficient in S-band. Ferrite isolators would be inclided to
provide non-reciprocal attenuation at least equal to the
power gain. The diagram also shows two lubes for each
stage to provide redundancy as has been discussed earlier.

Amplitrons are not restricted to telemetry in S-band but
can be eflectively scaled for operation throughout the micro-
wave spectrum. The magnetic field required for efficient
operation increases directly with frequency, and permanent
magnet and pole piece materials place a practical upper
limit on frequency around 100 Ge. At L-band and lower
frequencies, the competition with solid-state devices will
limit the applications except for fairly high powers. Units
in the 100 watt to a few kilowatl range appear quite attrac-
tive at S, € and X-band and from a few watts to a few
hundred watts in the higher bands. Lower power unifs
appear to be probable at the higher frequencies to match
the output power available from solid state drivers. The

Figure 9 — Phase modulation during sinusoidal vibration,
QKS997A-102 CW Amplitron, driven at 2300 Mc. Vibration level
15G at frequencies shown.

upper limit on power output is a function more of spacecrafl
available power and of adequate cooling techniques as the
basic interaction process has been shown to be capable of
super-power generation.

Figure 10 — Block Diagram, 500 Watt Telemetry System with
two stages at amplitron amplification and redundant tubes in
each stage.
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Negative Grid Tubes for Space Apphications

By WERNER BRUNHART, Chief Engineer, Small Power Tubes; The Machlett Laboratories, Inc.

Introduction

he main requirements for any electron device in outer
space applications is good overall efficiency, long re-
liable operation, a package as small and light as
possible, and capability of withstanding severe environ-
mental conditions. These requirements are not usually com-
patible with each other. With respect to power output and
plate efficiency, the negative grid tube is only surpassed by
other devices operaling at higher frequencies. With respec!
to power gain per stage, other tubes, such as TWT’s, elc.,
ave superior to the negative grid tube. Despite this, the
negative grid tube has not only been selected for space
applications in the past, but also for future applications.
Following are some of the advantages of the negative grid
tube. No magnetic field is required which could disturh
otlier functions in a spacecraft. Circuits employing this tube
are simple and can withstand very stringent environmental
requirements of up to 100 G’s shock, and vibration over a
wide range of frequencies up to 20 G’< and more. The power
supply required in conjunction with the tube does not re-
quire extensive regulation. In some cases the regulation can
be omitted altogether without adversely affecting opera-
tional stability, especially with respect to frequency. The
effect of nuclear radiation on tube operation is negligible.
Following are procedures which are used in the fabrica-
tion and testing of negative grid tubes which are specifically
designated for space applications.
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Fabrication of the Tubes

Even though tube fabrication normally requires clean and
careful assembly techniques to assure a good product, it is
necessary to improve these techniques still further. All
ceramic parts (only metal-ceramic envelopes are used) used
for these special tubes are individually inspected for cracks
and chips using a microscope with a 10X magnification. In
standard tube production, parts sampling is considered ade-
quate. With special tubes, each ceramic part is again checked
alter metalizing for defects by backlighting. Every tenth
piece is used 1o monitor (see Iigure 1) the thickness of the
metalizing (the method used is destructive). The above in-
spection procedure is repeated after each operation.

The metal-ceramic sub-assemblies are all radiographed
for possible solder voids, and are then leak tested. In normal
production, each part is checked only for leaks. However,
it is felt that parts with solder voids, which are not detect-
able in standard tube procedures might eventually develop
small leaks and require the discarding of the whole assembly.

All other tube parts receive a 100 per cent inspection,
usually hy engineering personnel. For instance, each grid is
carefully checked for uniformity with regard to wire spacing
and tension. Furthermore, each weld on the various sub-
assemblies is inspected by means of a microscope. And last,
but not least, the cathode assembly receives special attention
to assure a clean and passive cathode emitter with uniform
emitter coaling.
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Figure 1 — Thickness of metalizing on ceramic parts are
checked with specially adapted microscope.

Immediately after final assembly, all special tubes are
radiographed and examined for proper location of the
various elements. A leak check is performed just prior lo
the exhaust cycle of the multiple exhaust slation to assure
that no conlamination takes place during this test operation.

Testing of the Tubes

After aging, the tubes are subjected (o the normal static
tests in order to verilv that their characteristics are accept-
able. Over and above these standard tests, it is mandatory
that each tube he tested in the final equipment circuit under
actual flight conditions (see Figures 2 and 2A). Only this
test really proves if the tubes are acceptable. The test in the
final equipment is repeated a second time. The first test is
done only after the tubes have heen shelf-aged for several
days. Only tubes which repeal original test data within the
accuracy of the instruments are accepted. After this the tubes
receive an ambhient temperature cycle of about — 62°C to
+ 150°C. Then, the final test is again performed in the
flight test circuit.

At this point the tubes are shipped to the user, who then
conducts his own series of tests. The tubes are tested in the
final circuit for at least 100 hours, during which time
they are subject to shock, vihration, ambient temperature
changes, etc. Only tubes which perform well and show no

34

Figures 2 and 2A — Final testing of ML-6771 planar triodes
for space application takes place in this power gain test set,
which employs a microwave amplifier, slotted line and pre-
tuned cavity. Even though this extremely precise test unit is
highly stable, it is recalibrated prior to each test. At a test
frequency of 960 mc, 14 watt input, the typical output power
range is 3.1 to 3.4 watts. Average VSWR readings are 1.4 to
1.45 — well below the ‘“‘not-to-exceed’” 1.85; readings as low
as 1.1 have been made. Figure 2A shows a closer view of the
Resdel amplifier cavity, preset to accept only those tubes with-
in a narrow tuning range.

performance changes up to this point are accepted for flight
equipment. In the flight equipment itself, all components
undergo extensive testing which can last up to 1000 hours.

Actual Applications

To date the following tube types have been and are being
used in space applications — the ML-471 (a special version
of the 6442) in the Project Mercury S-Band beacon, the
ML-6771 in the Project Mercury C-Band beacon, the
ML.-546 (a special version of the 6771) in Projects Mariner
and Ranger transmitters, the ML-7855 in the TV transmitter
for Project Ranger, and the ML-518 in the frequency multi-
plier and amplifier of Project Nimbus telemetering system.
There are other applications of these tubes in various other
military missiles.

Above is mentioned the importance of testing the tube in
final flight circuits and conditions. This includes, of course,
the filament voltage. The selection of the proper optimized
filament voltage is very important. The tube life can be
drastically shortened if the filament vollage is set wrong.
Life tests of tubes used in Projects Mariner and Ranger
indicate that the same power output can be obtained with
a filament voltage of 5.2 or 5.75 volts. However the drop
in power output is about 1.5 db for an amplifier chain of
two tubes over a period of 15,000 hours in the first case,
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and about 9.7 db in the second case; see Figures 3 and 4.
This example points out the importance of the hlament
voltage. It also indicates that the plate power supply can he
of a rather simple design and the operating conditions,
(i.e., plate current and plate dissipation) have only a minor
influence on the life of the tube once conditions have been
optimized. At least the final amplifier tube used here is
operaled close lo maximum ratings with respect to plate
voltage and current, maximum plate power input is rated
at 6.25 watts. In this application, the tube is operated at

Figure 3 — Power Output versus Time for ML-546 of the Pre-
amplifier used in Mariner and Ranger Transmitters,
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about 5.25 watts, with a minimum power output of 3.1
watls. The current loading of the cathode in this case is
approximately 150 ma/cm?®. It should be emphasized that
no sell compensaling circuit was emploved to automatically
adjust the current for changes in the tube characteristics.
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Figure 4 — Power Output versus Time for ML-546 of the Final
Amplifier used in Mariner and Ranger Transmitters.
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Votes on Yapor Cooling

of High Power Electron Tubes

By HELMUT LANGER, Senior Development Engineer
and
JOSEPH FEDORCHUCK, Development Engineer

{ince vapor cooling of high power electron tubes was
introduced some 12 years ago, it has become a subject
of increasing interest among equipment designers. Be-

cause of its inherent advantages as well as its supplementary
advantages, vapor cooling has become a process proven to
have superior cooling capabilities for many applications,
especially those involving high power tubes. From the
economic standpoint, vapor cooling is not only proving
advanlageous in new equipment, but it has demonstrated its
value in recent conversion applications which previously
employed air-cooled power tubes.

Vapor-cooling systems involve several design considera-
tions which are not normally associated with radiation,
forced-air, or forced-liquid cooling. It is the purpose of this
article to outline some of these design considerations, as
well as to introduce some entirely new aspects of this subject.

Heat Transfer to Boiling Liquids

Experiments on heat transfer to boiling liguids have
shown that vaporization and creation of vapor bubbles often
starl al microscopic cavities. At a point on the anode
where a vapor bubble is formed, the coeflicient of heat
transfer is greatly reduced until the bubble is set free. For
the most part heat transfer occurs mostly at points on the
anode where momentarily no vapor bubble is present. Re-
moval of the vapor bubble is accomplished by the convection
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current of the liquid, i.e., thermosyphon effect. As long as
the temperature difference Al of the anode and the liquid
is relatively small, low of the liquid and enclosed vapor
bubbles stays laminar. With increasing temperature of the
anode, the vapor bubbles become larger. As more bubbles
are formed and are crowded in the same unil area, Lhe
vapor-liquid emulsion becomes turbulent. Iigures 1, 2 and
3 are pholographs illustrating bubble formation on a Mach-
lett ML-7482 super-power triode tube at different plate
dissipation levels. Maximum heat transfer in water is ac-
complished at At of approximately 25°C (see I'igure 4).
With increased At, the heal transfer rate is decreased hy
formation of a vapor film on the anode surface which acts
as an insulator by greatly reducing the heat-transfer rate.
Also, this vapor film could cause overheating and possible
burn out (calefaction) between M and L (Figure 4), re-
sulting in an overhealed anode with subsequent gassing
and possible tube destruction. Therefore, a change from the
nucleate boiling (At <25°C) to film boiling (A1 >25°C)

results in irreversible overheating. The maximum heat flux

% would be limited to 135W/cm?.

Heat Transfer in Vapor-Cooled Structures

Danger of overheating in the lransition zone (M-L)
(Figure 4) can be avoided when the surface of the anode

37



Figure 1 — ML-7482 Super Powered Triode under test in “‘clas-
sical’” system boiler at 100 Kw plate dissipation. Note boiling
action about anode visible through porthole at left.

is provided with heavy protrusions, as has heen developed
by CFTH (France) in their early pineapple design'. This
design was later modified to a straight gear type anode
design as is shown in Figure 5, probably for economic
reasons. Another design which is used by Telefunken, Ger-
many and others, utilizes a very heavy wall anode with many
large holes drilled axially through the anode wall near the
outer edge?*3. The aforementioned anode fin tube design al-
lows heal removal of about 200W/cm?, in terms of the inner
(vacuum-side) bombarded anode surface. The heal removal
rale in terms of the outer corrugated surface is in the range
of 35W /em?. A still later improvement developed by CFTH
uses a large number of rather small, but deep radial slots.
The first test results by CFTH and by Machlett indicate heat
transfer capabilities ol this tube in the order of >500W /cm*.
Figure 6 shows a Machlett ML-7482 tube with a third
generalion fin design, whicl increases plate dissipation capa-
bililies of the anode over previous generation tubes from
200 kW 1o 300 kW. Safetv for short lime overloads is
maintained.

It should be noted that radial extension within proper
design configurations increases the heat dissipation of the

1C. Beutheret, “The Vapotron Technique,” Review Technigue, C. F.
T. H. No. 24, Paris, December 1956.

2C. Protze, “KanalKuehlung, eine Siedekuehlung von Hochleistungs
HF-Generator und Senderoehren,” Telefunken Zeitung, Vol. 29,
No. 112, June 1956.

3]. Houdyshel, “Vapor Phase Cooling of High Power Equipments,”
Electro Technologie, March 1963.
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Figure 2 — Closeup of porthole shown in Figure 1 with tube
operating at 150 Kw plate dissipation.

outer anode surface by a factor of 5 to 10. This radial
exlension also permits the operation of the anode in the
critical transition zone witliout danger of burn-out. If a
vapor film adheres to one local section of the fin, then
heat transfler is accomplished at another section. As power
dissipalion is increased, more vapor hubbles are formed
and more lurbulence of the waler-vapor emulsion is accom-

Figure 5 — ML-7482 (second generation anode fin design).
P 200 Kw.
A
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Figure 3 — Closeup of porthole shown in Figure 1 with tube
operating at 200 Kw plate dissipation.

plished, and thus better contact of the liquid to the anode
fins takes place. Fxperiments have shown that so-called

> of the fins (see Figure 7) on a gear type anode

“twisting”
increases the heat transfer rate of the anode by more than
30%. At the same time, the twisted fins provide a more
quiel operation from the standpoint of mechanical vibration

of the tube-hoiler assembly. In the earlier anode-fin designs

Figure 6 — ML-7482 (third generation anode fin design).
>

P 300 Kw.

A
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Figure 4 — Nukiyama Heat Transfer Curve For Boiling Water.

pineapple gear type, or channel cooling type - - the
vapor-water emulsion was ejected al the upper opening be-
tween two fins, as directed by a rather closely surrounding
jacket which creates a thermosyphon effect. In the rewer
fin designs with small, deep grooves (see Figure 6) vapor
bubbles are {ree to move radially outward, forming a vapor
cloud a safe distance (15” 1o 1”) away [rom the outer

Figure 7 — Closeup section of '‘twisted-fin’"’ anode (experi-
mental design).




external surface of the anode fin, and moving upwards
towards the boiling liquid surface. One may observe this
phenomena in Figure 2. Figure 8 is taken from C. A.
Beutheret* and shows the curve of Figure 4 in terms of

Q.
A (ar)

tubes with fin configurations as discussed ahove. Note that

as total thermal conductance of vapor-cooled

heat-transfer rates are increased from 150W/em? in Curve
2 to as high as 600W/em? in Curve 4. The transition zone
C (see also Figure 4), is represented by a hroken line. The
efficiency curves drop rapidly when maximum thermal con-
ductance is reached, and the structure would be subject to
destruction if the power were not reduced in sufficient lime.
The curves in Figure 8 represent operation under steady
state conditions in boiling water under atmospheric pressure.

Heat Transfer and Surface Conditions

Sufficient heat transfer under steady state conditions in
vapor-cooled anode structures requires utmost care with
respect to cleanliness of the boiling liquid, surface conditions
of the anode structure and all system components. Generally,
distilled water should be used in order to avoid shidge and
scale formation on the anode surface, and to reduce the
possibility of electrical breakdown in the insulaled water
intake due to high conduetivity of the water®. However,
clean tap-water can be used when certain precautions are
taken. Clean copper in contact with the hoiling liquid ap-
pears lo give optimum heat transfer; slightly dirty copper
can reduce heat transfer rates hy 20% 1o 50%". Oil or
grease in the system will greatly reduce heal transfer and
may produce carbonaccous scale deposits on the fin surface.
Roughing of the anode-fin surface does not necessarily have
positive effects on heat transfer. Proper acid cleaning and
careful handling will, however, prevent contamination.

Aeration of the distilled water, as mav he accomplished
on the outlet of the heat exchanger (see ligure 10) may
increase heal transfer’. Also, the addition of wetting agenits
to the distilled water may increase heat transfer by greatly
reducing surface tension, thus permitting a freer escape of
vapor hubibles. However, in using wetling agents, caulion
must be exercised to avoid scale formation.

Surface Scale Formation

The use of distilled water as the hoiling liquid and the
thorough rinsing of the anode fin surface by powerful turhu-
lence greatly reduces scale formation. In a “clean” system,
the anode-fin surface, after several thousand hours of op-

4(. Beutheret, “Evaporation Process and 1he Vapotron.”

5“Note on the Vapotron,” Publication by the Compagnie Frangaise
Thomson-Houston, France.

6W. McAdams, Chapter X, “Heat Transler to Boiling Liquids,”
Heat Transmission, McGraw-Hill, New York.

“Thid.
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eration, should slill only exhibit a tvpical brownish copper
oxide appearance. This condilion is established after several
hours of operation under maximum power dissipation of the
tube. In an initial installation frequent rinsing of the over-
all system, including the heat exchanger, is required to
remove most of the contaminants. Alter a system is put into
operation, il is good maintenance practice to periodically
drain the system and clean the anode structure and system
components. Such practice will pay dividends in reliable
system performance and excellent tube life.

Application of Vapor Cooling at High Elevations

Under normal conditions, vapor-cooling of high power
tubes can be used at high elevations (transmitter or radio
equipments al mountain tops) without loss of efhciency in
heat transfer. Figure 9 shows the decrease of heat ol vapori-
zation of water with respect to saluration temperature and
elevation in feet. Heal of vaporization at 15,000 feet is
decreased by 1.8%. For example, at this altitude, boiling
water absorhs approximately 535 calories per gram of water
vaporized as opposed to 545 calories absorbed at sea level.

Applications of vapor-cooled svsiems at high elevations
have several distinct advantages over forced-air or lorced-
waler cooled systems.

1. Eliminates requirement of large amounts of circulating
water for forced-water systems, which is difhcult to
provide at high elevation transmitter locations.

2. Dissipates 200% to 3009
cooled systems.

more power than air-

3. Provides significant supplementary advantages: prac-
tical means of using dissipated heat for healing build-
ings; and, efficient means of extracting distilled water
from svstem®.

Vapor Cooling at Subzero Temperatures

Many present dav electron tube cooling svstems musl
operate in remole areas under subzero lemperatures. Sys-
lems using waler must therefore be protected against the
possibility of freezing during shuldowns or power failures.
In general, water-ethvlene-glycol mixtures are most fre-
quently used (50% waler-50% ethvlene-gylcol for approxi-
mately —40°C freezing point). For forced-water cooled
and vapor-cooled svstems, only purified glycol and water
solutions without additives should he nsed?, as additives
usuatly reduce the heat transfer rate. If the heat densities
are high enough, local scaling may result. Machlett tests

“H. Langer, “Supplementary Advaniages of Vapor Cooling: Space
Heating and Distilled Water Production,” Cathode Press, Vol. 20,
No. 1, 1963.

9A. Winslow, “Coolants for High Power Radio and Transmitting
Tubes,” Electronic Puckaging und Production, February 1963.
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indicate that 50/50 glycol-water solutions and distilled water
exhibit comparable boiling characteristics and heat transfer
values. However, until suflicient field life data have been
accumulated, plate dissipation values should be limited 1o
approximately 75% of the maximum tube ratings, and
rather frequent maintenance checks should he made.

With systems using glycol-water mixtures, evaporation
losses on the outlet of the heat exchanger will consist mainly
of water. To replenish the loss, only water has to be added.
However, vapor-cooling systems normally include aulomatic
waler level controls which replenish the system from a reser-
voir. In most cases, it will also he necessary to maintain a
glycol-water mixture in the reservoir. After a period of
time, systems which initially ineluded a 50-50 mixture, will
consist of more glycol than water. It will then he necessary
to institute periodic specific density tests, and if necessary
replace or modify the solution to maintain the proper solu-
tion. The specific density of a 50-50 solution is 1.072g/cm?
al 60°l".

Vapor Cooling for High Frequency Applications

In conventional vapor cooling systems, the waler-steam
emulsion at the upper escape provides an excellent means
of cooling the anode flange. This feature permits the use of
a short connection between the melal tube flange and the

Figure 8 — Conductance of Vapor Cooled Tubes.

THERMO CONDUCTANCE
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ceramic or glass envelope. It also reduces high frequency
losses, which ultimately decrease the tube power outpul
at high frequencies. The escaped vapor can either be dis-
charged through an upper sleam-tube, as in the Classical
System (Figure 10), or it can be discharged downwards as
in the Vapor-Down Syslem (Figure 11). The latter system
is of interest when considering that in high frequency ap-
plications, grounded grid operation is widely used. Discharge
of the vapor downward permils tube designs with very
short distances hetween the anode and the grid. This inini-
niizes inductance, and subsequently increases the resonance
frequency of the grid-anode circuit. While the Classical
System operates without “external” power, the Vapor-Down
Svstem requires a small circulating water pump lo feed the
condensate hack into the hoiler, which is pumped at a rate
3 10 5 times more than would normally be required to com-
pensate for losses due lo vaporization. For very high fre-
quency applications > 100Mc the Integrated High Frequency
System is recommended (ligure 12). In this system the
boiler hecomes a part of the tube. However, the hoiler-tuhe
assembly is installed in an inverted position. The svstem is
then operated in the same manner as the classical vapor
cooling svstem. Advantages of this system inclide the reduc-
tion in size of the anode-hoiler, which results in lower tuhe
circuil capacitances that are essential in VHE installations.

Figure 9 — Heat of Vaporization of Water versus Elevation in
Feet.
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Figure 10 — Classical System. In this system the water-steam
emulsion at the upper escape provides an excellent means of
cooling the anode flange, permitting use of a short connection
between the metal tube flange and envelope. This reduces high
frequency losses which decrease the tube power output range
at high frequencies.
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Figure 11 — Vapor-Down System. This system is to be con-

sidered for high frequency applications when grounded grid
operation is used. The downward discharge of the vapor per-
mits tube designs with very short distances between the anode
and grid. This minimizes inductance, and subsequently in-
creases the resonance frequency of the grid-anode circuit.
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Economic Considerations

In any discussion of the relative merits of cooling systems
for electron tubes, installation and operation costs necessarily
assume a major role. In many applications the selection of
vapor cooling is easily justified on costs alone'. Generally
speaking, installation costs for vapor cooling systems for
high power tubes are somewhat higher than air-cooled sys-
tems; installation cosls are comparable with forced-water
svslems. However, when total operational costs are con-
sidered, cost savings in favor of vapor cooling increase with
dissipation levels. I'or example, operating costs for 5000
hours of operation at 50 KW dissipation are approximately
$500.00 in favor of vapor cooling; and $1000 at the 100
KW level.

Another economic [actor of vapor cooling can be trans-
lated in terms of tube life. There are some indications that
vapor-cooled tubes, due to maintenance of constant anode
temperature. now have greater tube life expectancy than
comparable air-cooled tubes.

10M, Stangl, W. Allen, “Vapor Phase Cooling of High Power Elec-
tron Tubes,” Electricul Design News, May 1962.
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Figure 12 — Integrated High Frequency System. This system,
in which the boiler is an integral part of the tube, is recom-
mended for very high frequency applications greater than
100 Mec. Advantages of this method include the reduction in
size of the anode-boiler, which results in lower tube circuit
capacitances that are essential in VHF installations.
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\ew Machlett Developments

ML-8495

High voltage triode
for
pulse modulator service

to 3 Mw

Designed to operate primarily as a
swilch tube in pulse modulators and
other high voltage switching applica-
tions. Employs sturdy thoriated tung-
sten filament and integrated forced-
oil-cooled anode.

Maximum Ratings Pulse Modulator
or Pulse Amplifier

Plate Voltage 160 kV
Pulse Cathode Current 22 amps
Plate Dissipation 2.5kW

Tvpical Operation

DC Plate Voliage 150 kV
DC Grid Voltage 1000 v
Pulse Positive Grid

Voltage 1000 v
Pulse Plate Current 18 amps
Pulse Grid Current 3 amps
Pulse Driving Power 6 kW
Pulse Power Output 2.4 Mw
Pulse Output Voltage 135kV

I=F |

.m‘ e So i

ML-7482
General purpose, vapor-
cooled triode capable
of 400 kW
service at 30 M¢

New ML-7482 general purpose triode
is capable of more than 400 kW con-
tinuous output as Class C amplifier
or oscillator at [requencies 10 30 Me.
Improved anode design dissipates up
to 300 kW during momentary over-
loads.
Maximum Ratings as RF
Power Amplifier and Oscillator
Class C Telegraphy

DC Plate Voltage 20 kV
DC Grid Voltage 1500 v
DC Plate Current 30 amps
DC Grid Current 4 amps
Plate Input 600 kW
Plate Dissipation 200 kW
Typical Operation

DC Plate Voltage 20 kV
DC Grid Voltage 1000 v
DC Plate Current 29 amps
Driving Power,

Approx. O kW
Power Output,

Approx. 440 kW

ML-589
1”7 X-ray sensitive
vidicon for static and
in-motion

TV/x-ray systems

ML.-589 “Dvnamicon” provides high
contrast images with detail resolution
down to 0.0005”, and penetrameter
sensitivities up to 2%, when used with
an adequnate CCTV system and x-ray
source. Magnification to 50X. Target
current is 0.4 ua; dark current is ex-
tremely low compared with conven-
tional light-sensitive vidicons. Espe-
cially suited for non-destructive lesting
and biological applications.

Typical Operating Conditions

Signal-Flectrode

Voliage 10- 30v
Grid #4 & Grid #3

Voltage 200 - 300 v
Grid #4 Voltage 300 v
Grid #1 Voltage

(Picture Cut-off) 4510 100 v

Highlight Signal-
output Current

0.05-02ua

Visual Equiv. Signal to

Noise Ratio. Approx. 300:1
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X-Ray Vidicon

X-ray TV image of metal-clad transistor and encapsul-

ated diode—a typical non-destructive testing application.

High quality-static and in-motion-
X-ray TV images...

The New ML-589 DYNAMICON is a 1" x-ray-
sensitive vidicon camera tube which is capable
of providing high contrast images with detail
resolution down to 0.0005”, and penetrameter
sensitivities up to 2%, when used with an ade-
quate CCTV system and x-ray source. Magnifi-
cations to bOX are easily obtainable. ML-589 is
particularly suited for non-destructive testing and
biological applications, permitting both static
and in-motion examinations of small encapsulated
components and materials such as plastics,

ceramics, steel, aluminum, and rubber.

For complete details write

The Machlett Laboratories,

Inc., Springdale, Conn. An electron tube
affiliate of Raytheon Co. specialist




2" \lidicon

%

Relative Response

500 1000 1500

Only one vidicon has resolution
exceeding 2000 TV lines

The new ML-2058G 2-inch diameter TV
pickup vidicon is the only vidicon that provides
this high detail resolution. Features of the
ML-2058G include: 1.4” diagonal working area,
a limiting resolution exceeding 2000 TV lines;
50% amplitude modulation at 1100 TV lines.
It is designed for operation with conventional
image orthicon deflection coils. Length is 127,
Available with x-ray sensitive photoconductor.

For complete details write

The Machlett Laboratories, MA(H I_ETD

Inc., Springdale, Conn. An electron tube
affiliate of Raytheon Co. specialist




THREE COOLING OPTIONS IN
HIGH POWER COAXIAL TRIODES

FORCED AIR COOLING
ML-8317

Typical power capabilities:
SSB 100 kW (2 tone)
Plate Mod. RF 125 kW

Pulse Mod. 15 Mw

Max. Anode dissip. 60 kW

VAPOR COOLING
ML-7482

Typical power capabilities:

CW 400 kW
SSB 230 kW (2 tone)
Plate Mod. RF 250 kW
Max. Anode dissip. 200 kW

WATER COOLING
ML-7560

Typical power capabilities:
CW 400 kW
Pulse RF 2.5 Mw
Pulse Mod. 15 Mw
Max. Anode dissip. 175 kW

ALL THREE COOLING OPTIONS use basic, proven electron tube structure: Coaxial, easily cooled
terminals; ceramic insulation; thoriated tungsten cathode; heavy wall anode. For technical
data write: The Machlett Laboratories, Inc., Springdale, Conn. An affiliate of Raytheon Company.
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Phased-Array Space Track Radar at
Eglin Air Force Base in northwest
Florida. This installation, and the role
of the Machlett planar triode in this
system, is described in the article
starting on Page 2.
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By ALLEN I. SINSKY. Principal Engineer, Bendix Radio Div., The Bendix Cor poration

M. BRYAN COVINGTON, Principal Engineer, Bendix Radio Div., The Bendix Corporation

Evaluation of Negative Grid Tubes m Pulsed Applications

resent requirements for high powered radars capable of

searching out and (racking many targets at thousands of

miles range can hest e met with the phased array radar.
Large scale arravs such as those being built by Bendix
Radio require high volume production of transmitter and
receiver elements which must be both economical and re-
liable. At the lower microwave frequencies, helow 1500 Me,
large quantities of negative grid vacuum tubes are heing
employed in the array transmitter elements because of their
desirable properties, and low cost. This article will present
some useful operating limits for these negative grid tuhes
which will allow the designer a more complete ulilization of
these readilvy available devices.

In June of 1958 Bendix Radio hegan work on the Elec-
tronicallv Steerable Array Radar (ESAR) project by first
constructing and lesting a 90 element linear feasibility array
shown in Iigure 1. This array is a complete operating radar
steerable 45 degrees either side of vertical along the main
axis of the building. After the successful completion of the
feasibility model a large scale I-band planar-array radar
housed in a ﬁve-stor}f structure was constructed near the
Towson Plant. Figures 2A, 2B and 2C illustrate L-band
models and module. The face of the building is approxi-
mately 50 feet square and houses more than 8000 antenna

2

elements located in the sloping face under a polyurethane
foam protective cover. Its coverage is such that it can survey
air traflic on the New York-Washington Airway and also
track missile firings from the NASA Station at Wallops
Island, Virginia.

At present Bendix Radio is engaged in the construction
of a larger phased array radar for the U. S. Air Force. The
radar, localed at Eglin Air Force Base in Florida, and desig-
nated AN/FPS-85, stands as high as a 15 story building
and, including hoth its transmitter and receiver face, oc-
cupies slightly more area than a foothall field. The radar
shown in Figure 3 will be ready for operation by May 1964
and will be capable of simultaneously searching out, track-
ing, and cataloging hundreds of targets al ranges of several
thousand miles.

