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Early Fire-Control Radars for Naval Vessels
By W. C. TINUS and W. H. C. HIGGINS

Introduction

T?0R a number of years before the war a very intensive development

effort was under way in the Army and Navy laboratories, and in sev-
eral commercial laboratories, on the application of radio methods to the
location of objects at a distance. The equipment which resulted was
eventually called “Radar” equipment by the Navy and this term is now
almost universalli/ used. The urgent needs of the war have resulted in the
very rapid development and extensive application of this new science
during the last few years.

Radar equipments of many different types have been designed to perform
specific functions on land and sea, and in the air. These equipments
have had an important Fart in the winning of the war and the recent re-
laxation in secrecy regulations now permits publishing some of the story.
In this present article a description of the Mark 3 and 4 Fire-Control
Radars for Naval Vessels will be given, together with a little of the history
that preceded their development.

Historical Background

When the Bell Telephone Laboratories began active radar development
work early in 1938 an effort was made to set technical objectives for this
work that would avoid duplication of the intensive work then under way in
the Army and Navy laboratories, and that would advance the art toward
the solution of some of the recognized basic problems. The general ob-
jectives were to increase the accuracy of radar measurement of location and
to increase as much as possible the operating carrier frequency. The
reasons for these objectives are discussed in the following para%raphs.

The state of the art at the time under discussion has heen partially de-
scribed in a recent paper by Maj. Gen. R. B. Colton.L The work he de-
scribed and directea was carried out at the Signal Corps Laboratories at
Fort Monmouth, New Jersey and was directed principally toward solving

“Radar | .S, Army” by Maj. Gen. Roger B. Col lished in the P '
oft}we | a(g{argnt eO\L/Je r%berr,r% 4£y 4. Gen. Roger B. Colton, published in the Proceedings
1
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the ground forces’ problems of aircraft warning and searchlight control.
At the same time intensive work was being pursued at the Naval Research
Laboratory at Anacostia, D. C. under the direction of Dr. A. H. Taylor,
Dr. R. M. Page and Mr. L. C. Young. Their work was directed primarily
toward developing radar equipment that would be useful aboard ship, and
it was from them and from the engineers of the Navy Department that the
prbinc_ipaal inspiration and guidance for the work described in this paper were
obtained.

The first military application in which radar equipment proved its use-
fulness was in the detection of approaching aircraft. For this kind of
application the radar is not required to locate the approaching planes with
very great accuracy and the experimental radars of 1938 ana 1939 per-
formed this function in quite a useful way. The fact that the first appli-
cation of radar was a strictly defensive one may account in part for the
great interest and support given radar work in England and in this country,
while apparently much less radar work was done before the war by the
scientists of Germany and Japan. Thus, when radar later became a power-
ful and versatile aid to offense, the enemy nations found themselves years
behind in development.

Very earIK in their work the men of the Naval Research Laboratory
recognized the potential ability of radar to help solve the fire-control prob-
lem.  Since this problem determined the design of the radar systems to be
described later in this paper a brief general discussion of fire control is given
here. The term fire control refers broadly to the means by which a gun or
other weapon is aimed and fused so that, when fired, the projectile will hit
or burst near the intended target. A fire-control system includes two
major parts: first, a locating device for determining the present position of
the target; and second, a computing device which analyzes the present
position data, computes the target’s course and speed, and the position the
target will occury at the future time when the projectile arrives at that
point, and finally furnishes the correct aiming and fusing information to
the guns. A modem fire-control system does these things in a continuous
manner so the guns remain correctly aimed and can be fired at any time
during the engagement.

Before the war the present position of the target was ordinarily de-
termined by optical instruments. Operators tracked the target by con-
trolling their telescopes in such a way that the target remained on the
crosshairs in their eyepieces. Thus the azimuth and elevation angles
were found. Another operator measured the range to the target with an
optical range finder, or indirectly estimated range from the angular extent
of the target and its estimated size.