At the beginning of the ESAR program very little infor-
mation was available on the expected life of a variety of
coaxial and planar triodes and tetrodes in the pulsed applica-
tion for which they were to he nsed. There were at that time
a variely of pulse derating curves published by the tube
manufacturers which the customer was advised to abide hv.
These derating curves limited the peak cathode current for
various pulse widths and duly cycles. Manufacturers were
reluctant to modify these derating charts in the absence of

CATHODE PRESS



ALLEN 1. SINSKY

With Bendix since 1957, Mr. Sinsky has most recently been responsible for the design of the transmitter module for
the SPADAT radar. He has participated extensively in the design, development and evaluation of transmitter components
for the AN/FPS-46 (XW-1) Flectronically Stecrable Array Radar (ESAR). Having been associated with this program
since its inception, his work has included design and development of the following: hroadband microwave circuitry
including re-entry tetrode and triode cavities utilizing double-tuned circuit techniques; power coaxial components; hard
tube modulation equipment for life testing transmitter tuhes; evaluation of transmitter tubes to determine factors correlating
life, performance, and ratings; and design and development of UHF and L-band sweep generators.

Mr. Sinsky was graduated from Jolms Hopkins Univ. in 1955 with a B.ES. (EE), and subsequently did graduate
work in Microwave Transmission Theory.

M. BRYAN COVINGTON

Mr. Covington has most recently participated in the design of the transmitter circuit {for the SPADAT radar. He has
been associated with the AN/FPS-46 Electronically Steerable Array Radar (ESAR) program since its inception in 1958,
and has worked extensively on transmitter design for phased-array applications. He has directed the ESAR design group
which developed a 30 KW transmitter module at L-band. His work has included design of tetrode transmitters for ESAR
using optimum gain bandwidth techniques in re-entrant cavities, and design of re-entrant high level balanced mixers. An
important part of his present task is the continuing investigation and evaluation of other transmitter devices such as

amplitrons, TWT’s, and cross-field amplifiers.

Mr. Covington was graduated from the University of Texas in 1951 with a B.S.E.E., and University of Marvland in

1956 with an M.S.E.E.

For High Volume Consumption in Phased Array Radar

available data and, conversely, the cuslomer was reluctant
10 use a tube in an application which exceeded the published
ratings of the manufacturer. It was easier for the customer
to select a larger, more costly tube and play it safe.

In a steered array such as ESAR or SPADAT, utilizing
thousands of individual transmitter units, each requiring a
tube kit of several tubes, it is not economically wise to play
it safe and use the next larger size tube than one that might
just do the job. This is especially true when the smaller
tube might, in fact, have better life characteristics and re-
quire less heater power than a larger one. In any event,
Bendix began a series of tube life tests in order to arrive at
some criteria for pulse derating of cathodes.

It was generally agreed that the following parameters
would effect tube life as evidenced by emission decline:

1. filament voliage (cathode temperalure)

2. pulsed cathode current, pulsewidth, and dutv cycle

3. plate dissipation

4. electrode voltages

A program of life testing was initiated on a group of

6442 planar triodes since this tube was intended for use in
the L-band ESAR model. It hecame apparent at once that
tube life was a function of the manufacturer as well as its
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application. Exlensive pulsed emission testing utilizing pulse-
widths from 18 microseconds to 250 microseconds and duties
up to 1% at cathode current densities from 3 to 20 amps
per square centimeter indicated that tube life was not mate-
rially shortened at the higher pulsewidths. It appeared from
this preliminary testing that the amplitude and duration of
the cathode current pulse was of secondary importance and
that one of the other parameters of manufacture or opera-
tion must contribute more noticeably to 1ube life. Since in
the above tests neither plate dissipation or elecirode voltages
were exceeded it was theorized that filament voltage and
consequently cathode temperature plays a major part in
tube life.

Because of their consistency, tube to tube, the Machlett
6442’s were life tested with only healer voltage applied.
Each sample was run at a different heater voltage. mission
was tested periodically by pulsing the tubes. Figure 4 reveals
a marked and consistent increase in tube life as the heater
voltage is lowered.

Further testing of oxide cathodes at various pulsewidths
(out to 500 microseconds) and duty cycles indicated that
tube life could be materially shortened if the RMS cathode
current exceeded 200 to 300 milliamps per square centimeter
ol cathode area. It should be pointed out that tube life as

3



Figure 1 — UHF Linear Array, a complete operating radar,
including transmitter, receiver, modulator beam steering cir-
cuits and associated controls.

Figure 2A — L-band ESAR model, a 5-story structure with more Figure 2B — Scale model of L-band ESAR radar shows equip-
than 8000 antenna elements on the sloping face. The build- ment location. Air-conditioning of unit provides the constant
ing face is approximately 50’ x 50’; antenna elements are im- temperature-humidity necessary to maintain phase control.
bedded in polyurethane foam for protection against the weather.
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referred to above is defined arbitrarily as the time it takes
for the cathode emission to decrease to 70.7% of its original
value with constant electrode voltages applied. Figure 5 plots
tube life as defined above against RMS cathode current for
typical oxide cathodes. At normal operating temperatures
oxide cathodes will emit peak instantaneous currents of 10
to 20 amperes per square centimeter for short pulses before
emission limiting. Currents in excess of this will cause spark-
ing on the cathode surface due to the absence of the virtual
cathode normally present in the space charge limited situa-
tion. The fact that a tube normally operates under virtual
cathode conditions does not mean that the cathode is not
required to deliver the peak currents required in the plate
circuit. Under pulsed conditions and in the frequency range
in which negative gridded tubes operate, the current wave-
form at the cathode is essentially the same as the current
waveform at the plate.

In order to verify the above criteria, several types of
ceramic triodes and tetrodes, including the ML-7815 planar
triode, were operated at pulsewidths of 10, 18 and 1D0
microseconds as well as in a standby condition with only
filament voltage applied. In all cases the cathode current
density was initially set at 3 amps per square centimeter.
Duties ranged from nearly zero in the case of the standby
tubes to .005 corresponding to an RMS current density of
210 ma per square centimeter. Filament voltages were the
same among the tube types and regulated to =1%. In all
cases the emission decline with time was not a pronounced
function of pulsewidth or duty cycle.

One further restriction that must be placed on the oxide
cathode is that of maximum pulsewidith. It is found that as
pulsewidths are increased beyond several hundred micro-

seconds, a current density of 10 amps per square centimeter
cannot be supported by the oxide cathode and a slump or
current droop results. A series of pulse tests were conducted
on a group of ML-7815R’s to determine the current derating
necessary to prevent pulse droop at various pulsewidihs.
This data appears as the upper hound in the pulsed cathode
derating chart in Figure 6.

This derating chart combines these three essential upper
limits of cathode operation:

1. RMS current density of 250 ma per square centi-
meter

2. Peak instantaneous emission of 10 amps per square
centimeter

3. Current density less than that which allows emission
droop at various pulsewidths

Operation at or below the levels indicated on this chart
should result in tube life comparable to that attainable when
the tube operates at very low current densities.

No mention has yet been made of lile as a function of
plate dissipation or electrode voltages. One test recently
completed on the ML-7815R utilized this ceramic triode in
a balanced modulalor circuit operating at a de plate voltage
of 3500 volts. A 250 microsecond pulsed rf drive initiated
a cathode pulse current of | ampere (2 amps per square
centimeter) with peak instantaneous current density of 10
amps per square centimeter. The field intensily belween
control grid and plate in this application is about 160 volts
per mil. Except for an occasional arc which was interrupted
in a few microseconds by a special high voltage [use, no
noticeable shortening of life or internal damage was ob-
served aflter more than 3500 hours of operation. In most

Figure 2C — Photograph of L-band ESAR module used in phased-:
array radar. This unit employs a pair of ML-6442 planar triodes.
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Figure 3 — View of nearly completed AN/FPS-85 Space Track
radar at Eglin Air Force Base in northwestern Florida, con-
structed and installed by Bendix Radio under contract to the
U. S. Air Force. This structure stands 150’ high, is 320’ long
and 133’ deep at the base. Over 1,600 tons of structural steel
were used in the construction of what would be the equivalent
of an 11l-story building. An 800-ton air-conditioning system
maintains the required temperature-humidity conditions with-
in the structure.

Figure 4 — ML-6442 Tube Life vs. Filament Volts. Figure 5 — Cathode Life vs. Current Density for Typical

Cathode.
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cases the thermal time constants of the tube electrodes are
such that CW plate dissipations can be attained without ex-
cessive impulse heating of the electrodes. Voltage derating
will depend on the quality of tube processing. Such factors
as tube oulgassing during evacuation, getter activation, and
elimination of possible contaminants will effect high voltage
hold-off capabilities.

Conclusions

Experience is slowly being accumulated to indicate the
limits to which oxide cathode tubes can bhe operated. A
logical use of the curves shown in Figures 4, 5, and 6 permit
the use of any tube of this type to its full capability for
almost any operating conditions. The only assumption in
using these curves is that the manulacturer is competent in
producing his product so that cathode life is nol shortened
by poor processing. All the data presented here was taken
on production type, moderately priced tubes and not on
super-processed special purpose tubes.

Several interesting points should be noticed in Figure 6.
For one thing, no derating is necessary under any conditions
to pulsewidths of 10 microseconds and for typical Class A
or B operation, no pulse power derating is necessary to

pulsewidths of about 100 microseconds. This is consider-
ably at variance with present recommendations of most
manufacturers. Another interesting feature is the gentle
slope of the curve. A 10-times change in pulsewidth require
only approximately a 2-times change in pulse current. The
total charge that is delivered during a pulse increases
markedly as pulsewidths are increased.

A third interesting point concerns the lower limit of cur-
rent density below which droop will not occur regardless of
pulsewidth. According to the rating curve this occurs at a
currenl density of about 350 milliamps per square centi-
meter. This current level also determines the pulsewidth at
which a tube must be operated at dc cathode ratings. The
pulsewidth in question turns out to be 200 milliseconds.

In conclusion, it can be said that oxide cathode tubes are
capahle of operating reliably and economically in multiple
tube operation if advantage is taken of the potential tube
capabilities. The most needed tube improvement at this time
is in voltage hold-ofl. Theoretically, a tube should be able to
hold off many times the plate potential for which they are
presently rated. Several manufacturers are presently attack-
ing this problem with an eye toward eventually approaching
the ultimate tube for multiple tube applications.

Figure 6 — Cathode Current Density Pulse Derating Chart.

SOLID LINES REPRESENT LIMITS DUE TO PEAK EMISSION & DROOP. BROKEN
LINES REPRESENT LIMITS DUE TO RMS CATHODE CURRENT. BOTH LIMITS MUST

BE OBSERVED.

INDICATED UPPER LIMITS FOR CLASS A AND B OPERATION ARE

NECESSARY TO LIMIT PEAK CURRENT DENSITY TO 10 AMPS PER SQUARE CM.
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The “Primitive Years™ of Electromics™ History Are
Unique Collection of Commander Paul G. Watson,

lthough it is well known that The Machlett Laboratories

has evolved from the business ol manufacturing glass
[Mvacuum equipment, Crookes’ tubes and cold-cathode
x-ray tubes, it is perhaps not as well known that during its
earliest stages Ernst and Robert Machlet!! assisted in the
developmental work of Lee deForest. It was a practice of the
time that eminent engineers or medical practitioners would
turn somewhat informally to small firms to have their ideas
built into the structures required. Thus it was that the com-
pany ol E. Machlett & Sons worked among others, with the
developer of the mercury vapor lamp, Peter Cooper Hewitt.
This enterprise resulted from the firm’s experience with the
Geissler mercury pump and, at the same time, the Geissler
tube (forerunner of the Neon tube, a later project of the de-
veloping Machlett interests) . The Geissler tube was a small
discharge device, gas-filled, which glowed when an electrical
current passed between the electrodes.

In this same context it has been noted? that “On numerous
occasions in the early 1900’s Machlett made up experimental
tubes for Lee deForest, inventor (1906) of the audion, the
first successful three-element electron tube for the amplifica-
tion of feeble electric currents — the prototype of all radio

1Grandfather and father, respectively, of the late Raymond R. Mach-
lett, founder of Machlett Laboratories, Inc.

2Cathode Press, Memorial Issue, 1955.

8

tubes today. Published drawings of deForest’s original
audion show that at the start he worked with a globular
form? of tube with extensions at either end for leads to grid,
plate and filament. This, of course, was a shape of tube for
which one would naturally go to an x-ray tube maker such
as Machlett. Moreover, Machlett’s work for Hewitt had
touched incidentally on problems closely allied to those
which interested deForest.”

It is thus with special interest that CATHODE PRESS
reviews the tube collection and early experiences of Com-
mander Paul G. Watson, USNR (Ret.), whose electronics
collection includes not only Geissler tubes and a “pulsed”
transmitier of extremely early design (notably simpler than
contemporary units) but also some of the earliest tubes of
Lee deForest.

3Commander Watson comments that the original deForest triodes
were “tubular” and that the spherical tubes (such as the ultra-
audion oscillator) were developments of a later date. The suggestion
is made, however, that x-ray tube manufacturers were turned to
because others’ tubes were “too soft.” It appears that, in San
Francisco, deForest had tubes retubulated and re-exhausted to per-
mit proper operation — at 120 volts.

Further 1o this, the cylindrical envelope Audions were not manu-
factured beyond 1907. All single plate Audions (spherical bulb)
were made between 1907 and 1909; double plate tubes from 1909
to 1915, afier which came (in keeping with the times, somehow)
the Model “T”” Audion.

CATHODE PRESS



Figure 1 — Top Row: Single plate/grid audions made prior to
1909; all are tungsten filament tubes, except 4th from the left
T — e o E (oldest tube in group — 1907), which employs a carbon fila-
ment. Tube 3rd from left is double plate audion made after
1909; 31, v filament. Second Row: 1lst tube (left) double
plate/grid audion, 1910; next four tubes made in 1915 for
Lt. Comdr. S. C. Hooper, USN, for tests as transmitting tubes.
All are the first tubes in which the leads came from the base
which is the early Navy ‘3 button'’ base; 4th contact is a pin

® on side of bayonet base. Cathode: twisted tungsten ribbon

e ee e ln e coated with ‘“Hudson’” tantalum. Third Row: 1lst tube (left)
employs an early device to increase emission (see Figure 1b)

consisting of a fine tantalum wire wrapped around the tungsten

filament. 2nd and 4th tubes are type “T'" audions released on

March 15, 1916, after which date no further spherical audions
e were made. 3rd tube is an ultra audion, one of the first tube
9 o types made as an oscillator and/or amplifier. 12 volt filament;

tantalum paste on twisted tungsten ribbon. Date 1912 to 1913.
All tubes in Figure 1 are deForest audions.

Commander Paul G. Watson’s Electron Tube Collection

Comdr. Watson’s collection is located in his home in West
Chester, Pennsylvania. The collection, which includes early
electronic memorabilia and equipment, consists principally
of electron tubes of which there are over 1000 basic types
with some 300 or more variants. Each tube is indexed by
code number and has associated with it a card bearing a
complete technical description. Together with the availability
thus provided, the collection offers a depth in electronic time
which is perhaps unique. See I'igures 1, 2 and 3.

From the beginning of “‘wireless” telegraphy the mosi
important single problem had been the lack of sensitivity of
the detecling device. Signal transmission by means of an
interrupted arc or spark gap and luter by rotary gap,
quenched gap and continuous arc (the Poulsen arc) was
certainly sufhcient for the need. But the problems of static
and/or signal-to-noise ratio together with the need for com-
ponent simplicity caused an early and diligent search for
more effective detectors. The coherer* — borrowed from the
scientific laboratory -— was the first detector and had a

+The coherer was invented by Prol. Edward Branly in 1892. The
device consisted of iron filings in a glass tube. When a current
passed through the tube the filings would “cohere” or join together
and pass current. Rapping of the tube would restore it 1o a non-
conducting state.
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Figure 1la — Enlarged view of third and second tubes, respec-
tively, from left, top row, shown in Figure 1.

relatively long use. lts first wireless application was made by
Oliver Lodge in 1894 and later was adopted by Marconi,
forming the basis for his early efforts at signal reception. In
1903, and later in 1906, the electrolytic and crystal deteclors,
respectively, were invented. It was during this period that
deForest “captured” the incandescent gas (which, he later
learned, had nothing to do with the case) and made a gas-
filled three element tube.

In 1904 deForest was active in the development ol a
transcontinental wireless company to compete with Western
Union. During the first summer conditions had been good
and the crystal and electrolytic detectors employed were
satisfactory. Subsequent conditions, however, revealed de-
ficiencies. Earlier, in 1903, he had attempted to use incan-
descent gas as a rectifying device. Employing two platinum
electrodes, held in bunsen burner flame, with their leads
connected to an antenna and earphones, delorest and his
assistant, C. D. Babcock, had actually received ship signals,
although the noise level was high. Other attempts to produce
a “flame” rectifier failed, but lead, however, to an enclosed
“flame,” so to speak, an incandescent carbon filament lamp
with a platinum plate. This was the first vacuum tube de-
tector to use both filament and plate batteries.

“Dr. deForest realized at this stage of development that
despite the fact that the diode worked, much of the energy
received by the antenna was bypassing the tube through the
headphones and battery. He wrapped the tube with tin foil
which was then connected to the antenna and got better
results. A second plate with the filament between the two
was put inside and the results exceeded all previous experi-
ments.

“It was this device which was named ‘Audion’ by Bab-

10
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Figure 1b — Sketch illustrating early device (about 1909) to
increase emission.

cock, a name used to identify all deForest vacuum tubes
thereafter.

“[t was soon evident that the second plate, or control
element (the grid), could be located more effectively between
the plate and the filament, and so a small platinum plate
with many perforations was prepared and another tube made
with this inserted between the filament and solid plate. This
was the first conventionally-arranged triode tube ever made.
In subsequent models the perforated plate was replaced by a
folded wire grid to lessen the cost. Needless to say this was
the best design of all. Patent Number 841,387 covering this
arrangement was issued January 15, 1907, and is one of the
most valuable patents ever issued.”

He was to note some years later, in a discussion (or argu-
ment?) with E. H. Armstrong that “. . . anyone who has
had considerable experience with numerous audion bulbs
must admit that the behavior of different bulbs varies in
many particulars, and to an astonishing degree. The wing
potential-wing current curves for different bulbs, or even for
the same bulb at different times, under differing conditions
(filament temperature, etc.) vary widely.” To which Arm-
strong replied “Dr. deForest speaks of the great differences
existing between the wing potential-wing current curves. It
will e readily understood by those familiar with the laws
of the conduction of electricity through gases that such is
bound to he the case where any considerable amount of gas
is present in the bulb. The potential at which progressive
ionization of the gas begins is dependent, among other
things, on the pressure; and hence the upper parts of the

5P, G. Watson, Cmdr. USNR Ret., “The Electron Tube.” Radio &
Television News, November 1954, pps. 67, 166.
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Figure 2 — Lamp ‘A"’ is a replica of original Edison bulb made
at Nela Park, Cleveland. ‘B’ is an original bamboo filament elec-
tric famp made in Edison *‘set-up’ at Menlo Park, N.J. between
1881 and 1886. Bamboo was coated with asphalt before car-
burizing to increase strength. ““C’’ is early 1800 “U” filament
carbon bulb (maker unknown). Sides of “U’ are about 11,”
apart. ‘D"’ is early 1800 bulb with wide leg ““U" filament, but

wing polential-wing current curves vary, but the lower parts,
the only place where the electron relay can be operated,
are invariably of the same general shape. With the modern
methods now available for producing very high vacua, it is
a simple matter to construct audions whose characteristics
are for all practical purposes identical. With these high
vacuum bulbs, the astonishing differences of which Dr.
deForest speaks disappear to an astonishing extent.”

Obscured by the towering technical implications of the
Audion is a commercial note to indicate that tube rebuilding
is as old as time. Commander Watson comments: “The tubu-
lar ‘Audions’ (bottom row, Figure 1) were known as Type
“T” and were made first in 1915 when the spherical envelope
was discontinued. It also presented a major change in sales
policy, as prior lo this time it was necessary to return an old
bulb (tube) to purchase a new one. Competitors had been
selling tubular vacuum tubes below the original deForest
price, hence his entrance into this field selling an ‘Audion’
with the non-return policy.”?

DeForest’s work with the audion was to take him farther.
In the cascaded amplifiers he had built (see Figure 4)
“howling” conditions occurred; tubes producing these un-
wanted sounds were called “singers,” and from these were
developed the “ultra-audion” tubes, or oscillators. Here now
was the means for displacing the arc, the alternator and the
spark gap for signal transmission. Although deForest used
the ultra-audion to simplify and improve existing hetero-

SE. H. Armsirong, “Some Recent Developments in the Audio Re-
ceiver,” Proceedings of the IEEE, August 1963, pps. 1094, 1095.
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with top, or return bend of filament turned so that there is
top-to-bottom 90° twist of the “U”’; this method gave circular
light pattern. “‘E" is early form of “’squirted cellulose” filament
dating from 1894, It was successful replacement for bamboo
filament, and was standard design until replaced by tungsten
filament (MAZDA) lamps.

dyne circuits he did little else with electron tubes. But he
had, of course, already done a great deal.

Amateur Radio Station 3BV

Mention has been made of the electrolytic detector. This
explosive device, which utilized the destruction of a gas
bubble to allow passage of current, was invented by Reginald
Fessenden in 1903. Both the Fessenden detector and electro-
lytic interrupter were used in the initial installation of ama-
teur station 3BV. The equipment (Figure 5) was put into
operation in the summer of 1912 with the license 3BV
being granted four years later in 1916. The 3BV license
granted to Paul G. Watson was among the first 600 given in
this country. He later used the call 4XX, Savannah, Georgia,
for experimental work on what were then known as “high
frequencies”.

On a cold clear night 3BV West Chester, Pa. would reach
quite a distance, with its ragged spark sound. 3BV, which
operated from 1912 to 1917, came on the air via an antenna
having 4 parallel wires, each 90 feet long and 60 feet high.
Commander Watson describes his equipment in a personal
and, in places, amusing, memoir :

“The receiver (Figure 6) consisted of a coil of wire of
ahout 300 turns of # 24 cotton covered magnet wire wound
on a 3 inch wooden cylinder well saturated with orange
shellac. A bare strip was carefully sanded down the top
center of the coil and a sliding contact arranged on a square

7P. G. Watson, Ibid., p. 166.
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bar to contact the individual turns of the inductance, for the
purpose of luning. The antenna was connected to one end
of the coil and the ground connected to the sliding contact.

“A tapped fixed condenser was shunted across this vari-
able inductlance to increase ils luning range (see schemalic
drawing of receiver, Figure 7). The tapped fixed condenser
was in reality and effect, a four point switch with three
individual condensers of different capacities to provide the
necessary variation in tuning range. The first point on the
switch was ‘open’, with no capacity connected, the second
point had a five leaf condenser, the third point had a ten
leaf and the fourth a twenty leaf condenser. The condensers
were so set in capacity value that when the slider reached
the maximum number of turns on the coil with the switch
on the first or ‘open’ position, the same frequency could be
reached by placing the condenser swilch on the second point
and moving the coil slider back to the middle of the coil.
In the same fashion, when the maximum inductance was in
on the second point, moving the switch to the third point
and the <lider to the middle of the coil brought back the
same frequency, and so il was on the fourth point, until a
maximum wave length of slightly over 2500 meters was

reached with all of the inductance and the large condenser
in use.

“In 1910 the electrolytic detector (Figure 8) was the best
means known to receive audible radio signals, at least for
amaleur purposes. It consisted of a microscopic silver plated
platinum wire, known as ‘Wollaston wire,” the tip end of
which was immersed in a small cup of dilute nitric acid.
When the cup and the wire were connected in the radio
circuit, slight gas polarization collected on the tip of the
wire, giving unilateral conductivity and rectification of the
impressed radio signal which became audible in the head
phones. Later, possibly two or three years, this messy elec-
trolytic detector was replaced with a ‘Cat whisker’ and
galena (lead sulphile) dry erystal.

“Early in 1912 a ‘one inch’ ‘Bull Dog’ spark coil was pur-
chased from the Electro Importing Company, 233 Fulton
Street, New York. A spark gap was made and mounted on
an old switch base, and we then had our first transmitter
(see schematic drawing of transmitter, Figure 9). Operating
from 8 dry cells and keyed with an old Western Union tele-
graph key, donated by Thomas Smith, the W. U. operator
in West Chester, we were on the air with a litlle squeaky

Figure 3 — Top Row: Early W. E. tubes (I. to r.) WE-201-A;
205-D; VT-2; 104-D; 101-F, 102-F; 216-A. The 201-A dates
from about 1915, has a 3 button “old Navy'' base. The VT-2
(third tube) made for U. S. Government in WW-| was very
widely used in 5 watt transmitters. Rest of first row were used
as telephone amplifiers. Second Row: (four horizontal and 1
vertical tube). Top left is the Geissler tube. 3 colors when lit
(forerunner of neon signs). Made in Belgium about 1912 or
1913; lights from a spark coil. Under the Geissler tube at
the left is a ‘“Weagant tube” made by the Marconi interests
(American Marconi of which Roy Weagant was Chief Engineer)
about 1912 to 1914; triode tube, cylindrical envelope, filament,
small conical in center of tube, grid is a flat disc (round)
placed crosswise in the tube just above the point of the conical
filament. Plate is electro-plated on the outside of the envelope,
a band about 54 inch wide; nominally a triode. Center tube in
the 2nd row, and the 6th tube in the 3rd row are Sodion De-
tector Tubes, sometimes called Donle tubes. In the second
row, vertical in the middle is “*S-13" Sodion, for use with the
old UV-199 tubes (3.3 filament volts) and in the 3rd row is
the “D-21"" Sodion tube for use with 201 and 201-A tube with
5 volt filaments. Gas filled detectors, glowed orange color in
use through frosted envelope. Made in early 1920’s by Con-
necticut Telephone & Electric Co. of Meriden, Conn. The two
tubes on the left, mounted horizontal, are the two types of
Audiotron tubes made by E. T. Cunningham on the West Coast
before 1915. Very “soft’’ excellent detectors, two tungsten fila-
ments; in wide amateur use before WW-! on the West Coast.
These are the tubes which forced deForest to change to the
Model *“T” tubular Audion, March 15, 1916, and caused change
in sales policy. Third Row: First two tubes are “VT-21" tubes
made by deForest for the U. S. Govt. in WW-I. Used as detec-
tors largely — not so hot — interchangeable with the standard
W. E. “VT-1" tube; ‘““Hard’” vacuum in some cases; irregular
performance. Third tube is a deForest Thermionic Rectifier
developed after WW-| for use in low powered transmitters
(Telephone). Fourth tube is a deForest transmitter “H" triode
(after WW-I) designed for HF and some VHF bands for ama-
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teur use; 50 watt tungsten filament. RCA released 852 shortly
afterward to compete in HF and VHF (of that day). Fifth tube
is a deForest “‘Singer type’ triode with elements very similar
to the “‘H’’ tube. Used on a base to fit into low power deForest
radiophone sets., Some were sold for low power AM BC, and
others were used by amateurs. Fourth Row: First tube is
famous “VT-1" W. E. tube, the universal U. S. Govt. receiving
tube of WW-I; 5 volt oxide fil., had 10k gold tips on the four
prongs to avoid contact troubles, improved version of original
WE-203-A tube. Second and third tubes are Mooreheads —
the type made during the patent freeze, by agreement between
American Marconi, deForest and Moorehead — made in San
Francisco; discontinued when RCA was formed and took over
the Fleming Valve patents from Marconi. Fourth tube is a
Moorehead, but mounted on a British base. Made for the
British during WW-I. Fifth and sixth tubes are Electron Relay
tubes for amateur use. The elements are identical with those
in the audiotrons shown in the Second Row; however, these
tubes are mounted on regular 4 pin ‘“‘shaw’ bases made by
Moorehead, and E. T. Cunningham in San Francisco before
WW-1. Fifth Row: First three tubes are “Fotos’’ design made by
Metal of France, before WW-I. Very similar to the British Army
“R"" tube which is shown in the 6th row as #7. All have the
European standard base of that period — triodes; 5 volt tung-
sten fil.,, moderate degree of vacuum. The 8th and 9th tubes
(last two on right) are Telefunken made for the German Army
in WW-1. Element details are an exact copy (or vice versa) of
the French tubes in this row. Sixth (Bottom) Row: First four
tubes are General Electric (VT-14, CG-890, CG-1162, TB-1,
made for the Government before and during WW-I; predecessors
of the RCA line of early receiving tubes. TB-1 was a two ele-
ment tube used to control voltage on the wind driven aircraft
generators in WW-I. Rest are triodes, tungsten filament, various
voltages. Fifth tube is a ““Model A” audio amplifier tube made
by Magnavox for use in their 1920-24 audio amplifiers. Sixth
tube is a tubular Audiotron such as shown in the second row,
but mounted in a 1920 adopter so it could be inserted in a
conventional 4-prong ‘““shaw’’ (short’pin) socket.
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Figure 4 — A reproduction of part of the brochure covering
the deForest Audion detector and amplifier, Type RJ 10, for
the “higher class of operators.’”” The description which accom-
panies the RJ 10, which was sold during the period 1909 to
1915, reads:

“COMBINATION AUDION DETECTOR
AND SINGLE STEP AUDION AMPLIFIER
“Licensed for Private Use Only. Price $110

“In this instrument are combined an audion detector and
single step amplifier, giving the operator in one instrument all
the advantages of the ordinary deForest Audion Detector (in
itself from 1.5 to 3 times the sensitiveness of the crystal or
electrolytic detectors) plus a five-fold amplification of the
signals.

“Equipped with this combination set an operator has an
immense advantage over all those who use other types of
detectors. We find this instrument is particularly attractive to
afl the higher class of operators, as in addition to enabling
them to easily read stations many hundreds of miles further
than can their neighbors, it tremendously simpiifies the labor,
and heightens the pleasure of wireless receiving. This on ac-
count of its utter dependability, and freedom from all delicate
and frequent adjustments. When once the battery switch and
rheostat are correctly set the operator knows that if he is
once tuned to the distant station he will hear it every time it
calls.

‘““‘Moreover, on account of the extreme efficiency of the
Audion detector and the negligible damping which it adds to
the secondary receiving circuit, tuning with the Audion is much
sharper than with other forms of detectors. Much looser
coupling may be used, with corresponding freedom from inter-
ferences. Especially does this last feature hold for the com-
bination detector and amplifier instrument, wherewith it is
easily possible to couple so loosely that all signals, and static
as well, are first rendered entirely inaudible with any unampli-
fied detector, and then to bring up the signals (especially if
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slowly damped wavetrains be used) to a full audible intensity.
By this means it is possible to read long-distance messages
through static disturbances which render other forms of re-
ceivers inoperative.

“Combinations of the Audion Detector with the two-step
Amplifier and also with the three-step Amplifier are made.

“The case of this instrument is of oak, with a high waxed
piano finish. It measures approximately 9% by 18 by 15
inches over all. All metal parts are heavily nickel plated and
all switch knobs and binding posts are of genuine hard rubber.

“The lower bulb is that of the detector, and the upper one
is the amplifier bulb, which has two grids and two plates.

“The secondary terminals of the tuner of the regular re-
ceiving set are connected to binding posts RA and RE. Reversal
of these connections sometimes increases the efficiency of the
set. A large variable condenser also connected to these posts
is of great value in tuning.

“The detector may be used alone by connecting the tele-
phone to | TEL. If both detector and amplifier are to be used,
connect this pair of binding posts to posts S1 and S2, and
connect the telephone to posts Il TEL. Each bulb has its in-
dividual control switches. B1 and B2 control each battery ‘B,’
and each bulb has its own rheostat lettered OUT and IN.

“All other directions for operating are the same as given
herein for Audion Detectors.

“Try reversing connections of both ‘A’ batteries for best
efficiency. Two separate ‘A’ batteries are required for this in-
strument.

“The ‘B’ batteries are contained within the cabinet. If so
ordered, this instrument will be supplied without the ‘B’ bat-
teries, same to be supplied by customer and connected ex-
ternally, but with a potentiometer control, at the same price.
In any event, the ‘A’ batteries are not supplied at this price.”

The caption under the detector-amplifier reads: ‘“Combina-
tion Audion Detector and Single Step Audion Amplifier. Licensed
for Private and Amateur Use Only. ‘Incomparably Superior to
Any Other Known Form of Detector’.”

This signed catalog is contained in the Watson collection.
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signal, completely untuned.

“By mid-summer of 1912, a magazine article came to
hand showing a deForest station with glass plate condensers
and a ‘helix’ to tune with. This was supposed to ‘peak up’
your radiated energy and double the transmitting range.

“A condenser was made by cleaning ofl several glass
photograph negatives, shellacking tin foil on each side, stay-
ing back an inch from the edge, and when the whole stack
of 8 plates was completed they were tied into a bundle and
immersed in mineral oil. The whole assembly was then
placed in a dust tight box.

“The ‘helix’ previously mentioned was the tuning induc-
tance, 10 turns of #6 hare copper wire spaced 3/ inch
between turns on an 8 inch diameter wood column support.
It was used as a common inductance, or auto-transformer,
in both the antenna and the spark circuit, tuning being
accomplished by moving either the spark circuit clip, the
antenna clip, or both if needed after the proper number of
condenser plates had been determined.

“In 1912 alternating current was available in very few
places and certainly not in West Chester. We wanted ‘power’
and we had power available in the form of 115 volt direct
current for house lighting. We had a ‘tuned’ transmitter
now, so during the late summer of 1912 an electrolytic
interrupter was made to work the transmitter directly for
the 115 volt D. C. line. The only change necessary to the
apparatus was the bridging out of the mechanical vibrator
on the spark coil, and to connect the key and the coil pri-
mary through the electrolytic interrupter to the power line.

“Because of the unusual interest of many people in the
details of the electrolytic interrupter, a picture of its original
elements and a cross-section drawing of its assemhly accom-

Figure 5 — The direct coupled spark transmitter of station
3BV. This transmitter, which was operated from 1912 to 1917,
consisted of these units, reading from the left: electrolytic
interrupter (see Figure 10); telegraph key; auto transformer;
glass-plate capacitor; high voltage transformer and spark gap.
Approximately 1.5 kw pulse power was generated. See sche-
matic drawing, Figure 9, and text for description of operation.
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pany this article (see Figures 3 and 8). It consists of a
stoneware crock of about two gallon capacity, hlled to a
depth of 4 inches with a sulphuric acid solution. A quart
milk bottle was drilled with a file end at point ‘A’ (on the
cross-section drawing) until a hole about 1/16th inch in
diameter was made in the corner formed by the bottom and
side of the bottle. The bottle is then set in the acid in the
crock. Since there is a hole in the bottle it fills itself to the
acid level in the crock. A lead pipe electrode is placed as a
contact in the acid inside the bottle and another lead elec-
trode is placed in the acid outside the bottle, but in the
crock. By this arrangement, and the electrical conductivity
of the acid, the only electrical connection between the two
electrodes was the small column of acid in hole ‘A’ in the
milk bottle. When the 10 ampere current passed through
this column of acid it promptly vaporized, therewith opening
the electrical circuit. The acid then fell back together by
gravity pull, closing the circuit, whereupon it promptly
vaporized and again opened the circuit. This cycle of inter-
ruption would continue so long as the telegraph key was
closed and current flowed.

“It is well to note that the primary winding of a coil in-
tended to operate on a six lo ten volt source of power was
connected through the electrolytic interrupter directly to the
115 Volt D. C. lines for many years, without damage result-
ing to the coil. It was fortunate in the beginning that a
shortage of available acid made a relatively weak acid solu-
tion necessary in the interrupter, for it was found that
not only the frequency of the interruption cycle could be
changed, but also the current flowing to the coil could be
regulated by strengthening or weakening the acid solution.
Also in the use of the interrupter, the hole in the glass bottle
was gradually enlarged, and possibly two or three times a
vear new bottles had to he placed in service. The hole would
enlarge to as much as an eighth of an inch in diameter and
currents would become excessive.

“Since the operation of the interrupter depended on the
decomposition of the sulphuric acid solution, a very vile

T
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Figure 6 — Station 3BV's receiver. The first model (1910)
employed an electrolytic detector. This model, a revised ver-
sion, employs a crystal detector.

odor would soon be noticed when the transmiiter was in
operation. Hydrogen gas was one of the products of this
action and on one occasion there was an explosion in the
box covering this device of sufficient force to break it apart
and spill the crock. As the bottle hole enlarged, heat became
excessive and on one occasion soon after starting operations,
the bottom of the crock dropped off and a gallon or so of
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Figure 7 — Schematic drawing of the 3BV receiver.
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acid went through the floor down onto the kitchen range. It
occurred at 1:00 A.M. on a winter night, when there was a
fire in the range. Very promptly ‘all hands’ were awake, the
range turned a beautiful orange color, and the house was
opened for a general airing. The radio operator’s backside
was most uncomfortable from a low frequency oscillation
generated by his father’s hand. The interrupter was messy,
it stunk, but it was a satisfactory solution to getting radio
power on the air under the prevailing conditions.

“Since the interrupter of this transmitter was in modern
phraseology, a modulator producing the signal tone which
would go on the air, it should be realized that the cutoft
was made by a small explosion, and the return by gravity
and the note or tone produced resembled nothing but what
is now made by a leak in a bad pole transformer. It was
ragged, irregular, had a resemblance to static crashes, and
was easily lost in such interference during the summer
months. Such spark notes were very common at the time,
including some of the commercial and military stations.
When higher frequency interrupters using mercury and
mechanically driven elements were used to produce a note
of about 120 cycles, it was considered of sufficient impor-
tance that a patent was granted on the ‘high frequency’
spark note. By 1916, 60 cycle generators and synchronous
spark gaps were soon in use, and a very pleasing musical
note replaced the early ragged spark. The introduction of
the higher toned spark note was the first step of progress
in overcoming the static interference which dogs all radio
operation.

“A natural question at this point is, what distances did
this equipment cover? The spark coil operated on batteries
at the very beginning was of course local, not over a ten
mile radius, and when the power was applied to the coil the
distance was extended to occasional contacts up to 150 miles,
with a power input to the coil of about one and one-half
kilowatts of D.C. The receiver brought in many stations,
particularly at night, up and down the Atlantic Coast, from
Newfoundland to Key West. Many stations inland, particu-
larly around the Great Lakes were heard regularly at night.
The receiving range depended on the atmospheric conditions
and the hour of the day, much as do today’s receivers.

“Another question often asked, what frequency (wave
length) did you use? The most accurate answer is ‘don’t
know’. The only thing available in the early days was the
publication from time to time of ‘technical’ articles stating
that a coil and condenser of the dimensions given would
give you 200 or 300 meter wave length. No such thing as a
wave meter (frequency meter) existed outside of the Gov-
ernment agencies and a few commercial laboratories. The
method used in the early days to obtain the working wave
length (frequency) consisted of a flashlight bulb affixed to
the antenna leads in such a manner that it could be moved
up and down the output coil until maximum brilliance was
obtained. Naturally much interference resulted with the com-
mercial services and the Navy.
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“The 3BV license was received January 20, 1916, after
a visit from ‘Pop’ Cadmus, Dept. of Commerce Radio In-
spector in charge of the 3rd Radio District. It seems we had
used very bad judgment in heckling the station at the Phila-
delphia Navy Yard. So as a penalty we had to get a ‘license.’
At the time of his visit Mr. Cadmus checked the transmitter
and said we were on about 475 meters. He said to keep below
300 meters and ‘loosen up the coupling’ and there would be
no problem with the Navy Yard”.

Conclusion

A foreshortened sense of time is one consequence of the
technological world in which we live, as is shown by this
brief glimpse into the first days of electronics — a period
not even sixty years away. Between then and now are ex-
tremes which are almost incompreliensible, as well as those
which are merely astonishing. In 1912 malicious interfer-
ence and jamming was a commercial practice; tube voltages
were high at 120 vdc; “200 meters” was high frequency; it
was a good trick to get Chicago from West Chester on a
clear night — just a while ago it was a good trick when we
reached out 32 million miles and recorded a noisy voice
near Venus.
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The Television Translator:

n information relay device to extend the range of broad-
'R cast signals has been developed to meet a need which, not
[ so long ago, was non-existent. This device, an automatic,
unattended re-broadcast transmitter named the Translator,
was first adopted for the purpose of bringing commercial
television signals to remote areas — or to those areas simply
not able to receive direct television broadcasts. Amply ful-
filling its role, the Translator now numbers over 1500 in
daily use. Signal conversion is vhi-to-uhf or uhf-to-uhf with
vhf-to-vhf having recently been added. Translators are ex-
pected to play an increasingly important role as the UHF
field develops. The emphasis on educational television is also
expected to result in the use of many Translators to provide
strong signals for distant schools.

Essentially, the function of the Translator is to re-broad-
cast an original signal on a frequency sufficiently different
to assure elimination of ghosting or other interference. The
Translator must be a self-contained device capable of opera-
tion in remote locations (mountain tops, for instance). It
must provide automatic cut-ofl protection, normal on-off
control from an accessible location and transmit an identify-
ing call at suitable intervals.

One of the most active Translator manufacturers is Elec-
tronics, Missiles and Communications, Inc. Their recently
marketed models, HTU-100 and U-HTU-100 incorporate
Machlett planar triodes, either the ML-2C39A or the
ML-7211, depending on the power output required, the
latter tube providing the greater power. These models
receive signals from channels 2 to 13 or 14 to 83, depending
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on the model, and re-transmit normally on a channel be-
tween 70 through 83. Units have been made with outputs
on lower UHI channels and also on VHF channels.

General Description Models HTU-100 and U-HTU-100

Perhaps the most desirable attribute of any piece of
equipment is a “turn-it-on and forget about it” degree of
reliability. This must certainly be true of any remotely
located gear. To provide this reliability the HTU models
employ a combined tube and semiconductor complement.
Individual enclosures (Figures 1 and 2) for maximum tube
cooling (hence, good tube life) are provided for the tuned
line tripler, mixer and final amplifier stages. Tune line
circuitry aids in tuning stability.

Fach Model, HTU-100 or U-HTU-100, 100 watt Trans-
lator, is self-contained and consists of two cabinets: RF and
Power Supply. Fach cabinet has its own requisite metering.
Meters for the rf cabinet include: forward power, reflected
power, “o reverse power, final plate current, mixer plate
current, tripler plate current (as well as similar meters for
monitoring the grid). The front panel of the rf unit also
includes provisions for changing the relation of aural to
peak visual power (from 50% of visual to 10% of visual).

Figure 3 is a Dlock diagram of the HTU-100 Translator.
The U-HTU-100 is similar but with circuitry for a UHF in-
put. Both models employ dual conversion, bringing the input
signal to a 40mc if frequency. Amplification, band pass
shaping, AGC, and automatic cut-off functions take place

CATHODE PRESS



Figure 1 — Tuned line tripler stage (left), tuned line amplifier
stage (right) of Translator Models HTU-100 and U-HTU-100.

A Broadcast Service

in the if section. The input rf amplifier employs a cascode
circuit at VHF. A double triode (type 6922) provides low-
noise operalion in this duty. The cascode circuitry provides
both stability and gain and eliminates the need to neutralize
the triode sections. From the rf amplifier the signal is mixed
and passed to the first if amplifier (which contains the
sound level control circuit), thence to the second and third
if amplifiers, the last of which contains the AGC and con-
trol detector. The signal at this point has been developed for
re-broadcast but remains in the 40mc if range. A tripler
section (ML-2C39A) feeds into the second mixer
(ML-2C39A or ML-7211), a tuned line push-pull stage. In
operation the second mixer (Figure 4) acts as a push-pull
power mixer. The rf signal is impressed on the grids in
push-pull: input from the second local oscillator (tripler
stage) is injected on the mixer cathodes by means of an
adjustable probe. The mixer output signal is fed through an
adjustable probe to the cathode of the push-pull final ampli-
fier stage.

The push-pull sections utilize a shorting bar connected
directly to the radiators of the planar triode. A tunable bar
connects the plate sections of the two tubes to permit tuning
changes by as much as 300mec, improve the stage efficiency
and broadband the stage response. The output sections of
these stages are capacity coupled through a quarter wave
open line. The shorted section of the line (less than 1 wave
length) appears as an inductive reactance which is of the
correct amount to tune out the tube capacitance. Maximum
gain bandwidth product is attained with 1, wavelength tun-
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Figure 2 — Individual enclosures to permit maximum tube
cooling are employed for the tuned line tripler, mixer and final
amplifier stages. The final amplifier stage is illustrated.

ing, as opposed to 3/, wavelength tuning modes.

Operating class AB, these stages draw only about 25 ma
plate current per tube under no signal condition, compared
to a full signal plate current of 75 ma per tube.

Where Models HTU-100 and U-HTU-100 are employed
as originating transmitters, the 50% reserve power as re-
quired by the Federal Communications Commission, is ob-
tained through use of the ML-7211. The extra reserve
capability of this large cathode planar iriode provides long
life and additional reliability.

Planar Triodes

Machtett planar triodes have established many years
service in communications operation fixed station,
microwave relay? and mobile use’. Of the several tubes used
in these various services the ML-2C39A has been the basic
type providing long life (in excess of 10,000 hours average,
depending on frequency of operation and type of operation),
at low initial cost and very low cost-per-hour. Essential to
this performance are the well developed manufacturing tech-

niques devised by Machlett in over fifteen years of planar

1L, E. Peterson, RCA Communications, Inc., and N. C. Colby, RCA-
CEP, “The Life and Times of the 2C39 in Microwave Radio Relays,”
Cathode Press, Vol. 15, No. 1, 1958,

2*Atlantic Pipeline Company: Microwave User Since 1949,” Cathode
Press, Vol. 20, No. 1, 1963.

3F.L. Hilton, Motorola, Inc., “460 Cycle Mobile Two-Way Commu-
nications,” Cathode Press, Vol. 10, No. 3, 1953.
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Figure 3 — Block diagram of HTU-100 Translator.

tube production. Particularly important among these tech-
niques are those which assure the necessary planar relation
of the grid to the cathode and grid to anode (both of which
involve the maintenance of very close spacings at high tem-
perature) and of the cathode processing (essential for the
sustained emission of electrons at high densities) .

ML-2C39A was the first planar triode to employ the
rugged kovar-to-glass seals and the gold plated tungsten
mesh grid. It was the first electron tube to be accepted by
the U. S. Signal Corps for its RIQAP (Reduced Inspection
Quality Approval Program)¢. More recently Machlett has
developed many other specialized planar triodes, including
ceramic types. One of these newer types is the ML-7211, a
large-cathode tube. The ML-7211 operates under the same
electrical conditions as the ML-2C39A, yet is capable of a
cathode current of 190 ma, as against 125 ma. (ML-7211
requires an increase in heater power: 6.3v, 1.3a, vs. 0.0v,
1.0a). An increase in output power of as much as 150%
may be effected through use of the ML-7211.

As in other fields of broadcasting — television, SSB
communications, AM and FM — Machlett electron tubes
are to be found providing effective service, together with
reliable performance. The use of Machlett planar triodes in
Translators extends, to still new regions, the hroad scope of
application of the Machlett product.

1“A New Approach to Product Evaluation: RIQAP,” Cathode Press,
Vol. 11, No. 2, 1954,
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ML-7211

The ML-7211 is a ruggedized, high-mu, planar triode of
ceramic and metal construction designed specifically for use
as an oscillator [requency multiplier or amplifier in radio
transmitting service at frequencies up to 2500 Me.

Features of this tube include low interelectrode capaci-
tance, high transconductance, high cathode current capa-
bility and great mechanical strength.

General Electrical Characteristics

Heater Voltage .......... ... . 6.3 volts (nominal)

Heater Current ..... .. 1.3 amperes

............................................... 80

Maximum Ratings
RF Amplifier and Oscillator

DC Plate Voltage ... ... 1000 volts*
DC Grid Voltage ......................... — 150 volts
DC Cathode Current ................... 190 mA
DC Grid Current ....................... 45 mA

*Note: In the Electronic Missiles and Communications Trans-
lators a maximum figure of 1250 volts dc has been authorized.
The Engineering Department of The Machlett Laboratories is
always available to discuss special ratings for tubes known to
be operated under specific, controlled conditions.
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by DR. H. D. DOOLITTLE,
Manager, Technology,

The Machlett Laboratories, Inc.

High Voltage Breakdown Problems
In High Power Vacuum Tubes

high power communication transmitters at Rocky Point,

Long Island. This phenomenon came to be known as the
“Rocky Point” effect and has been discussed in various
papers. Improved processing of tubes and better tube design
have resulted in improved high voltage transmitter tube
stability. The introduction of the energy diverter or crowbar,
as well as other circuit improvements, has also resulted in
substantial improvement in high voltage stability of power
tubes. The present article describes briefly the design limita-
tions on electron tube spacings and then discusses a number

I nternal flash arcs in power tubes date from the first use of

of circuit-induced instabilities with particular reference to
pulse modulator tubes.

Introduction

The study of high vacuum insulation has been the subject
of a great many papers (Ref. 1, 2, 3, 4) but the cause of high
voltage breakdown is not fully understood. It is a complex
phenomenon involving several mechanisms. The gas level
in a tube is only a secondary consideration in breakdown
problems. Tubes have shown good stability with gas levels
above 10°¢ torr, whereas tubes of the same type have shown
poor stability with gas level below 10 torr. At one time it
was thought that high vacuum insulation would cure itself
after an arc. This fact is only true if the energy dissipated
in the vacuum arc is small enough. With high power and
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low source impedance rectifiers too much energy can be
dissipated in a vacuum arc to permit self-healing. Such high
power arcs will produce momentary high gas pressure and
also vaporize metal from the electrodes in the tube. This
vaporized metal will condense on the electrodes, and, since
this material is loosely bound to the electrodes, it will act as
emission points for additional vacuum arcs. If the energy
dissipated in a tube exceeds a few joules, holes may be
melted in grids or filaments with resulting catastrophic
damage.

A similar situation results with sphere gaps in air. If a
pair of sphere gaps has a megohm impedance in the lead to
each ball, the sphere gap may be used as a voltage measur-
ing device. If a large amount of energy is allowed to dis-
charge between the balls of a sphere gap (series resistance
in the leads very low), an appreciable etching or even
surface melting of the balls will occur. Furthermore, the
voltage breakdown between the halls will he lowered for
subsequent arcs.

The use of a crowbar (Ref. 5) which will act in less than
10 microseconds to divert the energy from a flash arcing tube
to a shunl circuit has been of tremendous value in main-
taining the high voltage stability of power tubes. This
energy diverter must, in general, be a gaseous device such
as an ignitron, thyratron or spark gap, so that its internal
impedance can be low enough to transfer the arc from the
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power tube to the crowbar circuit. The diverter circuit mus
also be capable of dissipating the power fed through until
the primary circuit is opened. It should be borne in mind
that crowbars are essential for good high voltage tube sta-
bility even when flash arcs are too weak to cause cata-
strophic damage.

In high power transmitters flash arcing in tubes can be
caused by over-volting induced by circuit malfunction. In
general, a good crowbar circuit will protect the tube from
such occasional irregularities. An understanding of the types
of malfunction which can occur aids the circuit designer in
producing a good, stable transmitter.

Vacuum Insulation in Power Tube Design

In the design of power triodes and tetrodes the vacuum
insulation between the plate and the screen grid in tetrodes,
or the plate and control grid in triodes, is one of the major
considerations. For stable high voltage tube operation it is
necessary to have adequate spacing between these two sur-
faces, and the surfaces must be clean and smooth. Kilpatrick
(Ref. 1) has given a curve for the maximum “spark free”
potential differences between two electrodes in vacuum as a
function of their spacing (Figure 1). His curve assumes
parallel plane electrodes, and therefore somewhat larger
electrode spacing must be used in vacuum tubes such that
the increased voltage gradient at the surface of the grid
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wires is taken into account.

It is to be noted that the field gradients permissible in
vacuum devices of large electrode areas are from 50 to 100
times smaller than would be expected from true field emis-
sion theory. This difference is due to several causes which
have not been independently evaluated. Some of the sources
of voltage breakdown (Rel. 2, 3, 4) within the tube are
foreign atoms which lead to low work function areas,
whisker growth, Schottky effect on the grids, ion exchange
phenomena, photoelectric effect, and charges on insulators.

In the design of high voltage tubes it is necessary to make
a compromise between tube efliciency and an ultra-conserva-
tive maximum plate voltage rating. The maximum current
per square centimeter that can be drawn between the screen
grid and an anode (or a control grid and anode in the case
of a triode) is given by the following equation:

jo = 2.33 x 10% (ep'/? 4 eg /%) 3 amps/cm? (1)
42

where eg is replaced by Esg for tetrodes

d = grid or screen-grid to anode spacing

in centimeters.

jo in this equation is the current density in amperes per
square centimeter crossing the outer grid to anode spacing,
and ep and eg are the inslantaneous grid and plate voltages.
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Figure 1 — Maximum ‘“spark-free” potential differences be-

tween two parallel plan electrodes in vacuum as a function of
their spacing. (Kilpatrick, Rev. Sci. Instr., Oct. 1957).

The value of eg in a triode depends upon the spacing of
the grid to the cathode, and is lower, the smaller the grid-
cathode spacing. For any given grid-cathode spacing, eg is
determined by that voltage which is necessary to give the
maximum permissible cathode current emission. It is easily
seen from the above equation that as the factor d is in-
creased, ep must also be increased if cg is fixed. This means
that as the outer grid to anode spacing is increased in order
to increase the plate voltage rating of a tube, the tube drop
will be increased somewhat faster. The tube designer must,
therefore, establish a grid-anode spacing which assures good
high voltage stability; but he must not over-do this spacing,
since it will reduce tube efficiency.

Circuit Induced Instability

Since the tube will necessarily be designed to be as
eflicient as possible, it is not feasible to have a large safety
factor for plate voltage. Therefore, it is essential that circuit
designers pay particular attention to the maximum voliage
rating for the tube. If large transients must bhe expected,
either a higher voltage tube should be selected or suitable
protective devices should be incorporated to clip transients.

The most common sources of circuit induced high voltage
instabililies are:

(1) Inductive effects in the discharge circuit of pulsers.
(2) Arcing in the load.

(3) Parasitic oscillations.

(4) Line voltage surges.

In high power pulser circuits, when the current pulse is
reduced to zero at the end of the pulse period, a transient
voltage will be developed at the tube anode which adds to
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the dc plate voltage. The magnitude of this pulse will de-
pend on the total inductance in the load circuit, the rate at
which the plate current is cut off, and the anode to ground
capacitance. The obvious ways of minimizing this effect are
(1) to use a clipper tube, (2) to reduce the inductance to a
minimum, (3) to lower the di/dt, that is, take a longer fall
time. Since V4 LI? is stored in the inductance of the load
circuit during the pulse period, it will be necessary to dissi-
pate this energy at the end of a pulse. In many applications,
pulse switch tubes are used far below their anode dissipation
capabilities, and hence, by using a slow fall time at the end
of the pulse, this energy can be ahsorbed in the anode of
the switch tube. If it is necessary to have a fast fall time,
some other provision must be made to absorb this energy,
such as hy diode clippers.

In triodes there is an area in the static characteristics
(Figure 2) where the grid current is actually negative or
opposite to the normal electron current picked up by the
grid during positive drive. This area of reverse grid current,
which is due to secondary grid emission, normally does not
cause much trouble in the operation of the tube, since the
load line either does not pass through this region, or the
rate of rise and fall of the grid voltage is fast enough such
that the inductance in the grid circuit assures stable opera-
tion. However, when the load shorts (arcs during a pulse),
the erid drive on the switch tube is at maximun value, and
the plate voltage on the tube suddenly approaches or exceeds
the dec power supply voltage. Under such conditions one can
get what is commonly known as “pulse stretching.” Due to
secondary emission, the grid driver loses control of the grid
potential. This results in the grid rising toward anode poten-
tial, and one of two things can happen:

(1) The grid voltage may get so high as to cause a
hreakdown between grid and cathode. This will cause
a sudden reduction in plate current, which will pro-
duce a high peak anode voltage which often results
in a breakdown over the outside of the tube before
a vacuum breakdown occurs.

(2) The grid will become so positive that the secondary
emission ratio of the grid becomes less than one, and
the grid regains control, reducing the plate current
to zero. di,/dt may become large, and a high tran-
sient plate voltage results. A tube breakdown may
then occur, or the tube may be stable after having
passed a lengthened pulse.

Plate voliage have been viewed with an oscilloscope which
are from two to two and a half times the dc plate voltage
when the load device arcs. Similar effects happen with
tetrodes when the load device arcs. Theoretically the screen
grid by-pass condenser would be able to prevent the screen
grid from losing control, except for the inductance in the
screen grid circuit. Since these transients occur in times
usually less than a microsecond, a very low lead inductance
is essential to maintain control of the screen grid when a
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load arcs. Of course, even il the screen grid does not lose
control, the V5, .12 in the shorted load shows up as excessive
anode voltage unless some other sink is provided to absorh
this energy.

One means of protecting the switch tube from such tran-
sients is to clamp the control grid back to bias whenever
the load arcs. Of course one has to take care that the plate
current is not cut off too abruptly, otherwise a high transient
plate voltage will show up. A thyratron in the swilch tube
grid circuit covered by U. S. Patent 3,069,548, and shown
in Figure 3, with a proper rc time constant, has been demon-
strated to be capable of shutting off switch tubes without
causing excessive anode voltages. In fact, with this circuit
it is possible to shut off the switch tube without using the
crowbar to short the plate power supply when the load de-
vice fails.

Power tubes used in CW power amplifiers or oscillators
will also be subject 1o high voltage transients and subsequent
loss of vacuum insulation when arcs in the output circuit
occur. Although 30 kV/cm is considered to be the dielectric
strength of air for parallel plane electrodes, a large safety
factor must be used. High voltage circuit components collect
dust, oxidize and otherwise become contaminated such that

breakdowns can occur at field gradients of a few kV/em.

Parasitic oscillations can also induce over-volling of cir-
cuit components with resultant application of high transient
voltages at the tube electrodes. Oscillations of this type are
due to energy coupled from some part of the output circuit
to an input circuit. The only way of preventing parasitic
oscillations is to locate the circuils causing the trouble and
provide damping (i.e., lower the Q) or alter the phase
and/or amplitude of the feedback such that oscillations are
not self-sustaining. Prelesting a circuil with a resistance load
minimizes many of the causes of circuit instabilities. Final
“de-bugeing” with the actual load is essential. Tetrode tubes
with their higher gain and low grid drive are more suscept-
ible to oscillation problems than triodes. A suitable electro-
static shield between input and output circuits is highly
desirable.

Barkhausen-Kurz (Ref. 6) type of oscillalions can be a
cause of trouble whenever a triode or tetrode is over driven,
i.e., driven close to or beyond the diode line. Figure 4 shows

the static data for a high-voltage tetrode using lines of con-
stant grid drive voliage. It is to be noted that at low plate
voltage, i.e., to the left of the line marked i = K ep¥72, the
current from the cathode due to the grid drive and screen

Kl

Figure 2 — ML-6696 Constant Current Characteristics showing
normal load line as solid line, and load line when load arcs as

dotted line.
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Figure 3 — Circuit showing a thyratron in a switch tube grid
circuit. The switch tube is cut off when load tube arcs by fmng
the thyratron, T, by voltage developed across 0.1 ohm resistor.

grid voltage of 1000 volts cannot arrive al the plate but
ends up on the screen grid or control grid. Equation 1
gives the maximum current which can arrive at the anode
for a given plate and screen grid voltage. With the latter
fixed, the current to the plate must decrease as the plate
voltage is decreased. Actually a virtual cathode is formed
between the screen grid and anode. Electrons passing the
screen grid return to the screen grid and may oscillate about
the screen grid several times before being collected by the
screen grid. This oscillation is a transit time type of oscilla-
tion and is a function of tube geometry and applied voltages.
Its amplitude and frequency are affected by the external
tube circuitry. The power involved is usually quite small,
but it may be enough to cause trouble, particularly if other
circuitry is resonant at the same {requency. The practice of
applying full drive power and then raising the anode voltage
is conducive to troubles of this sort, since one runs through
the complete gamut of plate and grid voltages in the Bark-
enhausen-Kurz region.

Line voltage surges can occur due to various causes. In
induction and dielectric heating equipment where filter
chokes and condensers are often omitted, a starting transient
of nearly double the dc power supply voltage can occur if
the full plate voltage is applied by the snap of a switch. The
magnitude of the over-voltage depends on the instantaneous
phase of the line voltage at the time the primary contacts
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are closed and also on the loading of the oscillator. To
control starting transients, a load on the secondary of the
transformer which opens in a few seconds after closing the
primary contactor is usually sufficient.