The accuracy of this optical system in determining azimuth and elevation
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angles is very good provided the target can be seen clearly. This proviso is
a serious limitation under many typical operating conditions. It is fre-
quently difficult to see a target at a range of several miles on account of
haze even on a relatively clear day, and at night or in fog or smoke screen
the usefulness of a telescope is almost nil. The optical range finder is
subject to the same limitations as the telescope and in addition leaves
much to be desired in the matter of accuracy and continuity of data even
under the best visibility conditions. This is due to the fact that optical
range finders are triangulation devices which inherently have accuracy
limitations. The need for a long and very stable base line between the
prisms of an optical range finder is difficult to meet aboard ship, and the
principle of operation makes inevitable a rapidly decreasing accuracy with
Increasing range. Thus, as the effective range of guns increased, the need
for more accurate means for measuring range became more acute.

In its earliest forms radar offered at once a potential means for measuring
range with much better accuracy than that of the optical range finder.
This was due to the different principle on which radar works. A pulse of
radio frequency energy is sent out to the tar%et and the echo signal is re-
ceived back at the source. The velocity of the waves en route is the
same as that of light, and is one of the basic physical constants. To measure
range accurately with radar reguired only the development of techniques
for producing short transmitted pulses and for measuring accurately the
short intervals of time between the transmitted pulse and the returning
echo pulse. Both of these were the kind of problems which yield readily
to electronic solutions. The early work in Bell Telephone Laboratories
thus included the production of shorter transmitted pulses than were
being commonly used, and the development of improved range measuring
means.

The second important general objective for the early work at Bell
Telephone Laboratories was to devise equipment which would operate at
fre(Luenmes much higher than had been previously used. The need for
higher-frequency operation arose from the fact that for a given size of
antenna the beam width decreases with increasing frequency while the
gain increases. Narrow beams are required to obtain accurate angular
data while increased gain is desirable since it obviously provides increased
range for a given transmitter power and receiver noise fi%ure. These factors
are illustrated by the curves of Figs. 1A and 1B which show the relationship
between beam width, antenna gain and antenna size expressed in wave-
lengths.  The curve labeled “uniform illumination” yields maximum gain
and minimum beam width for a given antenna size but produces unwanted
side lobes of undesirable amplitude. For this reason the illumination is
usually graded over the antenna aperture to reduce minor lobes. The gain
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APERTURE IN WAVELENGTHS
(EITHER PLANE)

Fig. 1A—Antenna beam width vs. aperture

ONN NGO

AREA IN SQUARE WAVELENGTHS

Fig. IB—Antenna gain vs. aperture

and beam width obtained in this manner are shown by shaded area labelled
usual design values. The need for higher frequency or shorter wavelength
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was apparent to all of the early experimenters since physical limitations
restricted the size of antenna which could be installed conveniently aboard
ship. However, development effort along these lines had previously been
hampered b?/ lack of suitable vacuum tubes.

In spite of the vacuum tube difficulties the Laboratories work was started
in the range from 500 to 700 mcs, a region several times that then in use at
the Army and Navy laboratories. The best tubes available were those of
the doorknob type which have been described in the literature by A. L.
Samuel2 and are illustrated in Fig. 2. The smallest of these was used in
the receiver input circuits and two of the middle sized ones were used in
the tramsmitter oscillator.  These triodes operated at quite high frequencies
by virtue of the very small spacing between their electrodes, a feature which
made them fragile and demanded the development of plate modulation.
Earlier radars had generally used grid keyed oscillators, i.e., the plate
voltage was applied to the oscillator continuously together with a high grid
bias voltage. The bias was removed momentarily bK the keyer to emit a
pulse. In order to obtain a useful pulse output from the doorknob oscillator
tubes it was found essential to remove all stress from them except during
the pulse. This was accomplished by using a direct coupled pulse am-
plifier or modulator, effectively in series with the oscillator and the power
supply. Here again in 1938 no really suitable tubes were available for
the modulator service since it also demanded a highly intermittent duty.
However, since the modulator duty did not require the tubes to operate at
vegy high frequency it was possible to use rugged hi%h-yoltage triodes which
had been designed for continuous service, and to obtain the required pulse
current capacity by paralleling a number of tubes. The earliest radar
modulators used in the Laboratories employed a group of Eimac 100-TH
tubes. Later, in the CXAS and Mark 1 Radars, six tubes similar to the
W. E. 356A were used in Farallel.