In power amplifiers or pulsers using well filtered power
supplies, there should be no such transients. At high power
levels it is advisable to use induction regulators so that the
voltage may be raised slowly from half to full power. If
voltage must he snapped on instantaneously, it is advisable
to provide half-voltage taps so that a new tube can be run
for a while at reduced voliage and power. Similarly, a
dropping resistor in the line that will permit coming on at
80%-90% ol plate voltage is very helpful in aging a new
tube. This resistance can be shorted out after a few minutes
to provide full power.

Overall Tube Protection

It has been shown that a few joules can cause permanent
tube damage. Contrary-wise, 500-1000 joules may cause no
permanent damage. When a tube is over-volted, it is difficult
to predict the course of an arc. Either sufficient series re-
sistance must be included in the plate supply lead or a
crowbar must be used, or both. At power levels ahove
100 KW it is essential to use fast crowbars (Ref. 5) to
divert the stored energy in the circuit from discharging
through the power or switch tube. lt is also necessary to use
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fast circuit-hreakers, since once the crowhar fires, energy
will be fed in from the lines until the primary contaclor is
opened. The design of the crowhar circuitry must he such
that the discharge circuil through the crowhar is critically
damped. If the inductance in the crowbar discharge circuil
resonates with the filter capacitor, and the losses in the cir-
cuil are small, the stored energv will not be dissipated, but
the charge on the condenser will be reversed. The power tule
may then dump this energy with damage to itsell.

[n addition to using a critically damped erowhar cireuit,
some proleclion is necessary to make sure that the filter
condenser does not recharge again after the condenser has
heen dumped and the crowbar de-lonizes. In other words, it
may he necessary lo fire the crowbar several times until the
main conlactor is open.

In one 200 KW output dielectric healing equipment
where a tube was arcing several times a day, the installation
of a crowbar circuit allowed the same tube to operate for
over Iwo months hefore a kickoul occurred. In this case,
the energy dumped in the tube prior to installation of a
crowhar was enough to vaporize metal within the tube,
causing high susceptivity to additional flash arcing; but,
there was nol cnough energy lo cause permanent or cala-
strophic tube damage. The installation of the crowbar cir-
cuits kept the dissipated energv in the power tube low
enough to allow the tube to remain stable.
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Flash arcing in tubes with ratings of less than 100 kVde
should not be a major cause of voltage instability. Properly
designed tubes used in circuits with adequate protective
devices should not hreak down under voliage of their own
accord. When new tubes are installed in a circuit for the
firsl time, some seasoning can he expected, hut in gencral
the tubes should rim stably after the first few hours of
operation. There are so few equipments in the field loday
using tubes with voltage ratings above 100 kVde that it is
nol possible to say whether long stable operation can be
expected at high voltages or whether some new phenomena

may appear.
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WHY MACHLETT OFFERS THREE
COOLING/INSULATION OPTIONS
IN RADAR SWITCH TUBES

ML-8038 ML-8040 ML-8041

0il cooled ML-8038. Anode dissipation: oil (convection) to
5 kW*: Max. dc Plate Volts, 125 kV; Pulse Cathode Current,
175 amp.; Pulse Power Output, to 20 Mw.

Forced air cooled ML-8040. Anode dissipation: forced air
cooled to 10 kW; Max. dc Plate Volts, 60 kV; Pulse Cathode
Current, 175 amp.; Pulse Power Output, to 10 Mw.

Water cooled** ML-8041. Anode dissipation: water cooled
to 60 kW; Max. dc Plate Volts, 60 kV; Pulse Cathode Current,
175 amp.; Pulse Power Output, to 10 Mw.

TOHELP YOU OPTIMIZE DESIGN, Machlett offers three coaxial
switch tubes (to 125 kV...20 Mw...1000 usec Pulse) in
three cooling/insulation options. All tubes are of the same
family: (mu: 120, low inductance, terminal structure;
thoriated-tungsten-cathode). All incorporate internal shield-
ing to assure high voitage stability and achieve low x-radia-
tion yield. All tubes are aged and operated above peak
ratings in Machlett test equipment.

Applications: Radar systems, linear accelerators, klystron
and/or amplitron test equipment. For complete technical
data get our 74-page Hard Pulse Modulator Tube Brochure.
Write: The Machlett Laboratories, Inc., Springdale, Conn.
An affiliate of Raytheon Company.

*Farced oil cooling considerably increases this figure.
**May be operated oil insulated (and not water cooled) to 125 kV.
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UNIQUE MACHLETT DP-30 FOR...
SWITCH TUBE OR PULSE AMPLIFIER

as switch tube: as pulse amplifier:
30kw switch OR 20kw peak pulse
at 0.0033d at 1Gc

The unique DP-30 planar triode does double duty as an rf pulse
amplifier (or oscillator), or modulator/switch tube. Typical perform-
ance as an rf amplifier: 20kw peak pulse power at 1Gc, 0.001 d.
Typical performance as a switch tube: 5a x 6kv for 30kw switch
power at 0.0033d.mFor data write: The Machlett Laboratories, Inc.,
Springdale, Connecticut. An affiliate of Raytheon Company.
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| MACHLETT UHF

PLANAR TRIODES |

demonstrated reliability in Mariner 11 and Mercury
programs...accepted for Ranger and Nimbus.

HERE'S WHY:

Phormat Cathode: High voltage stability for grid or
plate pulsed applications. Phormat (matrix) cath-
odes have been tested to 12,000 volts and
more. Used in planar triodes ML-7211, ML-7698,
ML-7815, ML-8403, and DP-30.

Frequency Stable Anode: Unique anode design allows
frequency stable operation within 10-15 seconds
after application of high voltage, plus these
advantages:

1. Frequency shiftduringinitial tune-up less
than 1 Mc.

2. Does not require regulated plate supply,
since change of anode dissipation does
not affect frequency.

3. Permits variable duty cycle without no-

ticeable shift in frequency.

Used in planar triodes ML-7855, ML-8403,
ML-518.

High Cathode Current: 50% more cathode current
(190 vs. 125ma) permits power to 110 watts CW.
Used in planar triodes ML-7211, ML-8403.

Pulsed Operation: High voltage stability—phormat
cathode provide reliable pulsed service (see
table).

SPECIFICATIONS OF PULSED MACHLETT PLANAR TRIODES
Plate Pulsed Grid Pulsed
Max Pulse Max Pulsed
Tube Power Power
Type Max f input Max f input
ML-6442 5Ge 3000 v eb - —
25aib
ML-6771 6Ge 3000 v eb — —
15aib
ML-7209! 3Ge 3500 v eb — =
30aib
ML-72102 3Ge 3500 v eb = -
28aib
ML-76983 3Ge 3500 v eb 3Ge 2000 Vdc Eb
50aib 50aib
ML-78151. 4 3Ge 3500 v eb 3G 2000 Vdc Eb
30aib 30aib
ML-78551. 4.5 3Ge 3500 v eb 3Ge 2000 Vdc Eb
30aib 30aib
ML-84033. 5 3Ge 3500 v eb 3Ge 2000 Vdc Eb
50aib 50aib
Pulse Pulse
Modulator Cathode
DC Plate Volts Current
DP-30 8 kv 50aib
1. High shock rating. 2. 12 second warm-up. 3. High cathode current; Phormat cathode.
4. Phormat cathode. 5. Frequency stable anode.

Send for UHF Planar Triode Brochure and Supple-
ment 1, for data, application notes, cavity infor-
mation, installation notes—over 100 pages of
information.

The Machlett Laboratories, Inc., Springdale
Connecticut, an affiliate of Raytheon Company.

'
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Editor’s Note:

This is Part I of a two-part article which is an unusually
complete compilation of design and application data on this
subject. Part 11, “Interactions Between Pulse Modulation
Tubes and Circuits” is scheduled for CATHODE PRESS,
Vol. 21, No. 3. Both parts are to be reprinted in Machlett’s
brochure “Pulse Tubes for High Voltage, High Power Video
and RF Pulsing” (1964 Edition).

T\ he generation of high voltage and/or high power pulses

is essential for most radar or other applications involv-

ing pulses of electromagnetic energy. The generation of
power pulses requires an electrical energy storage element
which can be either a capacitor or an inductance. For prac-
tical reasons a capacitor is nearly always used. In order to
transfer the energy from the storage device to the pulse
energy generator, some type of switch is required. Gaseous
devices such as thyratrons, ignitrons or spark gaps may he
used. Similarly vacuum tubes may be used. The principle
difference in these two types of control devices is that the
gaseous devices are capable of being turned on only, whereas
vacuum tubes allow complete control over the transfer of
energy. Gas tubes are used extensively with pulse forming
networks to generate high power pulses. Whenever pulses
must be spaced close together, or the pulse shape must be
carefully controlled, hard tubes, i.e., high vacuum tubes,
must be used.

Since Class C operation of transmitting tubes is quite
similar to a high duty cycle pulse modulator, power trans-
mitter tubes can easily be applied to pulse generation. In
more recent years vacuum tubes have been designed espe-
cially for pulse operation.

The principle design features for tubes to be used in pulser
operation are high voltage stability, high output current,
good efficiency and precise control of the output power. The
transition from the non-conducting to the conducting state
must be accomplished in a time short compared to the pulse
width. These various factors will be discussed in the follow-
ing paragraphs.
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Yacunm Power Tubes
for Pulse Modulation

by Dr. H. D. DOOLITTLE
Manager, Technology
The Machlett Laboratories, Inc.

Part |

Design, Theory and

Principal Design Factors of High Vacuum

Pulse Modulator Tubes

1. The basic equations governing the flow of current.
All vacuum tube cathodes emit-space-charge limited cur-
rent according to the formula:

5 R 6 n
R N Lt ial. (eg+ Ba | & ) (1)
S Msg Mo

wherei, = instanlaneous cathode current in ma

Iy instantaneous plate current in ma

1, instantaneous grid current in ma

lsg instantaneous screen-grid current in ma

@ a constant dependent un geometry of tube

A cathode emitting area in cm®

S equivalent diode spacing in cm

e, = instantaneous plale voltage in volls

Ise = dc screen-grid voltage in volis

e, = instantaneous control-grid voltage in volis

Ep plate amplification factor

psg = screen-grid amplification

n = very nearly 3/2 for most geomelries

Instantaneous values are given for currents and voltages
because it is not possible to take dc readings in the positive
grid region due lo problems of electrode dissipation. The
screen vollage is given as dc since that is the usual operating
condition.

For a simple planar electrode triode this formula reduces
to:

CATHODE PRESS



Operational Characteristics

i = ip 4 g =

922 « 1()-6 3/2
2.33 .\”’I(Y_A(ep + e“) (2)
s* Mo

where A is the actual cathode area, S is approximately the
grid-cathode spacing, e, and e; are the plate and grid volt-
ages and p, is the amplification factor. The basic definition
of the amplification factor is given by the ratio of the aclive
grid to cathode capacitance to the plate to cathode capaci-
tance. These capacitances refer only to that portion of the
cathode structure which is emitting; i.e., the passive or tube
structure capacitances are not to be included in the above
ratio. Obviously, for a given grid-cathode spacing, p, in-
creases as the plate to grid distance increases and it de-
creases if the grid wire mesh or helix is more open. g, is
not affected by the grid cathode spacing in a well designed
tube.

For a cylindrical triode like the conventional radio trans-
milting tube using thoriated-tungsten wires in a birdcage
structure (See Figure 1), it is not pessible to achieve a
precise formula for i.. However, equations which are accu-
rate to a few per cent can be used. The form is essentially
the same as for a planar triode:

T _.233x10 Cal (e, +e, )3/2 (3)
S? M

where a is a constant depending on the spacing between
cathode and grid, the diameter of the cathode wires and the
spacing between cathode wires, A is the cathode emitting
area and S is the equivalent diode spacing. The latter is
about 10% to 209, greater than the actual grid-cathode
spacing. « is unity for solid cylindrical cathodes when
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S < < cathode diameter. a is between 2 and 10 for most
cathodes consisting of a number of parallel wires spaced
many wire diameters apart.

In addition to the above equations, one needs a formula
to caleulate the division of current between the plate and
the grid for various electrode potentials. Again no exact
expression can be found. Approximate formulas are avail-
able. The simplest expression which gives fair results for
c,/ex > 2, i.e., where anode current is less than jo in equa-
tion 5, is given by:12

h=5 /e
ig \ e,
where § is a conslant depending on the interelectrode spac-
ings and the screening fraction of the grid.

Another equation which is vital to tube design is that
giving the maximum current which can cross the space from
grid to anode in triodes or the screen grid to anode in
tetrodes. This current is limited by the total space charge
in the grid-anode or screen-grid-anode region and accounts
for the high grid current and low plate current at low plate
voltages seen on the characteristic curves of all tube types.
This maximum current®*5 in ma. per square centimeter of
the active anode surface, j,, for triodes is given by the

(4)

equation:
_233x10°8 (e, + e.%)®

e (5)

Jo

where e, is replaced by L for tetrodes
d = grid or screen-grid to anode spacing in centimelers

3



Figure 1 — A typical thoriated tungsten wire cathode —
cathode of ML-7480 above.

Equation 3 for the total cathode current in a triode can
be simplified to

o 3/2
i = iy 4 K("+e‘<) (6)
Mo

where K is a constant called the perveance, which is de-
pendent on the tolal cathode emitting area, the form of the
cathode, and the grid-cathode spacing. For high perveance
the cathode area must be as large as possible and the grid-
cathode spacing must be as small as is feasible. Typical
values of K vary from 1 microperve or one microampere
per volt 3/2 for a gun of a klystron transmitting tube to
10,000 microperves or 10 milliamperes per volt 3/2 for a
large radio transmitting tube. Even in the latter case, it is
easy to see that e; must be driven of the order of 2000 volls
positive in order to get a few hundred amperes of emission
current from a cathode. This is so since e, must he small
during conduction of current, i.e., the tube drop must be
low. Figure 2 shows the effect of grid-cathode spacing on the

. . E e
effective drive voltage —° 4 " e, for tetrodes. For tri-

Hsg Hep
odes the same data can be used but E;; = 0. (As noted
above % is usually negligible in either case). Figure 2 also
P

shows that the effective grid drive voltage must be increased
in order to draw higher emission current density from the
cathode.

The numerical value of perveance depends on grid-
cathode spacing, cathode area and also on the form of the
cathode. A squirrel-cage type of cathode of a length, L, with

4

16 wires on a two-inch bolt circle spaced a distance, S, from
a grid will have a certain perveance. Doubling the number
of cathode wires on the same bolt circle will raise the perve-
ance by only 30%, but require twice as much cathode heal-
ing power. A cylindrical cathode of sheet metal 2-inches in
diameter and the same length will have only about twice
the perveance of the 16-wire cathode and require many
times the cathode heating power. Of course, if the length
of the cathode is doubled in any case, the perveance is
doubled; but otherwise, when wire cathodes are used, the
perveance does not necessarily increase linearly as the num-
ler of cathode wires is increased. This is the reason for the
a in equations 1 and 3. It is also the reason why wire
cathodes are used so extensively; that is, in order to obtain
the highesl perveance per walt of cathode power. The total
cathode current densitv is limited by the required life of
the cathode. Since emission densitv increases and cathode
life decreases as an expouential function of cathode tem-
perature, and since pulsed radar requires high peak powers,
a compromise must be made hetween tube size and cathode
life.

2. High Voltage Stability

The equations given above permit calculalion of tube
data with an error of 10% or less. However, in order to
complete the design of a tube, it is necessary to consider one
[actor; 1.e., will the peak voltage between electrodes cause
excessive field emission and internal tube breakdown or
flash arcing? Fortunately, closer grid-to-cathode spacings
require less positive grid drive vollage, and il happens that
there is no problem in designing tubes which do not initiate
arcs between grid and cathode. The control-grid 10 plate, or
screen-grid to plate spacing is another matter entirely. Here
a compromise must be made helween ligher tube efliciency
and vollage stability. From equation (5) it is obvious that,
d, the outer grid to anode spacing, should be made as small
as possible to have the lowest possible e, or plate voltage
drop during the pulse. However, this spacing, d, must be
large enough so that the vacuum insulation between outer
grid and plate does not fail at the maximum plate to grid
potential for which the tube is rated. In order to design a
tube il is necessary 1o know what the maximum electric field
gradient at the grid can be without danger of excessive flash
arcing. Kirkpatrick® has given a summary of the empirical
data on breakdown between plane parallel electrodes. His
data is given by curve A in Figure 3 showing voliage
against spacing. Since electron tubes using cylindrical strue-
tures with wire grids have higher voltage gradients at the
grid wires than do parallel plane sheet metal electrodes, the
maximum voltage for practical tubes is lower. Since low-
amplification-factor triodes have fewer wires and usually
finer wires, the maximum plate voltage hold-off capabilities
depend somewhal on the amplification factor. For this rea-
son a shaded area, B, on Figure 3 indicates roughly the
values of plate hold-off voltage for tubes with thoriated-
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Figure 2 — Effect of grid to cathode spacing on required drive
voltage for various cathode current densities, J.

tungsten cathodes and cylindrical structure grids. Another
area, C, at still lower voltages is shown for tubes using oxide
cathodes. In the latter case it appears that the products of
decomposition of the oxide cathode cause the grid to become
contaminated with a surface layer which has either a lower
work function or has a greater roughness. It is well known
that the maximum voltage gradient which any surface can
support without sparking depends on the surface conditions.
The best possible polishing will certainly improve the situa-
tion. In large tubes with many feet of wire, however, it is
not feasible to perform optical polishing of grids. Further-
more, lhe result of a single tube arc could destroy the effect
of such polishing.

One can read from the upper curve of Figure 3 the maxi-
mum permissible vollage gradients, E, for the parallel plane
sheet metal case, since here the gradient is simply the volt-
age divided by spacing. It should be noted that this curve
follows the equation E o« d3/* and therefore at the higher
voltages the maximum permissible gradient is lower. The
lower curves are based on the calculated voltage gradients
at the wire grids and on observations obtained from a series
of tubes. Of course one has to know the actual geometry of
a given tube in order to calculate the voltage gradients.

3. Cathodes for Pulse Modulator Tubes

At the present time only oxide and thoriated-tungsten
cathodes are generally used. Extensive experience with
thoriated-tungsten cathodes, see Figure 1, in transmitting
tubes has demonstrated that the life of such cathodes is
predictable.” The usual large transmitting tube cathode de-
livers 30 milliamperes per watt of cathode power with a
safety factor of two in order to permit satisfactory operation
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at the rated —5% on filament voltage. Under such condi-
tions cathode life is greater than 10,000 hours. If the fila-
ment voltage is closely regulated, say = 1%, cathode cur-
rents up to 60 milliamperes per cathode watt can be obtained
without much sacrifice in life. Higher emission can be had
only at a corresponding reduced life. Peak cathode emission
density of 3 amperes per square centimeter is compatible
with the 10,000 life figure given above. With round wires
it is seldom feasible to pull uniform emission density all
around the circumference of the wire and therefore the
average emission density will be less. Emission from thori-
ated-tungsten cathodes is independent of pulse width. The
usual limiting factor on pulse width in such a tube is the
rise in grid temperature. Excessive grid temperature causes
the grid to emit; that is, to become a cathode with conse-
quent loss of control by the grid.

Oxide cathodes have been used in switch tubes with
maximum plate voltages of 75 kilovolts. (See Figure 4.)
The advantages of the oxide cathode tubes are: smaller size,
lower heater power for a given emission level, and better
mechanical strength. Such tubes can be made so that they
can be mounted in any position, and at least one design,
the 7333, at the 300 peak kilowatt level has operated at rated
power output on the vibration table from 30 to 2000 cycles
per second at 10 g. On the other hand, it is not yet possible
to predict the life of an oxide cathode over widely varying
conditions. The 6544 operates at 2 amperes per square
centimeter and 200 milliamperes per cathode watt. This tube
has been evaluated on life test with pulse lengths of a few
microseconds and a duty of about .0015. Under such operat-
ing conditions in laboratory life test equipment using a
resistance load, average life is in excess of 3000 hours. In
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Figure 4 — ML-6544 oxide cathode structure with grids and anode.

Figure 5 — A typical helical grid structure mounted over
thoriated-tungsten cathode, ML-5682.

6

the case of the 6544 al .0015 duly, the grid dissipation is
only about one-tenth the maximum capability of the grid.
It appears feasible in this tube to extend pulse lengths to
several hundred microseconds and/or increase the duty.

In oxide cathodes, life is dependent on cathode tempera-
ture, emission density, type of cathode nickel and residual
gases. Improvements in cathode base nickels, tube process-
ing and quality control can be expected to produce higher
peak and average emission levels for very long life. Such
development work requires conlinuous life test evaluation.
Similarly it is necessary lo monitor tube life on production
sampling at the maximum ratings. Present life capability is
purely empirical. For the above reasons commercial tube
data sheets specily values of peak emission, pulse width and
duty cycle for which the tube is monitored. Whereas any
individual tube may operate satisfactorily under conditions
considerably beyond the published limits, one cannot be
sure that any tube bearing the same type number will do
likewise.

4. Grids for Pulse Modulator Tubes

Grids usually consist of meshes or helices wound en verti-
cal stays. (See Figure 5). The grids are almost invariably
of lungsien or molybdenum, although they may be coated
with platinum or gold or other malerials to make them
operale at higher dissipation levels without becoming emit-
lers themselves. The screening fraction of the grid, i.e., the
ratio of the area obstructed by the grid wires to the tolal
area of the grid structure varies from 5 to 25%. The grid
wires are usually made as small in diameter as is mechani-
cally feasible. They must also have enough thermal capacity
so that a localized arc will not result in the melling of a
short section of wire. The spacing between grid wires is
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usually about equal to the grid cathode spacing in order that
the grid have uniform control of the entire cathode emilting
area®. This latter restriction means the use of a closer knit
mesh and finer wires as the grid cathode spacing is reduced.

Typical “end-of-load-line” values for plate and grid cur-
rents depend on the screening fraction of the grid. Very
roughly the percentage of the cathode current which goes to
the grid will be about 1.5 times the screening fraction in
per cent. Consider two tubes using the same cathode struc-
ture and interelectrode spacings but with different grid
screening {ractions. The low amplification factor tube, about
20, will have a screening [raction of about 10% and the
erid current will be about 15% of the cathode current. The
tube with a high amplification [actor will have about 25%
of the cathode current going to the grid. Conversely, the
low amplification factor tube will require more negalive
bias to prevent plate current flow during the interpulse
period. As far as grid driving power is concerned, it is very
nearly the same for either tube.

Some triode tubes have been made with very low amplifi-
cation factors, about 5. These tubes can pass reasonably
high plate currents without driving the grid positive; see
equation (6). Although a large negative bias is required in
the inter-pulse period, the driving power can be quite low.
Unfortunately, this cannot easily be done with high voltage
tubes, since the large grid-anode spacing required to provide
adequate high voltage insulation raises the amplification
factor too much, even with low screening fractions on the
grid.

The maximum permissible grid temperature determines
the maximum dissipation rating of the grid. It also deter-
mines the maximum width of a single pulse. Neglecting
radiation loss from the grid, and assuming the entire volume
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of the wire is heated instantaneously, the maximum rise in
temperature of a grid during a pulse would be given by,

024 P -
(s) (m) "

where A T = temperature rise in °C

AT

P watts dissipated in the grid

T pulse length in seconds

s specific heat of the grid material
m mass of the grid in grams

Since grids can operate to temperatures as high as 1400°C,
radiation losses are significant and make possible higher
erid dissipation ratings than the above formula indicates.
This subject of grid dissipation will be discussed further in
a later section. For the usual transmitting type of tube, the
maximum length of a single pulse at rated power outpul is
usually limited to 10 milliseconds or less.

Since grid current is undesirable and grid dissipation
may be a limiting factor in tube operation, tubes have been
made with grids so positioned as to substantially reduce
grid current. (See Figure 0.) These tubes utilize a type of
gun structure with relatively long strip cathodes set in a
focusing groove. The grids consist of relatively large diame-
ter rods parallel to the emitting cathode strips. These grid
wires are spaced on either side of, and somewhat forward
to, the cathode emitting area such that they are not in the
path of the main electron beam? °. Such tubes are capable
of extremely long pulses as far as the grid is concerned.
Since such grids intercept much less space current, the
driving power for such a tube is lower than the type of
triode discussed earlier, although the amplification factor
mav be lrom 50 to 500. The 6544 tube has a g of 90, hold-off
capability in excess of 20 kilovolts, and the grid current is
less than 10% of the cathode current.

In the case of conventional tetrodes, control-grid dissipa-
tion is not a problem, since intercepted grid current is kept
low and so is the posilive grid drive voltage. In this case
the screen-grid dissipation is the limiting factor and is sub-
ject to all the restrictions of the control grid of a triode.

5. Anodes for Switch Tubes

Anodes for radiation cooled tubes are usually of molyb-
denum spraved with a zirconium getter powder. The use of
copper for forced-air or liquid cooled tubes is general.
Although radiation cooled tubes have been built for 3 kilo-
watts of dissipation, they are only usable if the associated
circuit components are several feet away. In general, any
rating over 100 watts is objectionable due to space prob-
lems. For copper anode tules, anode dissipation presents no
serions problem since liquid or forced-air cooling can be
used.

Fquation 7 with appropriate values is applicable in evalu-
ating anode dissipation densitv. Of course one has to con-
sider conduction cooling, anode wall thickness and tempera-
ture gradient through the copper!!- 12,
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6. Interelecirode Capacitances and Amplification Factor
The grid (or screen-grid) to anode spacing and the
anode surface area determine the grid-anode (or output)
capacitance. 1t has been shown that the outer grid to anode
spacing is determined by voltage breakdown considerations.
Furthermore, it has been shown that the anode area is
determined by the minimum acceptable tube efliciency. In
other words, the grid to plate capacitance of a triode or the
output capacitance of a tetrode is not an arbitrary design
parameter. It is fixed by other considerations except insofar
as the capacitance of the electrode support structures and
tube envelope can be kept to a minimum. Similarly, the grid
cathode capacitance of a triode or the input capacitance of
a tetrode is determined by the choice of the quantity, S, the
equation (1). If il is required to minimize the peak positive
value of e, in equation (1) for the maximum value of i,/ aA,
the only independent variable that can be selected is S, the
effective grid-cathode spacing. It should be recalled that
Ix/aA has a limited maximum value based on the required
cathode life. In order to decrease the maximum value of e,
(to reduce the grid drive voltage and power), it is neces-
sary to increase the input capacitance. Although the input
tube capacitance increases as the grid is moved closer to
the cathode, the total energy stored in this capacitance,
in order to raise the grid potential to the desired value, de-
creases approximately linearly with the spacing. Since both
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the driving power and the capacitance charging energy de-
crease with decreasing grid-cathode spacing, it is obviously
desirable to make this spacing as small as possible, even
though it causes a loss in plate current density (equation 5).
Practical grid-cathode spacings are determined by how
small a grid wire can be used at how close a spacing and
still maintain a uniform grid-cathode spacing throughout
life.

The only capacitance in a triode which can be varied
appreciably by the tube designer is the plate to cathode
capacitance. I'or a fixed grid-anode spacing this capacitance
determines the amplification factor of the tube. As shown in
section 4, the net result is that either type of tube requires
about the same driving power. As regards lo capacitance
charging currents, again there is a balance. The lower
amplification factor tube may have a little lower grid-
cathode capacitance, but it requires a higher total grid
voltage swing. In general, the choice of amplification factor
will depend on other circuit considerations such as driver
tubes, use of pulse transformers, etc. For tubes designed to
operate at low plate voltage, the outer-grid to anode spacing
can be made smaller and, by equation (5), the current
density in the grid-anode space can be higler. (See ML-
7560 data vs. ML-8547, Figures 7 and 8) . Even so, the grid-
anode capacitance will increase due to this closer spacing,
and the pp will decrease unless the screening fraction of the
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grid is also increased at the same time.

The input capacitance of a tetrode will be higher than
that of a triode of the same cathode emitting area, since
the capacity from the control-grid to the screen-grid is in
parallel with the control-grid to cathode capacitance. As
regards the capacity charging currents and drive power,
both will be reduced, since the total grid voltage drive from
cut-off to maximum positive drive is substantially reduced
over triodes. Where fast rising pulses are encountered, the
tetrode seems attractive since its plate to control grid
capacitance is much lower than for triodes. In order to con-
sider the effective total input capacitance, it is necessary to
write an equation for the “Miller Effect” for triodes or

tetrodes:
- . e ,
Cineff = Ci, + Cgp( P+ 1). (8)
€.
where = C in eff = effective total input capacitance
Cep = plate to control grid capacitance
Cin = measured tube input cap. from grid to
cathode (and screen-grid), anode
grounded
e, = pulse input grid voltage
e, = pulse output voltage

Since the ratio of e, to e, for a tetrode is increased by
about the same amount as the capacitance, C,,, is decreased
over that for a triode, effective total input capacitance of a
tetrode is about double that of a triode. Of course the
necessary grid swing is smaller for the tetrode.

Characteristic Curves and Principal Data for Some
High Vacuum Pulse Modulator Tubes

The preceding paragraphs discussed briefly the design
consideration for Vacuum Tubes. From these sections one
can calculate all the pertinent data required for the circuil
engineer. It is conventional to present absolute maximum
ratings on such items as plate voltage, grid voltage, grid
dissipation, plale dissipation, etc. Similarly interelectrode
capacitances, filament voltage and current are given. Since
it is not feasible to give an analytical relation between elec-
trode voltages and currents, a graphical presentation is
made. Usually these “Churacteristic Curves” are given for
1, plate current and grid current vs. plate voltage with
constant grid voltage curves as a parameter; or 2, grid
vollage vs. plate voltage with constant plate and grid cur-
rents as parameters. The data for these curves are taken
with microsecond pulses at a low repetition rate. The curves
are referred to as static characteristics, since they give
instantaneous values of currents for corresponding values of
electrode voltages. It is possible to determine the dynamic
characteristics for any load conditions from these static
characteristics.