After a great deal of aboratorg work an experimental equipment was
assembled and demonstrated to the Army and Navy in July 1939. This
early radar was notable in that it operated at what was then considered a
very high frequency and also in that it employed a single antenna only
about 6 ft. square. The transmitter and receiver were connected to the
common antenna by a duplexing technique to be described later, which had
been applied at lower frequencies by engineers at the Naval Research
Laboratory. The results of these first field tests were encouraging and
both the Arm%/ and the Navy ordered one prototype model equipment to
be known as the CXAS. This radar was to Oﬁerate at 500 or 700 mcs and
was to incorporate a number of new features which were designed to make it

TR P 5, T ot O



Fig. 2—Vacuum tubes for ultra-short waves
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convenient to operate and to provide a range accuracy that would be useful
in fire control.  Since this early radar is of cosiderable historical im-
portance it will be described in some detail.

Fig. 3—CXAS—Antenna

The CXAS Radar

This equipment was divided into three major assemblies and the circuits
were arranged so the three could be installed at some distance from each
other. The antenna (see Fig. 3) consisted of a cylindrical parabolic re-
flector about 6 ft. square with an array of eight half-wavelength dipoles
along the focal line.  With shipboard use in mind the reflector was per-
forated to minimize wind resistance and the dipole and coaxial line feed
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system was made weatherproof, which was accomplished by making the
line system pressure-tight and filling it with dry gas. The gas-line system
was extended to include the radiating elements by covering the latter with
pyrex test tubes sealed to the support with a packing gland as shown in
Fig. 4. A device was included in each dipole assembly for suppltying the
two half-wavelength radiating elements with balanced voltages from the
unbalanced line, while a coaxile line harness including impedance matching

Fig. 4—CXAS—Dipoles

transformers was used to connect the several dipole assemblies and provide
a matched load to the single transmitter-receiver line. A schematic dia-
gram of this arrangement is shown in Fig. 5. The contemplated use of
this radar was for surface targets or low-flying planes and rotation was
provided only in azimuth. A gas-tight rotary joint was developed to carry
the I" coaxial line through the azimuth axisé_Fig. 6). _
The operator’s cathode ray oscillograph indicator and all of the essential
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| MATCHING SECTION

TRANSMISSION LINE
TO MAIN UNIT

Fig. s—CXAS—Antenna schematic

Fig. 6—CXAS—Rotary joint & transmission line fittings
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Fig. 7—CXAS—Indicator desk—covers removed

operating controls were combined into an assembly called the Indicator
Desk, a photograph of which is shown in Fig. 7. This was intended for
indoor mounting below the antenna in such a position that the azimuth
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hand wheel on the desk could be connected to the antenna turntable by a
shaft. The indicator employed a 7" cathode ray tube and displayed the
radar signals by what is now known as a Class A sweep with a full scale of
100,000 %/ards. A pioneering feature of this indicator was the provision of
a series of electronic range marks to increase the accuracy with which target
range could be read. Earlier indicators had used a ruled mask for the
range scale and had suffered in accuracy due to parallax, sweep non-lin-
earity, drift of sweep position, etc. The CXAS provided sharp pulses to
mark the 10,000-yard intervals along the sweep line, and smaller pulses to
mark the interveninF 2,000-yard intervals. This system was free from
the errors of the ruled mask and permitted range readings accurate to
£200 yards throughout the 100,000-yard scale. Provision was also made
to expand any desired 20,000-yard segment of the scale to fill the entire
tube screen so that signals could be examined more closely. The ranges
corresponding to the 10,000-yard intervals were designated by illuminated

RANGE-THOUSANDS OF YARDS RANGE-THOUSANDS OF YARDS

Fig. —CXAS—Range mark system

numerals located directly below the electronic scale. The presentation
obtained with this arrangement is indicated in Fig. 8 which shows the
electronic calibration marks, transmitted pulse, and an echo at 43,000
yards on both the full and expanded scales.