With vacuum tubes it Is necessary that the plate current
be negligibly small during the interpulse period. For this
reason, a curve of plate voltage versus grid hias for cutofl
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conditions or a value of y for cutoff is given (Figure 9).
Since the interpulse period may be very long compared with
the pulse duration, a plate current of a few milliamperes can
cause an appreciable anode dissipation. Pulse modulators
should have a sharp cutoff characteristic because the required
negative hias voltage must be added to the positive grid drive
in order to determine the total grid swing. Also the range of
cutoff bias voltage for different tubes of the same type
should be small, since the circuit designer must accommo-
date the poorest tube. The cutofl bias will vary with the
plate voltage of a triode and with both the plate and screen-
voltage of a tetrode. The pulser must be designed to provide
a bias voltage large enough to be effective for the highest
plate and screen-grid voltages that may occur in operation
of the pulser, particularly when load inductance may cause
the instantaneous plate voltage to go considerably more
positive than the dc voltage. It is usually not practical to
specify that the tube shall be biased to zero plate current,
particularly in high voltage tubes. A compromise must be
made between added grid drive power and plate dissipation.
If there are oscillations on the grid drive following the
pulse, it will be necessary to bias sufficiently such that plate
current does not flow at the positive going peaks of such
oscillations.

High voliage tubes may have some field emission from the
grid. In such cases it is not possible to reduce this current
by the use of additional bias since this current comes from
the grid facing the anode. Tube specifications should give a
maximum value for such currents. It should also be noted
that plate current flowing at high plate voltages continuously
in the interpulse period will give rise to appreciable x-rays.
[t is necessary to shield high voltage equipment for per-
sonnel protection.

1. Characteristic Curves of Triodes.

In order to illustrate the typical regions of the character-
istic curves of triodes, the ML-7560 tube will be discussed.
This tube uses a thoriated-tungsten wire cathode (Figure
1). Constant positive grid drive voltage curves are given in
Iigure 7, showing plate current and grid current as a func-
tion of plate voltage. It is to be noted that the area to the
left of the line marked i, = K e,%/% defines a region where
it is not possible to get any current to the plate. From the
grid current curves it is obvious what is happening. It is
seen that the grid current rises as the plate current decreases
while the sum of the two currents is nearly constant. The
reason for this situation is that a virtual cathode is estab-
lished in the grid-anode space, i.e., the effective potential
somewhere between the grid and the anode has dropped to
zero (cathode potential) or helow. When this happens, the
current arriving at the plate is determined by the plate
potential and the position of the virtual cathode as follows:

ip = 233x10%A¢8/? /s? (9)
where i current to anode in ma.
A area of virtual cathode in cm?®
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pulse interval — ML-7560.

e, = plate volltage in volts
s = spacing [rom virtual cathode (o
anode in cm.
The area of the virtual cathode in this cylindrical electrode
tube is the area of an hypothetical cylinder approximately
half-way between the grid and the anode, and of length
equal to the cathode length. When such a virtual cathode is
formed, electrons passing through the grid are brought to
rest and those that do not go to the anode (equation 9) are
returned to the grid. This result iz predictable from equa-
tion 5. This tube was purposely picked to illustrate equation
5, since the grid-anode spacing is large enough to hold off
60 kilovolis and the effect of the virtual cathode is more
obvious than in closer spaced lower voltage tubes. Compari-
son of these data with those for a similar (uhe with a much
smaller grid anode spacing and a lower value of maximum
plate voltage (Figure 8) emphasizes the increase in “tube
drop” with increased spacing. The overall plate efliciency
does not change much since the dc plate voltage is corre-
spondingly higher for tubes with greater spacings. The
actual current density arriving at the anode at the end of
the load line point, P, on Figure 7 is about 0.5 amperes per
square cenlimeter ol «node surface. Assuming that more
cathode emission was available, it would be necessary to
raise both grid and anode potentials in order to increase
the total anode current. Such a procedure would mean that
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Figure 10 — Constant Grid Voltage Characteristic Curves of
ML-6544.

the tube drop would have to increase and the elliciency
would decrease, since the maximum de plate voltage is fixed.
In other words. the use of more cathode wires or even a
solid cylindrical sheet cathode without increasing either
cathode length or diameter, cannot substantially increase
anode current without malterially lowering the tube efli-
ciency. A properly designed tube balances total available
cathode emission against that current which can cross the
grid-anode space al reasonable plate efhciency, i.e., about
90%.

Another feature of the curves of Figure 7 is the gradual
upward slope of the plate current curves to the right of the
space-charge knee, and the corresponding downward slope
of the grid current lines. Three factors contribute to these
slopes. The most prominent effect is due to the term e,/up
in equation 6. It is seen from this equation that even if e,
is held constant. the total cathode current must increase, as
the anode voltage increases. The higher the amplification
factor of the tube, the flatter is the plate current versus plate
vollage curve at fixed grid drive. A second factor is that the
ratio of i, to iy increases as the ratio of e, to e, increases
(see equation 4). This means that the plate current will rise
while the grid current decreases. A third factor is secondary
grid emission which becomes more pronounced at higher
plate voltage. At low grid drives, that is a few hundred volts
positive, the ratio of secondary electrons to primary electrons
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may exceed one. I{ the plale voltage is high enough, all these
secondary electrons go to the plate and a negative grid cur-
rent results (See Figure 13).

It should also be noted that the spacing between plate or
grid current lines for a constant increment of grid drive
voltage is fairly constant except at the higher grid drives.
When plate current does not increase as could reasonably
be expected by an appropriate increase in grid vollage, it
is because one is running out of cathode emission. That part
of the cathode closest to the grid hecomes saturated in
emission, and increased grid drive results only in reaching
around to the back of the cathode wire where the field is not
vet strong enough to take all the available emission. Raising
the filament voltage will now give increased emission. Note
the line marked Ef 4+ 109 at 2000 volis in Figure 7. Such
an increase in filament voliage reduces cathode life appre-

ciably.
2. Characteristic Curves of Shielded Grid Triodes

Another type of iriode switch tube is the shielded grid
tvpe with a beamed cathode structure. This type of iriode
has a high amplification factor and vel takes very little grid
enrrent. Examples of this type are the 6544, 7003, 7845. For
discussion here we consider the 6544 (See Figures 4 and 6) .

This design uses about 40 straight cathode strips .060”
wide, spaced with about .080" separation between adjacent
parallel strips. These cathode sirips are arranged to form
a cylinder of about 2” in diameter. Located outwardly and
slightly in front of the gaps between these cathode strips is
a squirrel cage grid of .070” molybdenum wire. On a some-
what larger bolt circle is a molyhdenum shield grid also
using .070”” molybhdenum wires. This shield grid is tied to

one end of the cylindrical cathode by a metal disc. The
control grid wires feed through this disc to the external grid
electrode terminal. Surrounding the shield grid is a copper
cylindrical anode with ahout a 0.2” radial spacing between
it and the shield grid.

The principal arguments in favor of this design are: (1)
by proper cathode shaping one can keep control grid current
low, (2) shield grid current will be zero since this grid is
at cathode potential, (3) any arc to the shield grid will not
transfer to the cathode since lead impedance between shield
grid and cathode is zero, (4) the shield grid can withstand
heavy arcing il necessary without distortion, (5) neither
grid will be required to stand appreciable dissipation, i.e.,
there will be no question of primary emission troubles even
with abnormal use, (6) the structure is rugged, (7) no
screen grid power supply is required, (8) the amplification
factor is high end onlvy a modest negative control grid volt-
age is required for cut-off.

Although the grid current is low in this tube, it is seen
that at low plate voltage the grid current rises rapidly. The
drop in plate current equals the rise in grid current; i.e., a
virtual cathode is forming heiween shield grid and plate.
The slope of the plate current versus plate voltage curve al
constant grid drive is determined by the amplification factor
of the tube, with p about 60, the curves are fairly flat from

310 20 KV (See Figure 10)
3. Characteristic Curves of Tetrodes

A well known pulse tetrode is the 7007. Since this tuhe has
heen widely used and it exhibits typical tetrode character-
istics, it will serve as an illustrative example of this class of
tubes. Figure 11 shows the tube, and Figure 12 shows the

Figure 11 — View of cathode, grids and plate of the ML-7007 tetrode.
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grid drive voltage versus plate voltage for constant plate and
control grid currents at a screen grid voltage of 3000 volts.
Since the screen-grid shields the cathode from the high plate
potential, the cut-off bias is determined primarily by the
screen grid voltage and its amplification factor of 10. See
equation 1. The total grid swing required to obtain the rated
cathode emission is less than for a triode, and little control
grid current is drawn. The grid current is not appreciably
affected by plate voltage variations. However, when the plate
voltage is decreased far enough, a virtual cathode forms
between the screen grid and anode with the resultant de-
crease in anode current and corresponding increase in
screen-grid current, just as in the case of the triode for the
control grid to anode region. The plate and screen grid
current curves clearly show virtual cathode formation. For
plate voltages higher than twice L, the slope of the plate
current curves reflect the high plate amplification factor of
this tube. The spacing between the screen-grid and anode
in this tube is about the same as that of the 6696 and con-
siderably less than that of the 7560 triode. The 7007 tube
is rated to hold off only 25 kilovolts compared to 45 kilo-
volts for the 6696. This relatively low voltage rating on the
7007 is due to the length of the ceramic envelope and not to
internal electrode spacings. Some further problems on volt-
age stability will be discussed later.

Use of the Characteristic Curves to Determine
Dynamic Operating Conditions

A “load line” is selected on a set of grid voltage versus
plate voltage static characteristics in much the same manner
as is done with Class C operation of CW amplifiers or oscil-
lators. '3 For a first approximation, it is assumed that the
load impedance is to be pure resistance. In this case the load
line on the above characteristic curve will be a straight line.
In order to select a tube it is necessary to first specify the

PLATE CURRENT, AMP

=« == -GRID NO. 2 CURRENT, AMP
— == ==GRID NO. 1 CURRENT, AMP

required pulse voltage and pulse current for the load. If a
pulse transformer is used, then the peak pulse power can
be used to select a tube as the transformer will permit
stepping up or down the voltage delivered from the tube (See
Appendix 1), If it is desired to work from the pulse modu-
lator tube directly into the load, then a modulator tube must
be selected such that the maximum de plate voltage is ap-
proximately 109 greater than the required pulse voltage to
be delivered Lo the load. It is also necessary that the tube
selected be capable of delivering the required output pulse
current. (Of course two or more tubes may easily be used in
parallel}. Having found a tube or tubes capable of the re-
quired output voltage and current. the next step is to deter-
mine the cut-off bias required during the interpulse interval
when the modulator tube is supposed to be passing no current,
i.e., the switch is open. Usually (Figure 9) a curve will be in-
cluded with the tube data showing recommended hias voltage
for various plate voltages. If such a curve is not included, a
good rule is to use approximately 309 more hias voltage
than for Class B amplifier operation. This additional bias is
required to assure that plate current is negligibly small in
the interpulse interval and to make certain that any oscilla-
tory conditions at the end of the grid pulse do not give rise
to appreciable plate current pulses following the desired
output plate current pulse. The cut-off end of the load line
has now bheen determined. See Figure 13. Next one picks a
point of positive grid drive which from the grid voltage vs.
plate voltage characteristic curves gives the required plate
current to the load. This is the switch on condition. Selecting
this point involves a compromise on grid driving power and
plate efficiency. If such a point is picked at very low plate
voltage, the output circuit will attain the highest efficiency,
but the grid drive power may well be excessive. The result
may he to overload the control grid or screen grid. Hence,
if such a point were picked, the grid dissipalions should be
checked to see that these maximum ratings are not exceeded.

Figure 12 — Constant Current Characteristic Curves for ML-
7007, operating point ‘‘P.”
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In the case of triodes, the operating point will usually be
where the peak grid current is from 10 to 30% of the
peak plate current. In tetrodes, the operating point should
be picked such that the screen grid current is not excessive
as regards the screen grid dissipation limit. (See Figure 12)
When these two points have heen spotted on the character-
istic curves, a load line can be drawn as a straight line
terminating on these two points. This line shows what the
instantaneous plate current, grid current and plate voltage
will be for any specified grid voltage wave form (Figure 13).

In equipment operation it is necessary to consider effects
of variation of dc plate voltage, dc screen vollage and the
effect of variations of amplitude of the grid driving pulse.
{For a more detailed analysis see Ref. 14.) The effect of
variation in grid voltage on the output pulse of the pulser
may be illustrated by drawing the load line on the plate-
current plate-voltage characteristic curves for fixed grid
drives. An examination of the characteristics of triodes,
shielded grid triodes and tetrodes, for example, Figures 7
and 10, show that the form of these curves follow a general
pattern. For an approximate solution to the problem of regu-
lation, i.e., variation of grid pulse amplitude or flatness of
the top of the driving pulse, a simplified set of curves may

be used as shown in Figures 14, a and b, where A, B, C . . .
represent different constant grid drive voltages. These curves
can be expressed mathematically by the equation:

I, = ¢ (eg+ Eog /11ee + t'pr/.’ip)

with the following restrictions:

(10a)

i, < oep

1, >0

e, >0

o = conductivity of diode line

¢ = constant obtained from end of load line on charac-
teristic curves.

Two load lines are drawn on the curves shown in Figure
14a. Line E,, — Eq — Opl corresponds to a low resistance
load in series with a bias voltage, Es, to simulate magnetron
operation, where Ey, — E4 Eg. The straight line connect-
ing E,, and Opl corresponds to a fixed resistance load of the
same magnitude as the static resistance of the biased diode
for the operating point, Opl. From this diagram it is evident
that a change in the grid driving voltage corresponding to
the curves A, B, C has no effect on the operating point for
the switch tube. For actual tube characteristics the various

Figure 13 — ML-6696 Constant Current Characteristic Curves showing Reverse Grid
Current Area, recommended dc bias, typical Load Line and Load Line when load shorts.
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grid drive lines represented by A, B, C, etc., do not all
follow down the diode line given by i, = oce, and curves
A, B, C ... are more or less rounded off as they approach
the limit line on minimum plate current. Nevertheless, these
curves can be used to determine with fair accuracy the
effects of variations in grid drive, screen grid voltage and
plate voliage, provided the changes are small.

If adequate posilive grid voltage is provided to keep the
operating point for the tube (Opl Figure 14a) somewhat
below the knee of the characteristic curve, irregularities in
the top of the grid driving pulse are not observed on the
output pulse. This consideration is of considerable impor-
tance lo the design of the driver circuit. Since such operation
results in high grid currents in a triode and high screen-grid
currents in a tetrode, care must be taken to assure that exces-
sive grid dissipation does not result. Furthermore, such
operation requires a well regulated dc plate voltage supply
for the pulser tube.

If the operating point Op2 is on the curve C of I'igure
14b, and the grid voltage changes over the range from B to
D, a different situation obtains. In this case both the load
voltage and the load current are affected by variations in
grid drive voltage. I'or the low-resistance biased diode load,
a change in the e; from C to D results in a load voltage
change of AV and a change in load current of Aiy. Similarly,
for the higher resistance load without a biasing voltage, the
corresponding changes are AV, and Als. Because ol the
upward slope of the constant grid drive curves above the
knee, the change in current is greater for the low-resistance
biased diode load and the change in voltage less. When a
switch tube is operated in this manner, irregularities in the

Figure 14 — Simplified Constant Grid Voltage Characteristics
for any vacuum tube:
a) load line to operating point below knee of plate current
curve
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grid-voltage pulse are transferred to the load pulse.

Of course if the load has reactive components, See Figure
16, the load line will depend on the instantaneous impedance
and will form a loop of some sort. Since the curves of Figures
14 a and b include the effect of both screen-grid and con-
trol-grid variations, it should be pointed out that the combi-
nation of variations of both screen-grid voltage and pulse grid
drive must be considered in regard to the critical drive line
C, Figure 14a. Because of the flow of pulse current to the
screen-grid and the plate to screen-grid capacitance, it is
necessary to provide a large bypass capacitor between the
screen-grid terminal and the cathode. If fast rising pulses
are used, the self-inductance and the load inductance of this
capacitor must be made small enough to give a low imped-
ance at the maximum useful frequency component of the
pulse. The use of grid drive saturation to give flat top pulses
is usually confined to low or medium power stages. It tends
toward excessive screen-grid dissipation in tetrodes, and ex-
cessive driver output current and grid dissipation in triodes.
In shield-grid triode devices, the use of grid drive saturation
is usually satisfactory even in high power tubes, because the
grid is capable of handling high dissipation compared to
that of its normal pulse amplifier rating.

If the operating point is taken above the knee of the
curves, Op2 on Figure 14b, the effects of variation in grid
drive voltage, screen-grid and/or plate voltage can be found
by rearranging equation 10a and differentiating;

ip = - 1 l (eg +ESE+Ei__ES)
1 r A
__+____ HPsg Hp

c M

(10b)

b) load line to operating point above the knee of plate cur-
rent curve.
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where 1/ is the dynamic impedance at the Op2 point, Figure
14b, Fy is the starting voltage of a magnetron or the dc value

of a biased diode load.

O, 1

deg 1+r_l (11a)
C M

O 1 1

[7) 1+_;l_ Hsg (11b)

Mo

o, 1 1

Oebb 1+ _rl Mo (110)
c Hp

di, = - 1 (deb—l—()Esg_i_ aE"b)
l_l_ _Il Hsg Hop (12)
C o

when rl/p, is small compared with 1/¢,

dip = ¢ (aeg + 01 + aE"") (13)
Hsg Hp

The above equations hold for all tubes whose charac-
teristics can reasonably be described by equation 10a in the
general region of the end of the load line for electrode volt-
age variations of a few per cent; i.e., de;, OEsg and OEy,. If
the tube is a triode, equation 11b is omitted, and the corre-
sponding term is dropped from equations 12 and 13. From
these equations one can determine the maximum variations
permissible for e, E,, and Ey;, for a given maximum dip or
the change in the total load current diL. which is rl dip. Since
the screen-grid amplification factor is usually of the order
of 5, regulation of this voltage will probably be necessary in
most cases. With tetrodes it is possible to “correct” the
screen-grid voltage lor changes of plate voltage, a practice
that may be simpler than regulation of the plate supply
voltage.

The power supply voltage may vary because of changes in
either the ac input voltage to the pulser or changes in the
dc average current from the power supply. The change in
average current may be brought about by variations in the
duty ratio that occur as a result of changes in either the pulse
duration or the pulse recurrence frequency, or both. Varia-
tions of the ac line voltage input to the pulser causes a
change in all the voltages in the pulser, and therefore changes
the bias voltage as well as the other faclors in equations 10
and 12. In order to make a complete analysis it would be
necessary to consider the effect of bias changes, effects
caused by the partial discharge of coupling capacitors, and
current build-up in shunt inductances across the load. An-
other factor to be considered would be the regulation of the
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driving pulse supply, i.e, the effect of the internal imped-
ance of the driving pulser due to variations in grid current
of the following stage as drive is varied from C to A.

In order to compare the operation of tubes both above
and below the knee of the curve, the eflect of one variable,
the plate voltage or Ey,, on the plate or load current will be
investigated. To simplify the problem we will consider a

triode. In the equations developed below (eg —i—E—“-) can be
Hsg

substituted for e, to cover the case of a tetrode. This problem
is of interest in the operation of magnetrons since the mag-
neiron frequency shifts as its current changes, ie., the
“pushing figure,” df/di.

For a triode operating above the knee of the characteristic
curves, equation 11lc can be divided by equation 10b omit-
ting the term ;. These equations give

dip _ 1 dE,

Ip 14+ Hpex}aa— Es Eu (13)
bb

For a triode operating below the knee of the curve, equa-
tion 10a reduces to

ip = o€, — 0 (Ebb — OES — ip I‘l)
which gives,
diP _ 1

1p

dE,,

| _E b (14)
Eu,

In order 1o compare magnetron operation under the two
conditions, consider the 725A magnetron which is to be
operated at 11 KV and 10 amperes. Under these conditions
s will be 9700 volts. For a 4PR60 tube operating below the
knee of the curve, the plate voltage, Eyy, will be 11.7 KV,
the screen-grid voltage is taken as 1250 volts, eg will be 0.
According to equation 14,

dlp dEbl,

—=0

1p Lbb
For operation aubove the knee of the curve, constant grid
voltage drive curves are drawn tangent to the characleristic

curves for e, = 0 and —50 volts at e, = 2000 volts. Ey;, will

be 13 KV, e, —35 volts, psg = 4, pp = 70 and
.d_'iP ~ 055 @.{%“P
1p ibb

From these results it is apparent that the regulation in
plate current due to variations in E,;, is improved by a factor
of 10 when the operating point is above the knee as com-
pared to operation below the knee. Of course for operation
above the knee, it is necessary 10 regulate e, and E,;. If the
load had been a pure resistance, i.e., E; = 0, the compara-
tive values are reduced to 1 and 0.4 or a ratio of 2.5 instead
of 10. (Continued on Page 37)
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Editor’s Note:

CATHODE FPRESS is pleased to reprint here an article
on a topic of considerable interest: cable sheathing by elec-
tronic means. A recent development, in a relatively new field,
electronic high frequency resistance welding, has been re-
ported previously by CATHODE PRESS (Vol. 15, No. 1,
1958). The Thermatool process, as this high frequency re-
sistance welding is known, employs induction heaters which
use the Machlett ML-6696 coaxial terminal triode.
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B hermatool Corporation, New Rochelle, New York, a
subsidiary of the American Machine and Foundry Com-
pany, has developed a new method of applying metal

sheaths to power and communications cables. This method

is an outgrowth of Thermatool’s widely used high fre-
quency resistance seam welding process for metal tubes and
pipes. Interestingly, the first production installations of this
novel process have been in Europe, rather than the United

States. The purpose of this paper is to describe the electrical

features of this new cable sheathing process.

Cable Sheathing Materials

Lead and aluminum have been used traditionally for
sheathing cables. Lead has the advantage that it is relatively
easy to extrude. In addition, its extrusion temperature is not
so high that it damages the cable insulation. It is possible to
extrude lead cable sheath continuously. But lead is heavy
and soft. Its dimensional stability over long periods of time
is not ideal.
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Aluminum makes a better cable sheath than lead. It has
superior physical properties and is, of course, much lighter.
However aluminum is more difficult to extrude. Both the
pressure and the temperature required are higher than for
lead. Special provision must be made when extruding alumi-
num around an insulated cable to avoid damaging the in-
sulation. Continuous extrusion of aluminum cable sheathing
has not proven commercially practical. Of course this limits
the length which can be made at one time, determined by
the amount of malerial in a single billet. It is possible to
sheath cables with aluminum by first making an empty
aluminum tube and then drawing the cable into it. But thin-
wall aluminum tubes are diflicult to handle without kinking
and damaging. Furthermore the continuous length possible
by this method is again limited.

Advantages of Method

The high frequency resistance welding process of sheath-
ing cables whiclh was developed by Thermatool elimi-
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Gable Sheathing by

High Frequency Resistance Welding

By C. A. TUDBURY,

Chief Engineer

AMF Thermatool Corporation

nates the disadvantages of the older methods. Not only can
cables be sheathed in any desired length, hut also with any
desired material. Copper and stainless steel, for instance,
possess properties which are outstandingly favorable for
cable sheath. Certainly these materials could not be applied
to an insulated cable by extrusion, but thev can be by the
new process.
Skin Effect

Thermatool’s process for cable sheathing utilizes two
phenomena which have been usually considered as undesira-
ble by most electrical and electronic engineers. These are skin
effect and proximity effect. Skin effect is the tendency of
alternating current to be more concentrated at the surface
of a conductor than inside the conductor. The degree of skin
effect depends upon four factors: frequency, conductor con-
ductivity, permeability, and size. Increasing any one of these
quantities will cause skin effect to be more pronounced. Skin
effect is present to some degree in every alternating current
circuit, as illustrated in Figure 1. Most engineers regard
skin effect simply as a phenomenon which increases the re-
sistance (and therefore the losses) in a conductor carrying
alternating current. But, as will be illustrated in more detail
later, skin effect is a desirable and essential adjunct of high
frequency resistance welding.
VOL. 21,
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It is customary to express the degree of skin effect numeri-
cally by using a quantity known as reference depth (some-
times called skin depth). The ratio of conductor diameter
to reference depth is a measure of degree of skin effect, the
effect being more pronounced when this ratio is large. If the
conduclor is rectangular, the ratio of the smaller dimension
to reference depth is significant. When this ratio is equal to
or greater than 10, skin effect is very pronounced. A solid
conductor then has substantially the same resistance as a
lhollow conduclor of the same outside dimensions and with a
wall thickness equal to reference depth.

A complete discussion of the theory of skin effect is out-
side the scope of this paper, but it is interesting to display
the equation for reference depth, which is

d = 3160 e
uf

where, d = reference depth, in inches
© = conductor resistivity in ohm-inch
r = conductor relative permeability
f = frequency in cycles per second

For aluminum at room temperature, and with a frequency
of 450 KC (which is what is commonly used for high fre-
quency resistance welding), reference depth is approxi-
matelv .005 inch.
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Proximity Effect

The second phenomenon upon which high frequency re-
sistance welding of cable sheaths relies is proximity effect.
Proximity effect manifests itself when two conductors in
which skin effect is very pronounced form a go and return
circuit, and are located physically close to each other. Actu-
ally they must be close enough so that the external magnetic
field which they set up is appreciably more concentrated
between them than elsewhere. This causes the magnetizing
force to be greater between them than elsewhere. As a result
the current, already flowing in a thin surface layer because
of skin effect, rearranges itself over the surface of the con-
ductors in such a way as to supply the higher magnetizing
ampere-turns per inch required for the restricted space be-
tween the conductors. When skin effect and proximity effect
are both pronounced, substantially all the current flows
along the opposing edges of the conductors, as illustrated in
Figure 2a. The effect can be even further enhanced by the
addition of a magnetic core which serves to increase the
ratio of magnetizing force between the conductors to the
magnetizing force elsewhere, as in Figure 2b.

High Frequency Resistance Welding

High frequency resistance welding of metal cable sheath is
illustrated schematically in Figure 3a. The sheath is formed
from flat strip in a special die-forming mill (not shown).
The open seam passes continuously beneath a pair of sliding
contacts. High frequency current is introduced through one

SAME TOTAL
CURRENT IN
EACH CASE

CURRENT DENSITY

I

A B c

Figure 1 — Various degrees of skin effect.
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Figure 2 — Proximity effect in go and return circuit.
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Figure 3 — High frequency resistance tube welding.
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of these contacts, and flows (because of skin effect and
proximity effect) along the strip edge to the point, slightly
upstream from the pressure rolls, where the opposing edges
come together. The current returns to the other contact along
the other edge of the “vee”-shaped opening.

The high frequency current traversing the edges of the
“yee”-shaped opening is compressed into a small cross sec-
tional area, as illustrated in Figure 3bh, and the resistance
which it encounters is high. The result is rapid heating of
the edges of the strip, with negligible heating elsewhere.
This is best illustrated by a numerical example. Assume that
the cable sheath is to be made of aluminum strip, .030 inch
thick, and that the frequency is 450 KC. Reference depth
will therefore be approximately .005 inch. Assume also that
the RMS value of the current is 1000 amperes. Under these
conditions, the resistance is the same as if the entire current
of 1000 amperes were flowing with uniform current density
in an aluminum conductor whose cross section is .005 inch
by .030 inch. Heat will be developed by I°R at a rate of
approximately 7.5 KW per linear inch.

With power of this order of magnitude developed in the
strip edges, their temperature rapidly rises to welding tem-
perature as they traverse the relatively short distance from
the contacts 1o the closure point. The hot edges are pressed
together by the pressure rolls. A forge type weld results
which is phvsically sound, as well as pressure tight.

There is a second path which high frequency current can
traverse from one contact to the other, illustrated by the
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dotted lines in Figure 3a. This path, around the back of the
tube, is not only widely spread out, but also has a higher
inductance than the path along the narrow “vee” gap. The
net result is that the portion of the contact current which
goes around the back of the tube is not only small, but also
causes very little heat loss.

Production Rate

A typical production rate when welding .025 inch thick
aluminum sheath using a 60 KW 450 KC Thermatool
electronic generator is 60 to 70 feet per minute (FPM). It
is interesting to note that the faster the rate, the better is the
efliciency. At 60 FPM, and assuming that the contacts are
one inch upstream from the “vee” apex, it takes a spot on
the strip edge only .0833 second to traverse the “vee” and
e heated. But the temperature differential between the edge
and the remainder of the strip is so great that even in this
short interval of time an appreciable amount of heat travels
away from the edge by conduction. If the rate of travel were
to be doubled, the power would not have to be quite doubled,
as there would be less time for heat to be conducted away.
Higher welding rates have the further advantage that the
material behind the edges is colder and stiffer, which causes
the pressure rolls to be more eflective.

Mechanical Features

Although this paper has to do primarily with the electrical
aspects of cable sheathing by high frequency resistance weld-
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ing, a word or lwo about the mechanical features is appro-
priate. Most tube and pipe forming mills utilize solid forming
rolls. In successive stands, they gradually form {lat strip into
a circular shape with an open seam. Thermatool weld-
ing units are in production the world over on this tvpe of
mill, making tubing and pipe. Sizes range from one-half
inch or less to three feet in diameter, and wall thicknesses
is from a few thousandths to a half inch. The high frequency
electronic generalors range in output rating up to 560 KW.

When welding cable sheathing while the cable is inside,
it is not practical to utilize solid rolls for the {orming. The
rolls and the cable cannot be in the same place at the same
time. Therefore a die-forming mill, shown photographically
in Figure 4, was developed. This enables the strip to be
formed into tubular shape while the cable is inside, travel-
ling forward at the same speed as the strip.

After the die-forming section of the mill, and just ahead
of the sliding high frequency contacts, there is a seam guide.
Its function is to ensure that the open seam between the
strip edges is in proper registration relative to the contacts

and also to ensure that the *

‘vee” shaped opening between
the contacts and the weld point has the optimum angle of
opening. The seam guide is made of wear resistant material.
IFor cable sheathing applications it is usually of the sliding
lype, and is insulated so as not to provide an additional
electrical path between the contacts.

Downstream from the weld point, there is a tandem pair

High frequency
output tronsformer

Power output
variable control

ngle 'leods_/

Flexible
contact adapters

Welding contacts ~
Figure 5 — Welding head.
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of scarfing tools which remove the external bead. There is
also a thin device inside the tube between it and the cable
which mechanically smooths the slight internal bead. At the
weld point, the inside diameter of the sheath is usually about
one-eighth inch larger thau the outside diameter of the cable.
This enables the welding operation to be accomplished with-
out heat-damaging the insulation. Immediately after welding.
therefore, the sheath is in the form of a loose metal tube
surrounding the cable. But its diameter relative to the cable
is such that it suits the subsequent corrugating operation,
permitting the valleys of the corrugations to be pressed firmly
against the cable. Corrugating is sometimes a separate opera-
tion and sometimes is performed continuously as the cable
and sheath emerge from the forming and welding mill.

Electronic Equipment

Most high frequency resistance welding installations for
cahle sheathing utilize 60 KW Thermatool electronic

“C” oscillators housed

generators. Basically these are class
in rugged steel cabinets for industrial service. They feature
hermetically sealed rectifier transformers, a capacitive volt-
age divider feedback circuit for grid drive, complete voltage
regulation, fillering of rectifier output, and a power control
cdlevice which permits the operator to alter the power step-
lessly even while the unit is operating.

The weld head (Figure 5), which is mounted on the cable
sheathing mill, consists of a high frequency step-down trans-
former, its secondary leads, and the welding contacts. The
stepless power control device, referred to previously, is an
integral part of the secondary leads. One lead includes a
one-turn series loop. A cylindrical member containing mag-
netic core material at one end and a copper slug at the other
can be moved in and out of this loop by the operator by
means of a handwheel. Continuous power control is thereby
available from a minimum when the magnetic end is in the
loop to a maximum when the copper end is in the loop.

Figure 6 — High frequency resistance welding contacts.
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The sliding contacts (Figure 6) are surprisingly small,
considering the fact that they handle 60 KW at low voltage.
They feature replaceable tips which can be replaced by a
simple brazing operation after they are worn out. Average
life of a set of tips is 50,000 feet of sheath or more. The
contact bodies are water cooled. The cooling water is sup-
plied through the secondary leads by means of a quickly
made connection utilizing O-rings.

Future Developments

The next step in the development of this process will
probably be mechanical. It will involve the development of

methods for forming larger diameter thin-wall metal sheaths
while still keeping the edges in proper registration and at
the same time providing adequate welding pressure. (The
edges of large diameter thin-wall tubes are prone to lap over
each other when squeeze roll pressure is applied}.

The future holds great promise for this process. As is the
case in many new developments, conservative companies in
the U.S.A. have hesitated, while their counterparts in Europe
have gone ahead. Tt is anticipated that before long, high
frequency resistance welded cable sheathing will be an estab-

lished industrial process on both sides of the Atlantic.

Figure 7 — View of 60 KW Thermatool High Frequency Gen-
erator, Model VT-60 with ML-6696 visible in rack to left.

Operating conditions of final amplifier tubes of the Thermatool induc-
tion heaters, VT-60 (1 — MIL-6696) and VT-140 (2 — ML-6696’s),

employed for high frequency resistance welding:

ML-6696

Frequency ........................

Plate Voltage
Plate Current
Grid Voltage
Grid Current
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B Much has been said in recent years about system relia-
bility. The military, and therefore, industry has become
reliability conscious. Since a syslem can exhibit a relia-

bility only as good as the reliability of its least reliable

component, the reliability of the electron tube aside from
other components has come into question.

Unfortunately, planar tubes, like all tubes, are severely
influenced by their environment, with respect to circuitry as
well as ambient conditions. Because of this, it might be
argued that the data upon which tube reliability figures are
based, only reflect the reliability of the particular tube type,
in the particular equipment specified, under a particular set
of conditions. The truth of this will no doubt be debated
many times over in the coming years. Nevertheless, if the
conditions to which the tube is subjected during life test are
more severe than normal or can be considered representative
of the average application for which the tube was intended,
the reliability data so obtained can be extrapolaled to be
meaningful for most field conditions.

The actual life test conditions 1o which a tube is subjected
are governed in many cases by the pertinent military speci-
fications. The philosophy upon which these conditions are
hased is generally in a state of flux. Recent emphasis is being
placed on the filament stand-by life test for planar tubes, its
proponents noting its success in its application on larger
more expensive tubes as well as observalions that this type
of test is at least as rigorous, il not more detrimental than,
rf life tests, provided the conditions have been properly
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chosen. Also in its favor is the argument that not all applica-
lions require continuous rf operation, and a large number
are operaling in a stand-by position often at a reduced fila-
ment voltage. Thus far, it has been the experience at Mach-
lett, with respect to the ML-7698 and ML-7815, that the
filament stand-by type of life test is more severe, perhaps as
a result of the end point criteria (described later in this
article), and results in a higher failure rate than would be
the case under rf operational conditions.

What constitutes a failure? Either of two factors, as de-
fined in military specifications: the inability of the tube to
function, or the inability of the tube to meet certain pre-
determined test conditions. Consequently, while in a labora-
tory a tube may fail, that same tube in a field application
under which the tube is not handled or disturbed once it is
put in a socket, should give a longer life. Hence, reliability
figures based on lahoratory life tests can actually be con-
sidered pessimistic, provided the consumer has taken the
necessary precautions to ensure against catastrophic or pre-
malure failure due to external circumstances.

The more familiar failure modes of planar tubes are essen-
tially: (1) emission failures due to cathode poisoning or
cathode exhaustion at end of life, or (2) —-catastrophic; that
is, shorting between elements, filament defective either open
or short, overloaded grid or anode due to operation in excess
of ratings (either with the knowledge of the user or inad-
vertently as in the case of a failure in auxiliary equipment
which is reflected back into the tube); leakers or loss of
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vacuum due to extreme environmental conditions or to over-
heating because of improper cooling or of operation in
excess of rating, and random failures which are virtually
impossible to control.

Before proceeding, the following definitions should be
embedded in the mind of the reader:

Reliability! — The probability that a device will perform
as intended under design conditions for a specified period
of time.

Confidence level® — The probability of rejection of mate-
rial conforming to the specified failure rate. 9% confidence
means certainty to 90% that the true mean time between
failures is greater than the calculated limit and the true
failure rate is less than its limiting value.

Failure rate® — The failure rate is expressed in terms of
failures per unit of time. It is computed as a simple ratio of
the number of failures f, during a specified test interval, t,
to the total or aggregate survival test time of the articles
undergoing test during the test interval:

f
ro= =
T
MTBF?*— Mean time hetween failure — During the

operating period when the failure rate is constant, the MTBF
is the reciprocal of the constant failure rate, or the ratio of
the total operating time to the total number of failures:

m === —

There are essentially three rates of failure during the life
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CURRENT ix=1a@t=0 HOURS
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CURRENT ip=2a@t=0 HOURS

of most components. Early in life failures, referred to as
“infant mortality,” period of constant failure rate, and wear-
out phase period. Because of the nature of electron tube
processing “infant mortality” is all but eliminated. And
since most often a tube gives warning of impending failure
by a change in operating characteristic making replacement
at a somewhat predetermined time possible, all reliability
data is generally based on a constant failure rate. This con-
stant failure rate is further based on the assumption that the
design is essentially conslant and that a uniform manufac-
luring process is maintained. Assuming a constant failure
rate in turn implies an exponential, or Poisson distribution

of failures, namely:
T

R em

T - tolal operating time, m-MTBF, and R — reliability.

In the following tables for the individual tube types, two
sets of failure rates are determined, one for a confidence
factor of 909% —— based on the recommendations of the
Darnell report® — and one for a eonfidence factor of 60%

_ based on the recommendations of the Electronic Indus-
tries Association (EIA)Z2. Also included in the tables wher-
ever possible are failure rates which are arrived at from
data fed back from the field. As can be seen from the tables,
the failure rates arrived at in the laboratory are, for the
most part, in agreement with, or at least of the same order
of magnitude as those based on information fed back to
Machlett from various field applications. In other words, the
failure rates are indeed realistic and the degree of reliability
claimed is attainable.
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High levels of reliability can be assured provided proper
choices are made with respect to tube types and operating
conditions. Because of the interrelationship between tube
and cavity, effort should be expended to mate the two for
optimum operation. Once the tube has been placed in the
socket, it should be handled as infrequently as possible.
Envelope and seal temperatures should be maintained at
less than 175 degrees C*, even though the tubes can actually
withstand seal temperatures up to 250°C. Heater voltage
should be at most at maximum rating and, if possible,
optimized for the particular conditions (above 500 Mc
transit time back-heating starts to have an effect). It has
been shown on one Machlett tube type that life can be
increased at least two and a half times by operating the
filament at 5% below versus 5% above rating. In addition
to optimizing, the filament voltage must be regulated to
preferably 2% or hetter. Lxcessive plate dissipation should
be avoided. Vibration should he held to a minimum.

If all the above precautions are taken there is no reason
not to helieve the reliability data is not valid and that the
failure rates can in actuality be exceeded.

EXAMPLES OF CALCULATIONS!

Confidence hounds for the MTBI and failure rate for
any given set of data may be estimated by various methods.

Figure 1 — Multiple unit life test equipment for ML-6442;
contains plate pulse cavity oscillators. Test parameters: Pulsed
Oscillation F — 3450 mc minimum; e,, — 3000 v; R,/1b =
2.5 mode; tpv — 1.0 usec *=10%; trv — 0.1 usec., maximum;
tfr = 0.2 usec, maximum; pr2/Du — 0.001 *5%; E, — 6.0 V.
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Thus, the Poisson, the x2, or the F distributions, all well
known to statisticians, may be used to calculate the con-
fidence limits.

Example 1:

Given a total tube-hours of test equal to 100,000, with 2
failures; (a) what is the best estimate of failure rate? (b)
what would be a failure rate limit which would include 90%
of failure-rate estimates made under the same sampling con-

ditions?
(a) MTRF — Eoé—%g = 50,000 hours
o 1 1 _ .
Failure rate = — = ——— = (.00002 f{ail-
MTBF 50,000

ures/hour or 2% failures/1000 hours.
These are “most likely,” or modal estimates.

(b) Using Thorndike Chart.
Since we have made the assumption that the failure
rate is constant this implies an exponential, or Pois-
son distribution of failures. We can therefore use
Poisson tables or charts to place confidence limits on
our estimates. (1)

where

4
’

The Poisson parameter in our case is —

T is total test hours.
If we look up the Poisson parameter on a Thorndike
chart (2) for the 10% probability of occurrence of

¢ =2, or less, defectives, we find pn = 5.3 = — T——
MTBF.
Then, MTBF 00y = LS — 100,000 = 18,900 hours
: 5.3 5.3
and, FR. g0 = == >3 _ (000053
: MTBF 100,000

failures/hour, or 5.3% /K hours.
We use the 109 probability point, since we want to
be 90% certain that the true MTBF is greater than
our calculated limit and the true failure rate is less
than its limiting value.

Using Poisson Tables

We may choose to use a table of culmulative Poisson
probabilities, such as Table 11 of Molina’s Tables.
(3) The Poisson parameter in these tables is denoted
by a, and the probabilities are for ¢ or more defec-
tives occurring. Since we want to pick a limiting
value of a, such that the number of defectives r = 2 or
less will occur only 109 of the time, we look through
the table forc = r 4+ 1 = 2 + 1 = 3 defectives
until we find the cumulative probability of e for
90%, ¢ = 3. This value is approximately 5.3. Values

for MTBF 90y OF F.R. (90) AT€ then found as in
the calculations under the Poisson Chart above. We
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are then confident that the true MTBF under the
same conditions will be equal to, or greater than,

our limiting value of MTBI (90)° 90% ol the time.

x° Solution
If we conclude our testing after some time T total
tube-hours, a one-sided 100 (1-a) confidence interval

for MTBF is given by the expression (4) (5)

SN 2
MTBF, > %

then, T = 100,000 hours (given)

r = 2 failures (given)

a« = 0.10, since desired confidence 90% =
100 (1-x)

2 is the upper 10% of the x* dis-

a2+ 2) bper e X

tribution for 2r 4 2 degrees of freedom. x*
tables are found in most recognized statistical
texts.

X’ 106 — 10.6

Substituting in the formula,

MTEF ,, = 23190090 _ 4500
: 10.6
hours
and, F.R. S = sl
() MTBF 18,900

hrs. = 5.3%/K hours, which checks with
the values found by using Poisson tables
or charts.

Example 2:
100,000 tube-hours are achieved on a particular test, with

no failures. What is the MTBF ? The MTBF cannot be calcu-
100,000 .

lated in the usual manner, since 5 is unsolvable be-

cause of the zero in the denominator. However, a median
estimate (50% confidence) can be found, using the x2
formula in Example 1, and a value of x* for 50%.

2r +2 2 (0) + 2 = 2 degrees of freedom

2 = 1.39
X .50(2)

Figure 2 — View of End Point Test Set for ML-7815 and ML-
7698; evaluates the deteriorating effect of filament standby
life test by measuring the reduction in peak anode current
under drive conditions established at O hours.

MTRE = 22100000 _ 444 000 hours
(50 1.30

The median estimate of MTBF may also be found from
the approximate relationship

total tube-hours

MTEF -
r + 0.693
Thus, MTBE — 12090 144000 hours.
0.693

We can of course calculale confidence limils at any de-
sired level, using one of the methods suggested in Example

1 (b).
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RELIABILITY LIFE TEST REPORT

DATE ISSUED: 12/1/63

SUMMARY OF TEST RESULTS

Total Failures — Electrical and Catastrophic
— (2100 MC Life Test)

Total Failures — Electrical and Catastrophic
— (500 MC Life Test)

*Catastrophic-Leaker at 1791 Hours

TEST DESCRIPTION:
2100 MC: Group C, F = 2000 Mc Min;
Ebb = 1000 Vdc; Ib = 90 madc;

- r—

No. Tested

81

121

Per MIL-E-1/1120B

Ef = 5.0 Vac; initial Po = 15W Min.

Time = 200 Hours
APo — 259 Maximum

Pulse Emission (2) A/, = 120 ma Max.

APPLICATIONS:

REPORT NO.: 1

Failure Rate in % Per

1000 Hours
Total Tube No. Confidence Factor
Hours Failed 60, 90%
32,393 1% < 6.1 < 11.9
73,932 0 < 1.24 < 3.1

500 MC: Group C, F = 500 Mc Min;

Ebb = 800 Vdc; Ib = 80 madc;

Ef = 6.0 Vac; initial Po = 27W Min.
Time = 500 Hours

APo — 259 Maximum

Pulse Emission (2) Ai, = 120 ma Max.

The ML-7289/3CX100A5 is a ruggedized, high-mu, Planar Triode of ceramic

and metal construction designed specifically for use in equipment as an oscil-
lator, amplifier or frequency multiplier at frequencies up to 2500 mc. It is well
suited for pulsed operation at frequencies up to 3000 mc.

REMARKS:

Microwave Radio Relays,’’ P. 25.
Cathode Press Vol. 20, No. 1, 1963, ““Atlantic Pipeline Company: Microwave

User Since 1949,” P, 25,

See Cathode Press Vol. 15, No. 1, 1958, “The Life and Times of the 2C39 in

Based on these articles, the average life obtained in their application is 13,000
hours. Using this as the MTBF the failure rate is 7.5% /1000 hours.

—_— e —

POWER VS. LIFE
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RELIABILITY LIFE TEST REPORT ML-7815

DATE ISSUED: 12/1/63 REPORT NO.: 1
Failure Rate in % Per
1000 Hours
Total Tube No. Confidence Factor
SUMMARY OF TEST RESULTS No. Tested Hours Failed 60% 90°%
Catastrophic Failures 106 104,653 0 < .88 < 2.2
Total Failures (Catastrophic & Electrical) 106 104,653 0 < .88 < 2.2

TEST DESCRIPTION: Per MIL-E-1/1429A (NAVY)

Group B — Ef = 6.0 Vac, Filament Standby; Time — 500 Hours

““At zero hours, establish the drive conditions necessary to obtain 2.0 amperes
peak anode current with an anode voltage of 1000 Vdc and a bias voltage of
—40 Vdc. The pulse width of the modulator shall be 2 ps (minimum) and the
duty shall be 0.0025 maximum. With the drive level determined at zero hours
check the anode current at the end of life. The maximum allowable drop in anode
current is 259%."

APPLICATIONS: The ML-7815/3CPN10AS5 is a high mu Planar Triode designed for use as a grid-

REMARKS:

VOL. 21,

pulsed or plate-pulsed oscillator, frequency multiplier or power amplifier in radio
transmitting service from low frequency to 3000 mc.

See Cathode Press Vol. 20, No. 4, 1963, ‘‘Evaluation of Negative Grid Tubes in
Pulsed Applications for High Volumn Consumption in Phased Array Radar.” P. 2.
Claim O failures after total running time of 3700 hours per tube.

POWER AND CURRENT VS. LIFE

Power

__________‘___L

CURRENT ix=la@|t=0 HOURS

CURRENT ix=1.5a @t=0 HOURS

1§‘
CURRENT ip=2a @t=0 HOURS
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RELIABILITY LIFE TEST REPORT ML-7698

DATE ISSUED: 12/10/63 REPORT NO.: 1
Failure Rate in % Per
1000 Hours
Total Tube No. Confidence Factor
SUMMARY OF TEST RESULTS No. Tested Hours Failed 60% 920%
Catastrophic Failures 69 45,186 0 < 2.1 < 5.1
Total Failures (Catastrophic & Electrical) 69 45,186 0 < 2.1 < 5.1
TEST DESCRIPTION: Per MIL-E-1/1470 (NAVY)
Group B

Filament Standby Ef = 6.3 Vac. Time — 500 Hours

“At zero hours of life test establish the drive conditions necessary to obtain a
peak plate current of 3a (minimum) with a plate voltage of 1000 Vdc and a bias
of —40 Vdc. The pulse width of the modulator shall be 2 us (minimum) and the
duty shall be 0.0025 (maximum). With the drive level determined at zero hours,
check the plate current at end of life. Maximum allowable drop in plate current
shall be 259,."

APPLICATIONS: The ML-7698 is a high-mu Planar Triode designed for use as a grid-pulsed or
plate-pulsed oscillator, frequency multiplier or power amplifier in radio trans-
mitting service from low-frequency to 3000 mc.

POWER AND CURRENT VS. LIFE

}§*§-~
CURRENT iy=3.0a@t=0 HOURS

]
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RELIABILITY LIFE TEST REPORT ML-6442

DATE ISSUED: 12/1/63 REPORT NO.: 1
Failure Rate in % Per
1000 Hours
Total Tube No. Confidence Factor
SUMMARY OF TEST RESULTS No. Tested Hours Failed 60, 90%
Catastrophic Failures 126 65,837 0 < 1.28 < 3.15
Total Failures (Catastrophic & Electrical) 126 65,837 1 < 2.75 < 5.08
TEST DESCRIPTION: Per MIL-E-1/1055A
Group C

Time = 500 Hours

Pulsed Oscillation F = 3450 MC Minimum

e, — 3000 V; Rg/Ib = 2.5 madc; tpv = 1.0 usec == 10%

trv = 0.1 usec, Maximum, tfr = 0.2 usec, Maximum;
pr/Du = 0.001 = 5%

Er = 6.0V

APo — 259, Maximum

APPLICATIONS: The ML-6442 is a metal-ceramic envelope, medium-mu Triode of the Planar-
Electrode type designed specifically for use as a plate-pulsed oscillator and
amplifier at frequencies up to about 5000 mc. It can also be used as a cw
oscillator, rf power amplifier or frequency multiplier at frequencies up to 2500
mc.

— = e = e

POWER VS. LIFE
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FiYhe design, development and production of specialized,
high-quality TV vidicon camera tubes is a unique capa-
bility of The Machlett Laboratories. Since entering the

vidicon field with a broadeast vidicon that provided “live”
quality to film transmission in mid-1958, Machlett has con-
tinued to advance the state of the art with a succession of
new and diflicult-to-produce vidicons. The current Machlett
line, described on succeeding pages, consists of exclusive,
special purpose, high quality tubes. Each of these tubes
represenls a technological breakthrough which was the cul-
mination of extensive research and custom engineering.

In addition to exclusively Machlett development programs,
the Company is continually engaged in sponsored develop-
ment on special or custom vidicons for the military, private
research institutions and others. Machlett, with iis stafl of
specialists, continues to solicit sponsored development pro-
grams.

Among the special Machlett vidicons, currently used in
slow-scan systems in satellite applications, is the ML-7351A.
It is highly sensitive in the red region, and has lag charac-
teristics that make this tube particularly adaptable to CCTV
systems viewing radar scopes, and the like.

Two tubes in the line — the ML-S522B and the ML.-2128G
— have spectral response which peaks near the uliraviolet
region. Applications of these tubes include TV display of
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Vidicons

ultraviolet microscope images of specimens which could not
be viewed, or would be changed by exposure to visible light.

The incorporation of fiber-optics faceplates as an integral
part of the ML-2128G and the ML-2128U vidicons has sig-
nificantly advanced the capability of TV systems. With fiber
optics, images can be transferred over short or long distances
(in this case, short) with high sensitivity, efficiency, and
resolution, while a lens system is restricted by its focal
length.

The development of two x-ray sensitive camera tubes —
termed DYNAMICONS® —— combines instantaneous, en-
larged x-ray image reproduction with protection for observ-
ing personnel. Performance of both static and in-motion
medical and non-destructive radiographic examinations are
notable advantages of these tubes.

The two-inch vidicon -— represented by the ML-2058G
and ML-2135C - was developed for applications which re-
quired a wider input field than was possible with the con-
ventional 15" x 34” scanned area of the 1” vidicon. The 2"
tubes provide for a full 17 x 1” raster.

On the following pages are the essential details and
characteristics of the current Machlett vidicon line. Further
inquiry on these tubes as to applications and capabilities,
as well as special developmental requirements, is invited.

*Trade name registered by The Machlett Laboratories, Inc.
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ML-7351/
ML-7351A

ML-2128G

ML-S522B

ML-2128U

ML-2058G

ML-2135G
1.4
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The ML-7351 and 7351A are 1”7 TV vidicon camera tubes designed for low light level applica-
tions with limited subject motion. The slow-scan and target storage characteristics of these tubes
are particularly advantageous in CCTV systems, viewing radar display scopes. Resolution js nor-
mally about 500 TV lines (over 800 lines with elevated focusing potential) . Sensitivity is extremely
high; scenes with as little as 0.05 fc illumination on the faceplate can be registered. For average
scenes, this corresponds to 2.5 fc illumination on a scene when using an /2 lens. Spectral response
peaks at 6000 & (in red region), and is somewhat dependent on dark current. Signal decay rate is
approximately half that of standard light-sensitive vidicons. The ML-7351 has a side tip protru-
sion; ML-7351A does not have side tip, which permits use of longer deflection yoke.

The ML-2128G is a 1”” TV vidicon camera tube with a fiber-optics faceplate. This faceplate permits
the tube to be directly coupled to cathode ray, storage or image intensifier tubes provided with
fiber-optics output. Fiber-optics combinations for such purposes ereatly increase light transmission
capabilities, are lighter in weight and utilize less space than comparable optically coupled devices.
Spectral response is S-18. Resolution is 600 TV lines. High contrast is enhanced by means of extra-
mural absorbtion in the fiber optics.

The ML-S5228B is a 17 TV vidicon camera tube which is sensitive to near ultraviolet illumination.
It is ideally suited for TV systems coupled to devices such as the ultraviolet microscope, which
provides increased resolving power with the advantages of fluorescence. The S-522B spectral re-
sponse peaks at 4000A. When used with monochromatic radiation at this wavelength, the tube
has a sensitivity of about 4.5 ya/pw. Resolution is normally 500 TV lines, but may be higher with
elevated focusing potentials. Signal decay rate is approximately double that of standard light-sen-
sitive vidicons.

The ML-2128U is a 17 TV vidicon camera tube that has a fiber-optics faceplate. It is sensitive to near
ultraviolet illumination, and is especially suited for TV coupling to cathode ray, storage or image
intensifier tubes which are provided with fiber-optics output. Such fiber-optics combinations are
usually smaller, lighter in weight and have greater light-transmission qualities than comparable
lens coupled devices. Spectral response peaks at 4000 A, which permits increased over-all sensi-
tivity when used with devices having ultraviolet-emitling output screens. Resolution is approxi-
mately 500 TV lines; high contrast is obtained by means of extra-mural absorption in fiber optics.

The ML-2058G is a 2” TV vidicon camera tube which provides high-detail resolution. It may be
used with conventional image orthicon magnetic deflection coils. Length is 12”. Features include:
a 1” x 17 raster (1.4” diagonal working area); a limiting resolution exceeding 2000 TV lines,
1100 TV lines at 50% amplitude modulation; S-18 spectral response. Transfer Characteristics
and Aperture Response Curves follow “Typical Operating Conditions.” Development of a 2" tube
with a near UV response is both practical and feasible.

The ML-580 DYNAMICON is a 1”7 TV camera tube which is sensitive to x-radiation incident on
its faceplate. It provides high-contrast images with detail resolution down to .0005”, and pene-
{rameter sensitivities 1o 20 when used with an adequate CCTV system and x-ray source. This tube
makes possible static and in-motion non-destructive examinations of metal weldments, encapsu-
lated components, and hiological specimens. Magnifications to 50X ea ;ily obtainable. Resolution of
300 ASA phosphor bronze mesh and .0005” dia. single tungsten wires (at faceplate) can be ob-
tained without additional absorber in x-ray beam. Tube has a low-absorption beryllium faceplate.

The ML-2135G DYNAMICON is a 2 TV camera tube which is sensitive to x-radiation incident on
its faceplate. This tube permits high-contrast images, brightness intensification, remote viewing
and improved x-ray protection. It has a 1”7 x 1" raster (1.4” diagonal working area). Resolution
of 300 ASA phosphor bronze mesh and .0005” dia. single tungsten wires (at faceplate) can be
obtained without an additional absorber in the x-ray beam. This tube is ideally suited for static
and in-motion non-destructive examinations of metal weldments, encapsulated components, and bi-
ological specimens, especially for applications that cannot be adequately scanned by 17 ML-589.
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Units ML-7351/

ML-7351A

1”7 High
GENERAL CHARACTERISTICS Sensitli%ity
Heater, for Unipotential Cathode:

Voltage (AC or DC) . . . . T \Y 6.3 = 10%

Current . . . . . . A .6
Direct Interelectrode Capacitance,

Signal Electrode to All Other Electrodes (Note 1) . . . . . . pf 4.5
Spectral Response . . . . . . . . —_ See Curve
Photoconductive Layer:

Aspect ratio of rectangular image . . . . . . . . . — 4x 3

Maximum useful diagonal image . . . . = = . . . in. .62

Orientation of quality rectangle . . . . . . . . = . —_ Note 2
Focusing Method . . . . . . . —_ Magnetic
Deflection Method . . . . . . . — Magnetic
Operating Position . . . . . . . . . . —_ Any
Overall Length . . . . . . . . in. 6.25 + .25
Greatest Diameter . . . . . . . . . in. 1.125 = .010

(Note 4)
Bulb . . —_ T-8
Base, JEDEC No. . . . . . . . . . . —_ E8-11
Socket, equivalent to CinchNo. . . . . . . . — 54A18088
Weight, approximate . . . . . . . oz 2
FIBER-OPTICS CHARACTERISTICS
Fiber Diameter . . . . .~ . . microns
Faceplate Thickness . . . . . . . in.
Numerical Aperture, nominal . . . . | e . T . . . =g . —
Note 1 — This capacitance, which effectively is the output Note 2 — Proper orientation is obtained when the horizontal
impedance of the vidicon, is increased when the tube is scan is_essentially parallel to the plane passing through the
mounted in the deflecting-yoke and focusing-coil assembly. tube axis and short index pin.

The resistive component of the output impedance is in the
order of 100 megohms.

32 CATHODE PRESS



ML-2135G

ML-2128G ML-S522B ML-2128U ML-2058G ML-589
1” Fiber 1” Near-Uv 1”7 Near-UV/ 2” High- 1”7 X-Ray 2” X-Ray
Optics Input Fiber-Optics Resolution Sensitive Sensitive
6.3 = 10% 6.3 +=10% 6.3 = 10% 6.3 = 10% 6.3 = 10% 6.3 = 10%
.6 .6 .6 .6 6 .6
4.5 4.5 4.5 6.5 4.5 6.5
S-18 See Curve See Curve S-18 X-ray X-ray
4x3 4x3 4 x 3 Ix1 4x 3 Ix1
62 .62 .62 1.4 .62 1.4
Note 2 Note 2 Note 2 Note 3 Note 2 Note 3
Magnetic Magnelic Magnetic Magnetic Magnetic Magnetic
Magnetic Magnetic Magnetic Magnetic Magnetic Magnetic
Any Any Any Any Face up to Any
horizontal
6.25 += .25 6.25 + .25 6.25 + .25 12.0 == .25 6.25 + .25 12.0 + .23
1.125 = .010 1.125 = .010 1.125 = .010 2.25 = .010 1.125 + .015 2.25 + .010
T-8 T-8 T-8 R— —_— —_
E8-11 E8-11 E8-11 B14-45 E8-11 B14-45
54A18088 54A18088 54A18088 — 54A18088 —
2 2 2 10 2 10
7 7
.09 .09
.84 .84
Note 3 — Proper orientation is obtained when the horizontal lc;lote 4 — ML-7351 has a side tip projecting beyond maximum
iameter.

scan is essentially parallel to the plane passing through the
tube axis and base key.
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MAXIMUM RATINGS

Absolute Values for a scanned area as noted .
Signal-Electrode Voliage .

Grid No. 4 and Grid No. 3 Voliage

Grid No. 2 Voltage

Grid No. 1 Voltage:
Negative bias value
Positive bias value

Peak Heater-Cathode Voltage:
Heater negative with respect to cathode .
Heater positive with respect to cathode

Dark Current
Peak Target Current
Faceplate Temperature

Faceplate Illumination . . .

TYPICAL OPERATING CONDITIONS

ML-7351A

Signal-Electrode Voltage

Grid No. 4 (Decelerator) and Grid No. 3 (Beam-Focus
Electrode) Voltage (Note 7) .

Grid No. 2 (Accelerator) Voltage . { . .
Grid No. 1 Voltage for Picture Cutoff (Note 8) .

Minimum Peak-to-Peak Blanking Voltage:
When applied to Grid No. 1
When applied to Cathode .
Faceplate Illumination, highlight
Faceplate Temperature

Dark Current
Target Current, highlight (Note 9)

Average Gamma for Transfer Characteristics
For signal output current as given .

Visual equivalent Signal-to-Noise Ratio, approx. (Note 10)
Field Strength at Center of Focusing Coil, approx.

Field Strength of Adjustable Alignment Coil

Note 5 — The maximum signal-electrode voltage is determined
by the secondary emission first cross-over potential of the
photoconductive layer. With a conventional deflection field rate
of 60 cps, the cross-over potential will be reached, under no-
radiation conditions, at a signal electrode voltage of between
35 and 50 volts. If the tube is operated above the first cross-
over potential, the photoconductive surface will be stabilized
by the G4 electrode. The potential across the photoconductive
layer will then be the difference between the potentials applied
to G4 and the signal-electrode.

If operated above the first cross-over potential during early
life, this tube is very susceptible to picture and raster burns

34

in. 15 x 34
Vde 75
Vde 1000
Vde 500
Vde 125

v 0

v 125
v 10
uAde d

ua 35

°C 71

fe 100
Vde 10 to 25
Vde 250 to 300
Vde 300
Vde —45 to —100

v 40
v 10

fe Jto.7

°C 30 to 35
uAde .02
uA 32 to .42
— .65
uA 02 to .2

300:1
gauss 40
causs 0to4

due to the high potential gradient across the layer. Although
this effect becomes less apparent with increased operating
hours, the manufacturer deems it advisable to limit the signal-
electrode potential to a few volts below the cross-over point in
order to prevent picture deterioration. The maximum signal-
electrode potential is therefore given for each tube delivered.

With the beam off, the cross-over will be reached with a
somewhat lower signal-electrode potential, as a result of the
extended photoconductive storage time. It is important, there-
fore, to turn the beam on before increasing the signal-electrode
potential above zero.

CATHODE PRESS



Yo x 34

Ix1

15 x 3% 15 x 34 Ix1
75 40 490 75 Note 5 Note 5
1000 1000 1000 3500 1000 3500
300 500 500 350 500 350
125 125 125 125 125 125
0 0 0 0 0 0
125 125 125 125 125 125
10 10 10 10 10 10
25 .02 .02 1.0 Note 6 Note 6
.35 .35 559 2.0 40 1.4
71 45 45 60 15 45
1000 —_ - 1000 —_ —
15t0 35 10 to 25 10 1o 25 25 10 60 10 to 30 10 to 30
250 10 300 250 to 300 250 to 300 2900 to 3100 250 to 300 2900 10 3100
300 300 300 300 300 300
-43 to —100 45 to —100 45 to —100 45 1o —100 —45 to —100 45 10 —100
75 40 40 75 75 75
20 10 10 20 20 20
15 — — 15 — —
30 to 35 30 to 35 3010 35 30to 35 20 10 30 20 to 30
.02 005 005 .08 (Note 6) (Note 6)
.32 to .42 210 4 2t0 .4 1.2t0 1.6 — —
.65 — — .65 — —
02 to .2 — — 0810 .8 —_ _—
300:1 300:1 300:1 300:1 300:1 300:1
40 40 40 60 40 60
Qo4 Oto 4 Qo4 O0Oto3 Oto4 Oto 3

Note 6 — The characteristics of the photoconductive surface Note 8 — With no blanking voltage on Grid No. 1.
are such that the operating dark current is extremely small
compared to that obtained with conventional light-sensing
vidicons. It is somewhat difficult to measure due to the pres-
ence of leakage currents, and it is not therefore considered a

useful operating parameter.

Note 9 — Video amplifiers must be designed properly to handle
target currents of this magnitude to avoid amplifier overload
or picture distortion.

Note 10 — Measured with high-gain, low noise, cascode-input-

Note 7 — Definition, focus uniformity and picture quality de- type amplifier having bandwidth of 5 megacycies.

crease with decreasing Grid No. 3 and Grid No. 4 voltage. In
general, Grid No. 3 and Grid No. 4 should not be operated
below the lower value shown.
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Appendix 1

Switching Power of Machlett Pulse Tubes

Switching power of the current line of Machlett pulse
tubes is indicated below. Each tube will deliver output cur-
rent and voltage approximalely up to values indicated Ly
either an O ora .

o mo;#]ArEb-_}UNiGSTEN F_IL.AMEN%’
4 | OX|DE-CDATED FILAMENT | '
! =
= 4

Lines of constant switching power through these coordi-
nates show the range of current and voltage possible by the
use of an outpul pulse transformer.

MLL756
M'd:sal

PULSE PLATE CURRENT — AMPERES
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New Machlett Developments

Machlett announces a new line of miniature ruggedized, high-mu planar triodes
illustrated below, ACTUAL SIZE. Performance of this miniature line is identical

to that of the larger, conventional planar tubes.

MAXIMUM RATINGS

Units
Pulse Duration . usec
Duty Factor . %
Amplification Factor =
DC Plate Voliage . kVde
Peak Plate Voliage . kv
Peak Plate Pulse Supply Vollage kV
DC Grid Voltage . ‘ ! Vde
Instantaneous Peak Grid-C athode- Voltage .
Grid Negative to Cathode v
Grid Positive to Cathode v
Average Plate Current . mAde
DC Plate Current . o . mAde
Peak Plate Current from Pulse \upply . a
Peak Plate Current from DC Supply . a
Transconductance . mmbhos
Average Grid Current mAde
Average Plate Dissipation .
Forced-Air or Heat-Sink Coo]lng A\
Conduction and Convection Cooling W
wf

Average Grid Dissipation .

ML-8534

38

ML-8535

ML-8536

CATHODE PRESS



ML-8534
and

ML-8535

For grid, plate-pulsed, or cw operation;
frequency multipliers, oscillators, or
amplifiers o 3 Ge. Both tubes employ
high current capability, phormat
cathode, frequency stable anode;
and provide low interelectrode capaci-
tance, and high transconductance.

Puised UHF Oscillator & Amplifier

ML-8536
and

ML-8537

For grid, plate-pulsed, or cw operation;
frequency multipliers, oscillators, or
amplifiers to 3 Ge. Both tubes employ
the phormat cathode, frequency
stable anode, and provide low inter-
electrode capacitance and high trans-
conductance.

Puised UHF Oscillator & Amplifier

ML-8538
and

ML-8539

For use as pulse modulators, pulse
amplifiers, grid-pulsed oscillators, or
amplifiers and switch tubes. Frequency
to 3 Ge. Tubes have high current
capability, and phormat cathode.
® e ®
Switch tube to 30 kw max.
at 0.0033 d

Pulse Modulator  Grid-Pulsed UHF
or Oscillator &

Grid-Pulsed Plate-Pulsed CwW Grid-Puised Plate-Pulsed cw Puise Amplifier Amplifier
6 6 _ 6 6 — 6 6
33 .33 — 33 .33 —_ .33 33
80 80 80 80 80 80 90 135
2.5 — 2.5 2.5 —_ 2.5 8 7.5
— J— — — — — 10 —
—_ 3.5 — —_ 3.5 — —_ —
150 150 —150 —150 150 150 150 150
—750 —750 -400 —750 -750 —400 -750 —750
+250 1250+ 30 +250 4250 -+ 30 +250 4250
16 16 —_ 10 10 — —_ 16
— - 150 —_ — 100 150 —_
—_ 3 — — 3 —_ B —
5 — — 3 — — — 5
_ _ 30 — — 25 — 0
6 6 435 51 5 15 — 6
33 38 100 20 35 100 100 100
10 10 10 10 10 10 10 10
1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
MI.-8537 MI.-8538 MIL.-8539

| —
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New Machlett Developments

ML-8464

Ruggedized shielded-

grid triode for pulse
generation to 2 Mw

Designed for operation while sub-
jected 1o moderately high acceleralion
forces und is suitable for mobile radar
applications. Delivers 400 kW pulse
power output with less than 2 kW pulse
driving power. Cathode is unipoten-
tial, oxide-coated; anode is liquid
cooled.

Maximum Ratings, Pulse Modulalor
or Pulse Amplifier

DC Plate Vollage 25kV
Pulse Cathode Current 25 a
Plate Dissipation 1.5 kW
Tvpical Operation

DC Plate Voltage 23 kV
DC Grid Voltage —250V
Pulse Positive Grid

Voltage 1.1kV
Pulse Plate Current 20 a
Pulse Grid Current 14a
Pulse Driving Power 2kW
Pulse Power Output 400 kW
Plate Output Voltage 20 kW

ML-8547

General-purpose, low-mu
triode capable of 6 Mw
pulse modulator service

ML-8547 is capable of swilching 6
Mw in a pulsed modulator at rela-
tively long pulse duration and high
duty lactor. Incorporates integral
waler jackel, sturdy coaxial grid and
cathode mounting structures, and
thoriated tungsten filament; provides
low - inductance, high - dissipation, rf
terminals.

Maximum Ratings, Pulse Modulalor
or Pulse Amplifier

DC Plate Voltage 16 kV
Pulse Cathode Current 550 a
Plate Dissipalion 175 kW
Typical Operation

DC Plate Voltage 15KV
DC Grid Voltage —2000V
Pulse Posilive Grid

Voltage 1.3kV
Pulse Plate Current 250 a
Pulse Grid Current 70 a
Pulse Driving Power 235 kW
Pulse Power Output 3.5 Mw
Plate Output Voltage 14 kV

ML-2080G

9” Light-Sensitive
hnage intensifier with
fiber-optics output

Primarily designed for medical appli-
cations. Has light sensitive ploto-
cathode with fiber optics outpul.

Input Diameter Approx. 8.6”

Output Diameter Approx. 1.0”

Photocathode S =20

Output Phosphor (Optional) P = 20
(Other phosphor and optical
flat glass on request)

Brightness Gain (incl.

10,000X

minifcation)

Photocathode
Sensilivily

100 ua/L (min.)

Resolution at

60 1p/in
500 1p/in

Photocathod:
Resolution of Output

Fiber Optics
Diameler 7 micron fibers

(extramural absorption)

Operating Voltage (Nominal) 24 kV

10
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D 1 National Referral Center for Science and Technology
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e erra “The National Referral Center for Science and Technologv. established with the

support of the National Science Foundation in the Library of Congress, serves the

Center fO’" scientific and technical community by providing ready access lo the Nation’s informa-
tion resources . . .

SCIENCE AND “The National Referral Center is a clearinghouse. lis lask is advisory. It is designed
lo make information resources known to the country’s scientists and enginecrs and to

TECHNOLOGY assure the fullest possible utilization of these resources. It does not answer technical
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Street and Independence Avenue. S.E., or by calling STerling 3-0400.” For copies of

I'l,

this booklet, additional service details, or referral requests write directly to:
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Washington 25, D.C.
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VALVE

I CONTROLS

CONSIDERING VAPOR COOLING ?
SELECT ONE OF MACHLETT'S

4 BASIC SYSTEMS...

HEAT EXCHANGER

FUNNEL

L

OPENED TO AIR

PRESSURE EQUALIZATION

ELECTRICAL\\

12" MINIMUM

WATER
LEVEL
CONTROL

WATER LEVEL

4

DRAIN

~4-— EXHAUST COUPLING

]
+— INSULATING TUBING
VAPOR EXHAUST

ANTI ELECTROLYTIC
TARGET

WATER

COUPLING

INSULATORS

IN

From 50kW to 500kW, Machlett offers four basic Vapor Cooling Systems

for cooling high power electron tubes:

SYSTEM

Vapor-Up (shown above)

Vapor-Down .. ..

Boiler Condenser. . . ..

Integrated

System advantages include: 200-300% greater anode dissipation as compared to forced-air
cooling; 10-20% greater anode dissipation over conventional water cooling; extremely large
overload protection for anode; stable, quiet cooling; low water consumption ; low operating costs.

Each of the above four systems is highly adaptable to a wide range of applications. Consider
the advantages of each system—outlined in “Vapor Cooling,” obtained by writing to

TYPICAL APPLICATION

....... .. .General Broadcast (HF)

............. . General & SSB Communications (HF)

....... . Industrial

. Special Service. Particularly suited to VHF.

The Machlett Laboratories, Inc., Springdale, Conn., an affiliate of Raytheon Company.
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Introduction

n this and in the following issue Machlett Laboratories’

position in the field of commercial aviation is reviewed
by CATHODE PRESS. At a time when the use of solid

stale devices has hecome nearly universal in new airborne

electronics equipment, and the use of eleciron tubes has

diniinished accordingly, the Machlett planar triode con-

linues lo maintain — even increase — the extent of its appli-

cation. Today all airlines flying 4 engine equipment use

the DME and Beacon Transponder. In each of these unils

one or more planar triodes is employed.

Machlett planar triodes (including the ML-7855, ML-
7815 and ML-6442) are used by the great majority of
carriers as the preferred tube type. This is so because

the equipment manufacturers, as described in this issue,

have found significant advantage in the Machlett offering.

The Machlett contribution lies not only in the reliahility

of its planar triode hut in the new level of performance it
has made possible. In the areas of high voltage stability,
arid pulsing, frequency stability, cathode activity and tube

life, Machlett tubes have demonstrated superiority.
CATHODE PRESS, Volume 21, No. 2, describes DME
and transponder development as seen by the manufacturer.
Volume 21, No. 3 will describe the use made of these
important navigation aids by several major airlines.
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Figure 1 — Better Air Service with Modern Electronic Aids.

2

DME, SLANT RANGE INDICATOR

s late as World War II, there was little consideration
given to the pilot and aircraft once they were airborne.
L B Today, however, the crowding of the airways presents a
problem and minutes are precious in handling the high
volume of today’s air trallic. Controller and pilot must func-
lion in unison, to preven! emergency siluations in air cor-
ridors and landing patterns. Close control of aircraft from
air and ground is necessary. It must he positive. It must
he constant.

The Collins 621A-3 ATC Transponder and the 8GOE-2
DME (distance measuring equipment) extend the “control-
ability” of the pilot and the air traflic controller in good and
(particularly) bad weather. They provide constant informa-
tion of aircraft position and movements within a given sector.
This knowledge, given to both pilot and ground controller,
greatly reduces the possibility of an air tragedy and increases
the serviceabilily of an airline.

ATC Transponder for Controller

Transponders are used for establishing the azimuth and
distance of an aircraft from an ATC center. This is done by

CATHODE PRESS



Positive Control from
Air and Ground

By FRED EGGERT, Publications Engineer
Collins Radio Company, Cedar Rapids, lowa

transmitling a coded interrogation from the ground station.
The ATC Transponder (Figure 2) equipped aircraft receives
this interrogation and decodes it. That is, it determines that
it is in fact an interrogation to a transponder. The ATC
Transponder codes a reply to the interrogation which is then
transmitted to the ground station. An active reply rather
than an echo is used to eliminate problems with precipita-
tion, clouds, and ground clutter and to extend radar range.
The ground station decodes and displays the reply on a
cathode ray tube screen. The face of this tube is overlaid
with a map 1o show the location of the aircraft with respecl
lo airways, navaids, and holding areas. Coding of a reply
signal is used in ATC to identily particular operating con-
ditions of aircraft. The codes are displayed on a digital
readout, which indicates whether the aireraft is climbing,
flving at a particular altitude, or descending.

An air traffic controller can follow the progression of
aircralt through a given sector, using the cathode ray tule
representation. With a glance, he can determine which air-
craft are in the area and their relative positions. And, using
voice communications, the ground controller can direct or

VOL. 21, NO. 2, 1964

VORTAC STATION

position the aircraft within the sector. Aircraft not equipped
with a transponder are located using an echo-reply system
and are integrated with those transponder equipped aircraft
on the cathode ray tube screen. This gives the ground con-
troller a complete air picture of all the aircraft in his sector.

Because transponder-equipped aircraft have the capability
to provide the ATC controller with a continuous, positive
indication of their position, it iz possible for them to ohtain
clearances, which, if requested hy non-transponder aircraft,
would be either delayed or denied.

In planning flights, for example, it is often advantageous
to go direct rather than to follow a series of airways which
dog leg back and forth. Under IR (instrument flight rules)
conditions where there is extensive traflic, controllers are
reluctant to grant direct clearances to non-lransponder air-
craft because of difficulty involved in providing separation
of aircraft paralleling and crossing airways and going as
long as 30 or 40 minutes between positive fixes.

A transponder-equipped aircraft, however, because it is
continuously fixed on the controller’s scope, can be easily
integrated with the airway traffic in the area. As a result,

3



transponder equipped aircraft generally obtain clearances
more quickly and experience fewer changes of flight plan
and delays enroute.

In high deusity areas aircraft not equipped with a trans-
ponder are required to report over a definite fix and (o make
identifying turns as prescribed by the controller so that they
can be posttively identified. Only then can they be worked
into the approach pattern. If, because of precipitation or
ground clutter, the controller loses the target for anv length
of time, it may be necessary for the aircralt to once again be
identified by execuling a series of turns.

The transponder equipped aireraft, hy way of contrast, is
positively identified as soon as it appears on the approach
controller’s scope and is often vectored directly into the
approach pattern, thereby saving a considerable amount of
time.

1f a situation should occur, either enroute or in a terminal
area, that would require an immediate descent and landing,
the transponder equipped aircraft can be quickly cleared

Figure 2 — ATC Transponder System, Block Diagram.
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and vectored lo the nearest suitable held. Even if all VHF
communications are lost, with an aireraft in distress, the
transponder permilts it to be quickly identified by trans-
mitting the emergency pulse code. The other aireraft in
the area could then be vectored so as not to conflict with
the distressed aireraft.

The 621A-3 ATC Transponder

I addition to all of the attributes noted for transponders,
in general, the Collins Radio Company 621A-3 ATC Trans-
ponder incorporates several new features. Completely solid
state except for the transmitter tube, the 621A-3 incorporates
both two and three pulse sidelobe suppression, an expanded
reply code svstem of 4096 combinations, and all the circuits
required for automatic altitude reporting. Space has also
heen reserved for the addition of such other functions, such
as automatic selective reply on all modes, that may be re-
quired in the future. Also, a sell-test feature is available
which can be operated iy a swilch on the front panel of
the radio and remotely by a switch on the control panel.
This provision can be used to interrogate the transponder
and check the veply to assure that the transponder is operat-
ing properly. The circuit gives a visual and aural indica-
tion of the transponder operation. This self-test check extends
from the input of the receiver to the output of the transmitter.
Receiver sensitivity, decoder performance, and transmitter
power output can he checked on the ground or in flight
using this feature.

The three-pulse sidelobe suppression system provides for
an interrogation containing three pulses. The secondary sur-
veillance radar (SSR) station transmits 0.8 microsecond
wide pulse pair interrogations (P1 and P3) from the direc-
tional rotating antenna. Pulse spacing between P1 and P3
is determined by the mode of operation. Two microseconds
after the initial interrogation pulse (P1) is transmitted, the

Figure 3 — ATC Transponder, Dust Cover Removed.
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Figure 4 — Decoder Module.

omnidirectional antenna, located with the SSR, transmils a
0.8-microsecond-wide reference pulse (P2) for sidelobe
suppression. The P2 pulse is used, in amplitude comparison
with 1, to determine whether or not the interrogation is
valid. A two-pulse interrogation in a three-pulse circuit is
always accepted as a valid interrogation. The three-pulse
method of interrogation is used in the U.S. and Canada. It
is anticipated that the three pulse system will be universal
in a lew years.

The two-pulse method of sidelobe suppression provides
for an interrogation containing only lwo pulses. The SSR
station transmits a pulse pair interrogation that utilizes a
rotaling directional antenna and fixed omnidirectional an-
tenna radiations. Pulse spacing between P1 and P3 is deter-
mined by the mode of operation. There is no P2 pulse in the
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two pulse system. The first pulse (P1) is transmitied by the
omnidirectional antenna. The last pulse (P3) is transmitted
bv the directional rotating antenna and is used, in amplitude
comparison with P1, 1o determine whether or not the inter-
rogation is valid. The two-pulse method of interrogation is
presently used in Britain. The 1wo-pulse sidelobe suppres-
sion cireuit is an optional feature of the 621A-3.

RF Cavities

The 621A-3 uses a Machlett ML-7815 mounted in a 3}
wave “double folded back™ cavity. The 34 wave cavity re-
sults in a higher Q with the cavity loaded. The high Q
provides increased stability for the transmitter frequency.
However, the higher () also requires a tube having greater
power capability.

Grid pulse modulation techniques, for the transmitter tube,
allow use of a transistorized modulator and eliminate the

Figure 5 — Tube Equivalent Circuit.

For the 621A-3 ATC Transponder, the mounted ML-7815 em-
ploys two cavities, one fixed 1/ wavelength cavity in the grid
and the second a variable 34 wavelength cavity in the plate
circuit. The capacitance of the plate tank is variable to allow
adjusting of the output frequency. Feedback, to sustain oscilla-
tions in the circuit, is provided through capacitive-plate to
inductive-loop coupling in the grid circuit. The output rf pulse
is inductively coupled out of the 3, wave “‘double folded back”
plate cavity to the antenna.

Figure 5 — Transmitter (with ML-7815) Equivalent Circuit.

+2000v
ANODE
GRID ] ]
\'\\
CATHODE o - T CAPACITIVE TO
T~ -[ |_{~ LOOP FEEDBACK

o .

A \'\ = !

b GRID L] - — £ |

CAVITY Y RF QUTPUT
> — TO ANTENNA
. ]

3
S FOLDED

//7' PLATE CAVITY

CHOKE .t

L~
’/
PLATE
111/ ’14'}— CAVITY
| ADJUST
VIDEO
CODE
RELAY
PULSES
T0
GRID [
5.7 VAC
FILAMENT
VOLTAGE



INPUT CHOKE

FOLDED GRID

=

=
%)
zza

>
E

>

a

[y

o

o <
N £ Z
NN a
— B
o

)

o

s

/3%
a

GRID cavITYy

A
)

yd

TRANSMITTER TuU

Figure 6 — Transmitter Tube Drawing.

For several years planar transmitting tubes similar to the 2C39
have been used in airborne navigational equipment. New and
more stringent requirements have caused continued tube re-
search and improvement. Machlett's research has resulted in
the development of the ML-7815. Utilizing the modern Phormat
Cathode, the ML-7815 is capable of higher dc plate voltages
without destroying the cathode coating. Collins Radio Company
selected the ML-7815 as meeting the reliability requirements
necessary for the 621A-3 ATC Transponder and the 860E-2
DME.

6

need for an elaborate plate pulsing power supply. The tube
used in this type of equipment must be extremely reliable
and have a long life expectancy. The Machlett planar triode
ML-7815 was selected for these qualities.

DME

Perhaps the greatest single advance in achieving air
navigational safety and efficient air traffic control was tak-
en by the mandatory addition of DME (Distance Measur-
ing Equipment) to commercial air navigation. A focal point
of close observation in 1960, DME was given Air Transport
of America sanction in a conference held January 19, 1961.
The members of the Special Airlines Operations Conference,
held in Chicago, determined then that aircraft operated
by commercial carriers must have DML,

The action of this committee was justified, and it has
been subsequently proven that the airways have been made
safer through the use of DME; in addition, the airlines
have found DME to be a money saving device. Some of
the safety-money-time savings aspects of the DME include:

1. A more precise location of checkpoints than is possible
using the intersection of two VOR radials.
2. Allows the pilot to report the exact location of storm
cells, when used with weather radar.
3. DME allows approximately a 5 to 1 reduction in en-
route separation standards used by ATC.
4. DME allows approximately a 4 to 1 reduction in sepa-
ration between aircralt departing from a terminal area.
5. Allows back-course ILS let-downs under low ceilings
when accurate distance information can effectively re-
place the glide slope information.
. Permits quick accurate computation of upper winds.
Eliminates procedural turns in some ILS approaches.
Better holding patterns.
Instant positive position indication (when used with a

VOR system) .

O wNo

DME is an active tool of the pilot and a passive tool of
the ground controller. The pilot has constant reference to
this tool and, since the ground controller is aware of this,
the controller can give directions using this active tool as a
reference. An example of this is through the use of hold-
ing patterns. Previously, holding patterns were established
through the use of either time flights or land mark references.
The ground controller would for example direct the pilot to
fly in one direction for three minutes, turn, then fly in the
opposite direction for three minutes. If the day was clear the
pilot could be directed to fly to a particular land mark, turn
and fly to another land mark and to hold that pattern until
told to land.

These methods were, at best, poor. The visual (land
mark) method depends on a clear day and the number of
such land marks available. And, the proper spacing of land
marks is definitely a limiting factor. Flying for a certain
number of minutes in a specified direction is problematic

CATHODE PRESS
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Figure 7 — DME with Dust Cover Removed.

from the aspect of aircrafl speed devialion. A jel aircrafl
will fly more miles than a piston aireraft will, over a given
amount of time. Airspace is, therefore, not controlled when
these two holding methods are used.

Using DME with a VOR equipped aircraft, the controller
can designate the exact distances the aircraft may fly from
the VOR and the VOR radial that may be used. Using the
DME the pilot can hold this prescribed air pattern. By using

this tighter control device, the aircraft becomes safer and
safety is essential.

Prior to the requirement for DME, pilots were asked their
opinion of the ATC probems; their replies supported the
need for DME. One pilol remarked: “ATC procedures in
high density areas are woefully inadequate and if DME is
the missing link it is badly needed.” Since that time in early
1961, DME has proved itself.

DME. How It Works

The distance measuring operation begins when the trans-
mitter portion of the 860E-2 DME transmits a pair ol
interrogation pulses. These interrogalion pulses are received
by the selected TACAN or VORTAC ground station. The
ground station, after a fixed time delay, transmits a pair of
reply pulses. The fixed delay time is used to standardize the
inherent delay in every piece of electronic equipment. These
reply pulses are received and delected in the receiver portion
of the 860E-2 DME and applied to the computing circuits.
The computing circuits measure the time interval between
the transmission of the interrogation pulses and the reception
of the reply pulses. The time interval, which is proportional
to the slant distance between the aircraflt and the ground
station, is converted to distance information for display on
the DME distance indicator.

1964
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The DML ground station, called a VORTAC station, con-
sists of a TACAN station and a VOR transmitter. The
VOR transmitter provides bearing information to aireraft
equipped with VOR receivers. A TACAN ground station
has the capabilities to reply to DME interrogation signals
and also to transmit bearing information and identification
signals, The bearing information consists of amplitude-modu-
lated pulses and is used mainly by the military as a source
of bearing data.

The 860E-2 DME

The 860L-2 has several new and important features. With
the exception of five tubes, the circuits of the DML are
completely solid state. Solid state components require less
space and weigh less. Consequently, Collins was able to add
additional circuits with new functions and refine existing
DME circuits. Solid state components require less cooling
(no filaments), less power, and extend the reliability of the
system. Four of the tubes used are the rf power amplifiers.
These amplifiers are Machlett ML-7815 planar triodes and
are operated at a very conservative level which extends the
operating time. Life tests run with the ML-7815 have pro-
duced rather interesting results. The tubes were placed in
test fixtures using the general circuit configuration of the
860E-2. The tubes have run over 3000 hours so far with no

measurable change in the tube characteristics.

The memory circuit used in the 860E-2 permits the user
to select either a velocity or stalic memory for the system
by movement of internal jumper wires. With the velocity
memory, and when track is lost, the distance indicator con-
tinues to track a synthetic signal at the same rate as the
original signal before loss. With static memory, the distance
indicator is locked on the same point during memory at the
last distance displayed before the signal was lost.

Obsolescence of the 860E-2 is minimized through the use
of such features as the built-in split channel circuit. Present
DME channel requirements are satisfied by the use of 126
channels. Because of the ever increasing use of air transpor-
tation, however, DML ground facility density will increase
for a given area. Therefore, by simply changing a jumper
wire in the 860E-2, accommodation is made for 252 channels.
No other circuit modification is necessary.

RF Cavities of the 860E-2

The 8601:-2 rf cavities consist of four plate pulsed ampli-
fiers in cascade. Low level cw rf is supplied to the input
circuit of the first amplifier. When the high voltage pulse is
supplied to the anode of the amplifier, the applied cw is
amplified. The pulsed output is amplified in sequence by the
following three plate pulsed amplifiers. Each successive stage

Figure 8 — DME System Block Diagram.
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Figure 9 — ML-7815 Cavity High Frequency Equivalent Circuit.

increases the amplitude of the pulsed rf to the output stage.
Collins has designed this circuit so that when the cavity
tuning is peaked the output power will be approximately
2000 watts. This allows a 3 db margin over the published
output power rating of 1000 watts, to accommodate tracking
errors and provide for tube aging.

A 34 wavelength coaxial line section (Figure 9) is used
at the input of each amplifier. The coaxial section provides
impedance matching and rf isolation for the filament circuit.
The grid current caused by the rf is rectified by the cathode-
to-grid action charging grid capacitor C11. This charge pro-
vides the grid bias for the ML-7815. The output circuit is
a 1 wave coaxial resonator. The output is tuned by adjust-
ing C10. Capacitor C10 consists of the capacilance between
the inner and outer conductors of the resonator as provided
by the tuning slug. The resonant frequency of the output
coaxial resonator is varied by the axial position of the tuning
slug.

The plate supply vollage is applied through a quarter wave
choke to the ML-7815 anode. The quarter wave choke reflects
an open circuit to rf. Consequently, rf isolation to the anode
supply is adequately provided, and rf radiation from the
anode lead is kept to a very low level.

L J L L J

Through the evolution of improved techniques in tube
design and processing. Machlett Laboratories maintains
pace with the requirements of the air industry by consistent
dependable quality. This is evidenced by the development
of the ML-7815, which is standard for both the Collins
Radio Company 860E-2 DME and the 621A-3 ATC Trans-

ponder.
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A Co-mctdent Evolution: Avionics and

By
HENRY EGGERDING,
Senior Project Engineer
Commercial Avionics

ITT Federal Laboratories
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oday’s air traffic control system requires accurale aircraft

position reporting and planning to provide the air travel

salely margin we have come to expect. The need for sys-
tem improvements and the tightening of accuracy tolerances
evolves from increasing air traffic densily, high speed jet
aircraft operation and even higher speed supersonic trans-
port programming.

Aircraft position is determined hy three parameters:

(a) Altitude.

(b) Flight track azimuth with reference to a fixed geo-
graphic location.

(c) Distance from a fixed geographic location.

The pressure or barometric altimeter provides the first of
these parameters reasonably satisfactorily and is used to
establish and maintain flight levels for ATC purposes. If
a common geographic location is used for (b) and (c)
above, we have the elements of a polar coordinate navi-
galion system and it is upon this rho-theta concept that the
mos! widely accepted modern, short range navigation
systems are based. (See Figure 1). Since the three broad
classes of aircraft, namely general avialion, airline, and
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military share the same airspace, it is almost essential that
a common system giving rho-theta information be avail-
able lo these users.

As a matter of interesting history, the four course low
frequency A/N range system came inlo use in 1929. In spite
of its limitations of only four flight tracks and severe static
interference susceptibility, due to its frequency range of 200
10 400 kc’s, il served well for many years, but is now obsolete.

The VOR (VHF Omnidirectional Range) which replaced
it, gives an unlimited number of flight tracks over 360°. In
its frequency range of 108 to 118 me, it is essentially
static free, and it provides precision visual guidance and
aural identification in contrast to the purely aural guidance
of the A/N range.

These systems provide flight tracks, but no direct informa-
tion of posilion along the track. As a matter of fact, the
majority of any pilot’s cockpit time for the past two decades
has heen devoted to resolving aireraft position, or establish-
ing the rho element in the purely “theta” systems that have
heen available to him.

11
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Figure 1 — RHO-THETA Diagram.

The Development of DME

Radar was widely used in WWII to get direct, accurate,
distance information, but the method was a cumbersome one
calling for a radar operator, a cathode-ray display, and con-
siderable manipulation. It was obvious to many that if this
method could be automated and if the cathode-ray display
could be eliminated, we could have a pilot-operated system
which would give continuous information of progress along
the flight track. The outcome was the system we know today
as DME (Distance Measuring Equipment ).

DME employs a pulse coding techinique whereby an air-
borne transmitter-receiver in the 960 to 1215 mc band,
“interrogates” the ground station which is co-located with
the azimuth portion of the system, the VOR station. The
DME ground station decodes and replies to the interrogator.
Since the airborne unit measures the time interval between
its interrogation and receipt of the ground station reply,
“miles” can be displayed for pilot use.

The combination of VOR and DME gave a rho-theta
system which well filled the needs of non-military users.
However, various difficulties in military deployment and
utilization prevented it from becoming the common military-

12

civil system. Unique military requirements led ITT Federal
Laboratories® to conceive and develop the 126 channel inte-
grated distance/bearing system, known as TACAN (Tactical
Aerial Navigation). This pulse coded system also in the 960
to 1215 mc band proved so successful that it received
world-wide acceptance and resulted in new industry bnsiness
in hundreds of millions of dollars. Today some 30 prime
TACAN manufacturers and countless suppliers participate
in this new husiness.

YORTAC

The need for co-location of the rho-theta ground stations
lead 1o a system known as VORTAC in which the VOR and
TACAN ground slations were co-sited and the military/
civil common system was made available. Civil airerafl
now use the DML portion of TACAN (or distance and the
VOR for azimuth, while the military aireraft use full
TACAN for both distance and azimuth.

Expansion of the VORTAC DME to provide 252 channels

*ITT Federal Laboratories, Nutley, N.J., is a Division of International
Telephone and Telegraph Corporation.
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Figure 2 — AN/APN-34 DME overall view with accessories.

Figure 3 — AN/APN-34 DME without dust cover showing
2C39A oscillator.

Figure 4 — DIA DME overall view with accessories.

and expansion of TACAN to provide air-to-air Distance/
Bearing service is on the immediale horizon. In fact, cur-
rently delivered ITT DMLE-100B’s contain the feature of
252 channels (Channel Doubling), while ITT’s TACAN
now being produced for the Navy, provides the additional
feature of air-to-air DML

Use of DME with ILS (Instrument Landing System) to
provide continuous distance to touch-down is an obvious for-
ward step. When a suitable radio altimeter and an automatic
throttle control are added, a Low Approach/Auto-Land sys-
tem will enable landings with lower ceiling and visibility
minimums than are currently used. Such a system is now
being airline evaluated, using the ITT ALT-200 Low Range
Aliimeter (1964).

These cockpit rho-theta systems afford the pilot precision
navigation which in turn permits betler en-route and termi-
nal area traffic control. The end result of all this efliciency
improvement is a considerable savings in fuel costs and

VOL. 21, NO. 2, 1964

Figure 5 — DIA DME without dust cover showing upper
portion.

hetter on-lime performance, both on arrival and departure.

It is interesting to note that the foregoing systems depend
heavily on pilot position reports, and this can place con-
ciderable burden on the communications channels. Of special
concern is the terminal area transition which is to the over-
all traflic control picture what the boundary conditions repre-
sent to an engineering problem. Whereas the rho-theta
solution handles the en-route or steady stale portion of the
air traffic control problem fully, the need for more frequent
two-way communication in the terminal area calls for a
complementary semi-automatic solution.

The development of the air traffic control transponder
system permils wholesale or selective aircraft interrogation
and visual identification by traffic control personnel. As it is
presently used, pulse coding permits ready identification of
individual or of groups of aircraft without requiring voice
communications. Through the ultimate use of altitude en-
coders, position-in-space can be readily established.

13



Figure 6 — DIA DME underside showing 2C39A oscillator.

Figure 7 — AFN-3544 airline DME prototype with accessories.

Figure 8 — DME-100A airline DML semi-exploded view.

These two systems are mutually independent and serve to
provide the elements of a fully automatic ATC picture.

DME/ATC Transponder Similarities and Differences

The ATC transponder system is an outgrowth of the mili-
tary IFF system in which an IFF Interrogator is co-located
with a Search (Surveillance) Radar. The Interrogator
antenna scans with the radar and when transponder equipped
targets are “illuminated” by the pulse-coded interrogation,
the targets reply on a different frequency (IFF/ATC trans-
ponder RE channels, one for each path, share the 950 to
1250 me band with TACAN, but different pulse codes are
used) with a signal which gives target identity, which can
consist of a multiplicity of information bits including alii-
tude, trip number and sequence.

14

Figure 9 — DME-100A RF Module showing ML-7815.

Since the DME process starts and ends in the aircralt, the
resultant information is immediately and continuously avail-
able in the aircraft while in the IFF/ATC case, the process
is reversed and the information is present at the radar site.
It must now, be relayed “manually” or “orally” 1o the air-
craft to be of use to the pilot. IFF/ATC replies are usually
presented on the radar PPI scope and here we have another
difference beiween DME and IFF. It is hi; ‘hly desirable that
transponder power output be held within close limits regard-
less of duty cycle, so thal equi-strength signals (for a given
range) are available al the output of the Interrogator’s re-
ceiver and thus, that replies are of equal intensity when
seen on the PPI display. DME signals in contrast are ampli-
tude limited before processing to exiract the time information
so that transmitter power output is of little consequence.
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Figure 11 — AN/ARN-21 TACAN in dust cover, on shockmount.
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Figure 13 — AFN-125, F-104 TACAN configuration with dust
cover.

In parallel with the evolution of radio navigation aids, an
interesting evolution has taken place in the 2C39 planar
triode. This glass envelope, external anode tube was designed
in the early 1940’s as a 100 watt plate dissipation, cw,
iransmitting tube. In early DME’s designed and produced
by ITT, it was used as a plate-pulsed oscillator with crystal-
referenced AFC. The light DME duly cycle held plate dis-
sipation well below 10 watts, although pulse voltages of
between 2 and 3 kilovolts were applied to get power output
in the kilowatt region.

TACAN to DME — Design Developments

The first airborne TACAN, the AN/ARN-21 (Sep!. 1952)
(Figure 11) designed and produced by ITT used a chain of
five 2C39A’s, again plate pulsed, in a direct crystal multiplier
transmitter. (I'TT’s AN/APX-7, 1952, 1953, used a similar
chain). It proved relatively easy to provide enough plate
power from the modulator for the single 2C39 pulsed oscil-
lators in the early DME’s, but the multi-tube chains (in
some cases the multiplier preceding the cascaded 2C39%
was also pulsed) in the ARN-21 and the APX-7 required so
much modulator power that modulator life was short when
a tube of practical size was used. Loss of cathode emission
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Figure 14 — Latest TACAN units.

was the predominant failure mode.

Grid Pulsed DME

This modulator tube life problem led ITT to seek a solu-
tion when design of the AFN-3544 DME was started late in
1956. In the type of plate pulsing circuit which we had used,
a video tetrode with high plale and screen voltages was pro-
vided with cut-off bias. When the grid was pulsed “on” by
the driver stage, the tetrode’s cathode current became plate
current for the RF stages. Since the tetrode’s cathode emis-
sion capacily over a period of time was the limiling factor
and since the eathodes of the RF tubes had a large emission
capability, therein lay a possible solulion. The tetrode was
eliminated, its dc plate supply was connected to the RF tube
anodes and cut-off bias was applied to the RF tube grids (or
to the cathodes in later versions). The former tetrode driver
was fed to the RF grids and we thus had “grid pulsing.”
(See Figure 12). A 5000 hour life test of this principle indi-
caled that it was indeed a usable answer to the modulator
problem in spite of the increase in transmitter cavity com-
plexity and cost to allow for the application of the hold-off
bias and the turn-on pulse to the RF tubes.

The ceramic 2C39B had appeared by this time and a
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special version of this tube (the 3CPN10AS5), with a finger-
grip in place of the unused cooling fins and an extended
grid/anode envelope was generated. Later, field experience
<howed that an emission-life-problem siill existed with some
of the 3CPN10A5’s, Machlett’s Phormal cathode came as a
timely solution and led to the 7815 incorporating this feature.

ITT’s AFN-125, F-104 configuration, Figure 13 (1960)
which followed the AFN-3544 DME (1958) was required
to provide more output power over a wider environmenlal
range so the 7698, a high perveance version of the 7815,
was developed by Machlett and of course, the P’hormal
cathode was included in this type also.

The new airline DME-100B, (1963), solid stale. except
for the multiplier/transmitter, which followed the AFN-3544
DME as ITT’s airline DME, again uses 7815’ in the trans-
mitler chain, (See Figure 14).

We have thus come from a fragile, heat sensilive, glass
2(39 with its superiluous, for our use, cooling fins and a
limited altitude capability (the AN/ARN-21 and the AN/
APX-7 cut power output in half, above 35,000 feet to avoid
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arc-overs) to the 7815 and 7698. These tubes have proven
much more uniform and rugged with the absence of cooling
fins allowing more compact cavilies. The Phormat cathode
makes a substantial contribution to the life expeclancy of
more than 2000 hours for these transmitting tubes in spite
of the demands of grid pulsing.

The 2000 hours life figure mentioned above is a significant
factor in scheduled airline operation where premature fail-
ures result in spare equipment needs at remote locations,
where in some instances, airline-owned radio repair facilitie:
are non-existent, The spare equipment provisioning cosls
materially inlluence the equipment “buy” decisions since
airline operating costs are materially affected by an equip-
ment’s mean-lime-between-failures (MTBF).

Thus the equipment supplier shares a very imporlant
responsibility with the tube manufacturer in ever working
towards better MTBFs
Transcending even this important factor is the continually
increasing need for high reliability in an air safety environ-

better still, lower customer costs.

ment.
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Introduction

I he increase of air traflic, both civil and military, has
necessilated the use of a system for positive control of
the separation of active aircrafl in a safe efficient man-

ner. The system is a secondary surveillance radar more

commonly known as the Air Traflic Control Radar Beacon

Svstem (ATCRBS).

The ATCRBS in use today was developed in World
War II, due to a need for identifying an aircraft as friend
or foe. This system used equipment on the ground to trans-
mit an interrogation signal to the aircralt and a receiver-
lransmiller in the aircraft 1o transmit a response back
to the ground station. The interrogation signal was re-
ceived by the aircraflt receiver and decoded. 1[ the receiver-
transmitler in the aircrafl were set to respond to the in-
terrogation, the transmitter sent a coded veply signal to
the ground station. The signal was received and decoded
by the ground equipment and presented on a radar Plan
Position Indicator (PPI) indicator. If the response con-
formed with the established coding, the aircraft was
assumed to be friendly. This was known as an IFF (Identi-
fication Friend or Foe) System and has been the basis for
the development of the ATCRBS.

The function of the radar beacon in todav’s environ-
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Wilcox Transponders

ment of air traflic control is to provide positive indentifi-
cation of individual aircralt rather than identification [riend
or foe. Normally a ground radar PPI display shows only
azimuth and distance of aircralt in the area. However.
the iraflic controller needs a three-dimensional picture
to adequately maintain aircraft separation. To achieve
this the ground station transmits lwo modes of inter-
rogation, one mode for range and azimuth, another mode
for altitude or heighi. The altitude information is given
to the aircralt heacon by a separate altimeter in the
aircraft. The altimeter pulse codes the aircralt beacon
and upon a proper mode of interrogation, replies to the
ground station with flight altitude information.

Thereby we have an extremelyv versatile secondary surveil-
lance radar system which for civil usage provides posi-
live three-dimensional control and in a military usage
supplies IFT" information.

1955: The beginning of the Beacon program

The Wilcox Electric Company designed an Air Traflic
Control Radar Beacon in 1955, which was designated the
Wilcox 714A. Since that time the companv has maintained
a successful development program which has resulied in
those equipments shown in Figure 1. The 714D, 814B
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or Air Traffic Control

and 914A are for commercial airline or civil use.

The 714D is a hybrid unit in that vacuum tubes and
transistors are used extensively. The 814 General Aviation
Transponder (GAT) evolved under an FAA development
contract for service in the ceneral avialion or executive
aircraft industrv. Nearly 1000 of the 814 units have been
produced. The 914X is a transistorized all mode capability
military IFF transponder designed 1o MIIL-E-5400, Class
11, and the U.S. National Standard ATCRBS specification.
The 914 transponder is presently in production with
deliveries starting in May for 250 units.

Figure 2 shows the 914 Transponder with the covers
removed. The basic construction is modular, with plug-in
assemblies. Figure 3 is a view showing some of the modules
the ease of maintenance and ac-
cessibility designed into the 914.

Figure 4 is the 814 Transponder with covers removed.

removed and illustratling

This unit utilizes hinged assemblies which swing out for
accessibility and maintenance, rather than plug-in.

The 814 GAT is designed as a low cost, low weight
(11 1bs.) transponder meeting the FAA TSO-C74 require-
ments. It contains both Mode A and Mode (
tion modes, each having 4096 possible reply codes. The

inlerroga-
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By RICHARD W. DONOVAN,

Project Group Leader,

W ilcox Electric Co., Inc.

transmitter output power is a nominal 500 walls peak.
The 814 is certified to an environment of —15°C to
+55°C and 30,000 feet aliitude. On special applications,
modification can be made which allows the unit to operaie
al 50,000 feet altitude.

The 914 is the latest design now in production by Wilcox.
Silicon transistors are used exclusively to permit operation
under greater temperature extremes. The unit is designed to
meet ARINC 532D and FAA TSO-C74, Category A. The
unit is packaged in a 15 ATR long form factor weighing 18
pounds. This form factor is very ample allowing a greal
deal of freedom 1o provide accessibility in the interest of
maintenance. Reliability has been a prime consideralion
in selecting the components and the final design. Reliability
analysis has shown that a guaranteed aircrall removal
rate of 2000 hours can he given. What has made this rale
possible has been in selection of components which have low
failure rates. Tantalum capacitors have heen minimized and
replaced by mylar foils. Moving parts such as relays and
swilches have been eliminated ov replaced by diode switch-
ine and semiconductor devices. All heat generating de-
vices such as the transmitter and voltage regulator are
provided special heat sinks and dissipating areas, allow-
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ing heat conduction to the external surfaces rather than
within. The whole rear panel is a finned casting and is
used as a heat sink for the transistorized dc line regulator.

A self test module is included within the equipment.
Dvnamic transponder operation is checked and monitored
while in flight, or if desirable a pre-flight test is made.
The testor generates Mode A, 1030 mc rf pulses which
interrogate the transponder. If the transponder is opera-
tional, then the transmitter will be fired and the tester
receives the 1090 mc energy of the transmitted reply pulses
and cause a light to indicate proper operation. In this
manner receiver frequency, receiver sensitivity, decoder,
encoder and transmilter power are tested and monitored
to establish limits. Experience has shown that these tests
give a very high degree of assurance that the transponder
is completely operational.

The receiver front end assembly is fixed tuned, requir-
ing no maintenance adjustment. The receiver IF amplifier

Figure 1 — Air Traffic Control Radar Beacons developed by The
Wilcox Electric Company in a program beginning in 1955 with
the Model 714A. From the left: Model 714D, 814B and 914A
for commercial airline or civil use; Model 914X an all mode
unit for military use.

Figure 3 — The 914 Transponder with modules removed.
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incorporates a band pass filter for selectivity with all
stages Iransistorized.

Transmitter Modules

The transmitter modules shown in Figure 5 are for the
914 and 814. The lower one is for the 814 GAT Transpond-
er. The black body transmitter assembly is for the 914 and
also contains the power supply for the transponder. Both
cavities are die cast and silver plated. The upper cavity is
an aluminum casting while the lower is a brass casling.
Since both cavities are verv similar in internal conslruc-
tion, only the 914 cavitv will be discussed. The 914 cavity
cross sectional view is shown in Figure 6. The basic dif-
ference between the 814 and 914 cavities is that the power
supply is part of the assembly in the 914. Construction is
such as to dissipate the maximum amount of heat bv radia-
tion, as at high aliitudes very little air is available 1o con-
duct heat. The castings are provided with “0” ring seals

Figure 2 — The 914 Transponder with covers removed.

Figure 4 — The 814 GAT Transponder with covers removed.
This model utilizes hinged assemblies.
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to maintain atmospheric pressure inside the cavity while
the external ambient pressure goes up to 80,000 feet. Thus
any difliculties from corona or high voltage breakdown
are eliminated.

The H.V. power supply section contains a DC to DC
converter operating at 10 kilocycles. The converting trans-
former on the left provides the end seal for this assembly.
Transmitler tuning comes out this end also to the [ront
panel for easy accessibility. The high voltage rectifier filter
capacitors and bleeder resistors are mounted in a pack
shown in Fig. 6 that is keyed and slips into the power
supply section casting. The H. V. power supply provides
a nominal 2000 volts at 15 ma. and is adjustable in three
steps of 1800 volts, 2000 volts and 2200 volts. These ad-
justable steps allow the transmitter power to he maintained
at a nominal 500 walts peak as the tube degrades with life.

Planar Triodes in Beacon

The 914 Transmitter uses a Machlett 7855 while the

m-.,;..‘.g_‘

o) o fpr——

Figure 5 — Transmitter modules for the 914 (upper) and 814
Transponder (lower).

Figure 6 — Cross section view of the 914 cavity.
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TRANSFORMER

H.V. POWER SUPPLY

A - cathode cavity inductance
B - plate cavity inductance

C - grid-to-plate interelectrode capacitance
D - plate by plate capacitance

E —grid by-pass capacity

F - feed back capacity

G - output coupling capacity

H - frequency adjust

814 GAT uses the Machlett 7815. The GAT environ-
mental temperature extremes are much less than those of
the 914 and thus the anode temperature stabilized tube
is not essential. Both cavities are capacitive coupled into
diplexers and then coupled to the antenna transmission
Jine. However, the 914 uses a ferrile isolator hetween the
diplexer and transmitter. The isolator isolates the antenna
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load from the transmitter by 10 db, allowing a transmission
line load mismatch of 4:1 without appreciable [requency
shift of the transmitter. The measured frequency shift with
a 4:1 VSWR is less than 1.5 me.

The 914 transmitter design is a grid-separation tuned-
plate tuned-grid oscillator using grid pulsing. A constant DC
voltage is maintained on the plate of the 7855 triode.
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The grid is biased hevond cutofl at —100 volts. The modu-
lator pulses the grid 20 volis positive exciting the cavity
to its sell resonant frequency.

In Figure 6, which shows the transmitter cavity design,
cathode assembly A provides the feedback element F,
which maintain the proper phase relationship between
the grid-cathode section and the grid plate section. Teflon
dielectric is slipped over the feedback probes to prevent
grid is —100 volts above DC

provided by the grid by-pass

voltage bhreakdown. The
ground, AC ground is
capacity I, which is a teflon tape assembled to the grid
and into the casting through a shrink fitting process. In
this wayv constant by-pass capacily, regardless of the me-
chanical tolerances and temperature differentials, is main-
tained.

The grid-plate =ection is tuned by the frequency adjust H
and tunes the plate cavity inductance B. The inductance
is such as to form parallel resonance with the grid to plate
interelectrode capacitance C. The plate is by-passed by 3
mil mica discs, D.

The rf is coupled from the cavity hy the capacitive

probe G. Since the plate voltage is adjusted in steps to
increase power due to the tube degradation, the coupling
is fixed and requires no adjustment. The cavity is coupled
for a nominal 500 watts which is required for certifica-
tion, however, during the development it was demonstrated
that 1000 watts can be coupled with minor adjustments
to the feedhack and coupling probes.

Use of Frequency Stable Triodes

Frequency stability of the hnal cavity designs is shown
in Figure 7. Stability has been achieved without the use
of special materials such as invar and kovar. The cavities
are siress relieved to the full anealed condition of the ma-
terial prior to final machining. The grid by-pass capacitor
is shrink fitted to insure a constant capacity due to any
mechanical dimensional changes that may occur through-
out the temperature range. The plate hy-pass is mica which
has excellent mechanical stability through the temperature
extremes. The curves are quite significant and illustrate
the ability of the 7855 to temperature compensate the
Wilcox cavity design. It should be noted that slight modifi-

Figure 7 — Frequency stability of final cavity design. The
ML-7855 frequency stable tube is employed to provide this

stable characteristic.
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cations to the cathode section was necessary when inter-
changing the tubes, as they are not dimensionally inter-
changeable. Electrical performance was essentially the same
for both tubes, however, the tuning was adjusted to a
shorter length for the 7855.

The 7815 could have been used for the commercial 914
transponder but it was fell a greater margin of stability
was desirable as VSWR shift would only add to the total
frequency deviation. By using the 7855 tube and com-
hining the frequency shift due 1o temperature. 4:1 VSWR
shift and up to 1% duty cycle shilt, the frequency was
found to have a maximum excursion around 1090 mega
cycles of +24 mc and —2.5 mc. These measurements
are well within the specification and are considered very
good under present design standards.

Life tests are in process on 7855’s in the cavities at this
writing. Present data shows that after 600 hours no deg-
radation is being observed. Life tests on the 7815 in the
cavities show life in excess of 1200 hours belore degrada-
tion takes place. Both of the tubes are being grid pulsed in
the same circuit at a 1% duty with a nominal 500 watts
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coupled out. The filament voltage is operated at 5.8 volts
rms.

Conclusion

The controlling of air traflic has been made safer and
positive with the use of the Air Traflic Control Transponder.
The Wilcox Eleciric Company has heen a leader in de-
veloping the ATC Transponder system and in continued
development of solid state transponders, both for com-
mercial use and military use. The Wilcox 914 and 814
commercial transponders were discussed. Comparison of the
ML-7815 and ML-7855 tubes in a Wilcox designed cavity
were described showing the basis for their selection in the
814 GAT and 914 airline transponder. The data and
design work for this article was performed within the en-
gineering department al the Wilcox Electric Company, 1400
Chesinut Street, Kansas Citv, Missouri. Acknowledgement
is made to Mr. Forest Nichols, Design Engineer, and Mr.
John Campbell, Design Technician, for their able assist-
ance in the design and for taking the data as a part of
this article.
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F‘ 1he Canadian Marconi Company has recently designed
and built for the Canadian Department of Defense Pro-
duction in cooperation with the U. S. Army Electronic

Research Development Laboratory, Fi. Monmouth, New
Jersey, a multi-channel radio relay equipment for tactical
use. To obtain the desired reliability the equipment utilizes
standard components deraled as required. Whereas this
method provides assurance for conlinued operation under
the stress of field conditions it also provides the possibility
of higher powered performance under stable or “on-site”
conditions. Stringent size requirements were dictated by
limited availability of vehicular space; specifications called
also for rapid tuning across the band to be covered. These
varying needs have been satisfactorily met in the design
of this equipment.

Three transmitter power amplifier heads are used in the
equipment to cover a broad [requency range, each rf head
covering a range of approximately one octave in the UHF
[requency range. Each power amplifier employs two M1.-7211
tubes in the two stages of amplification; power output is 30
to 40 watts. To facilitate ease of maintenance all units are
“slide-in/plug-in” to thereby eliminate cahling as well as
providing quick field service.

Design Development

Prior to the establishment of the final transmitter design
(quarter-wave cavity amplifier using planar triodes), several
other methods were considered. Among these was a sirip
line cavity using a miniature tetrode. Mechanical complexi-
ties, problems associaled with adequate handwidth (as re-
lated 10 high capacitance in the tube) and screen bypassing
prompled consideration of the planar triode-coaxial cavity
combination. The triodes proved easier to tune, required
simpler contact assemblies and had gain and efficiency equal
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A Multi-Channel Radio Relay for Tactical Use

As 10ld to Cathode Press by N. F. HAMILTON-PIERCY, Development Engineer

Telecommunications Department, Commercial Products Division

Canadian Marconi Company

to or better than that of the tetrodes. It was at this point that
the planar triode, ML-7211, was chosen over the MIL.-7289
triode, the former tube offering considerably higher power
under either full or derated power operation.

Use of coaxial qualer-wave resonators or cavities was
established after experimental results had shown that other
devices, notahly the variable inductance tuner, did not offer
the long term reliability required. Three resonators were
designed, one for each rl hand to be covered. Of unusual
interest is the folded quarter-wave cavily used with the
lowest frequency band, Band [. See Figure 1.

Band 1

The size limitations imposed on the Band I amplifier

Amplifier Design

seclion of the radio relay provided a most interesting design
challenge. Using the planar triode ML-7211 with a plate
capacilance of 2.3 pf and with no further capacitance load-
ing, it was apparent that the resonator would have heen too
long to be accommodated within the required 10 inches of
length. By increasing the characteristic impedance to a very
high value or by further capacity loading, the required short
length could be achieved, but both bandwidth and efficiency
would have suffered; also the cross sectional dimensions
would have been excessive. The method adopted was to nse
a folded or re-entrant resonator in the plate circuit. The
physical design was established such that the mean cavily
length very closely approximates the electrical length. In
Figure 2, the re-entrant configuration is compared to the
standard configuration. It will he noted that the capacity
probe used for the output coupling is normally found in the
plate line. Heve, however, it was necessary lo incorporale
the movalle probe in the grid line. This presents no problem
since the tube operates in a grounded-grid cireuit.

The plate resonator was constructed with a characteristic
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impedance of ahout 38 ohms and the cathode resonator with
an impedance of about 53 ohms. These impedances were
determined after considering mechanical size and the pro-
vision of a large ratio of C,Z. to CiZoy for stability. The
capacitive losses were kepl lo a minimum by designing
around this order of impedance.

Using conventional triode amplifier theory it can be seen
that a load hetween 1000 and 2000 ohms satisfies the re-
quirement for a power oulput in excess of 30 watts from a
600 volt supply, with the tube operating at approximately
50% efficiency. Using the highest load value:

~ R. (& 4 sin6 cos 6)
Q= " 2Z,sin20
R]J = 2K ohms

where C = 2.3 pf for the ML-7211

where

tan 6 ==

o CZ
Z 38 ohms

A 3 db bandwidih is obtained with a Q,, of 42 to 43. By
increasing coupling at the lower frequency portion of the rf
hand the bandwidth may he kept relatively constant over the
entire band.

Re-entrant plate cavity dimensions were determined by
first equating the total length of the cavity for a 2.3 pf load-
ing capacitor and a 38 ohms impedance, then determining
the portion needed lo tune over the required band. The
remainder of the cavity is then folded hack such that its
mean geometric length is equal to that portion of the basic
cavity from the upper band tuning point to the tube grid-
plate space. Care has heen taken to insure that the 38 ohms
impedance is maintained as far as possible. Plate de isolation
and rf bypass is maintained by a thin mica spacer. Figure 3
illustrates the power amplifier schemalic diagram for Band 1.

The driver amplifier and output awplifier can he made
mechanically identical, the only difference being the choice
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of the de operating point. This gives a convenient arrange-
ment for gang tuning and the plate resonators can share a
common drive screw. However, the output matching condi-
tions are different and individual drives are required for
the output probes.

Cathode Circuit

The cathode line of the cavily is conventional, heavily
loaded with capacitance and consists of a brass eylinder
within a teflon cvlinder. By this means the insulation, di-
electric, and support for the de-coupling capacitors are buili

into the cathode assembly, itsell consisting of three ceramic
feed-throughs. Ac inpul to the cathode, dc cathode bhias and
one side of the heater supply are taken by a coaxial lead
soldered 10 the face of the grid cavity and, by direct con-
nection, terminated bv the cathode. A low pass hlter isolates
the input signal from cathode dec and ac vollages. Heater
voltage to the cathode is obtained from a well stabilized 5.5
volt source. (The 5.5 volt figure was established after ex-
tensive experience wilh operation of the 3CX100A5 tube
and is chosen for maximum life in operation; all other tube
operating voltages are ohtained from this same source.)
The cathode supplv cireuit is driven by a dc amplifier

Figure 1 — Quarter-wave re-entrant cavity for Band | transmitter.
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which is, in effect, a conslanl currenl series source. This
provision is made to limit the driver amplifier output to
prevenl o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>