The third part of the CXAS equipment was an assembly known as the
Transmitter-Receiver or Main Unit. [t was designed to be unattended in
normal operation and contained the Pulse Generator, Radio Receiver,
Power Control Panel, Radio Transmitter, and H.V. Rectifier, which were
all built as removahle drawer type units. A side compartment in the
Main Unit also housed the duplexing circuits, gas equipment for the trans-
mission line, and some built-in test equipment, including a wavemeter and
monitoring rectifier. The Main Unit and its sub-units are shown in Figs.
9 to 14, respectively. A single £" coaxial transmission line provided con-
nection from the Main Unit to the antenna.

In order to use a single antenna for both transmission and reception,
means had to be provided to effectively disconnect the receiver during the
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. Fig. 9—CXAS—Main unit

transmitted pulse and to effectively disconnect the transmitter when the
echo is received. If this were not done, a large part of the transmitted
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energy would be dissipated in the receiver. Also, the minute received
energy would be partially lost in the transmitter output circuit thus re-
ducing the maximum range. Because of the extremely short time in-
tervals between transmitted and received pulses, ordinary switching methods
cannot be used. A duplexing technique mentioned earlier was therefore
developed to provide this function. In the CXAS Radar this switching
was obtained by connecting the transmitter and receiver to the antenna
transmission line through adjustable lengths of coaxial line which were
preset for a given operating frequency to be effectively an odd multiple of

Fig. 10—CXAS—Maodulation or pulse generator

one-quarter wavelength long. Durin? the transmitted pulse, a small
amount of the transmitted power overloaded the first tube in the receiver
and provided a low impedance at that point. Due to the line length
between receiver and junction point this low impedance is reflected as a
high impedance at the junction point with the result that very little power
is lost in the receiver line. At the end of the transmitted pulse the output
impedance of the transmitter consists only of the small inductance of the
output coupling loop and this impedance is reflected by proper choice of
line length as a very hi%h impedance at the junction joint with the receiver
line. Thus, most of the received echo is directed to the receiver input
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Fig. 11—CXAS—Receiver
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Fig. 12—CXAS—Power control panel

Fig. 1:—CXAS—Transmitter
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circuit.  The adjustable duplexing transmission lines may be seen in the
side compartment of the Main Unit on Fig. 9.

The equipment just described could be operated over a small frequency
band of about 40 megacycles in the neighborhood of either 700 or 500 meg-
acycles. The transmitter, receiver, and duplexing circuits were tunable
over the entire range, but it was necessary to set up the antenna for one
band or the other. This was accomplished by installing the proper one of
the two sets of dipoles furnished, and installing or omitting a set of wedges

Fig. 14—CXAS—High voltage rectifier

which tilted the reflector wings to change the parabola focal length. This
antenna set a precedent in design in that the dipoles and coaxial harness
were designed for fairly broadband operation and were entirely free from
field tuning adjustments which had been very troublesome in earlier
equipment,

.The CXAS Radar was demonstrated to the Navy in December 1940,
After a few tests it was decided by the Navy to standardize on the 700-
megacycle band. One of the principal reasons for this was that the tests
had proved the superiority of shorter waves for surface target work; the
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CXAS having reqgularly out-performed much higher powered equipment
operating at 100 or 200 megacycles for this service. The reason for this
can best be uuderstood by reference to Fig. 15 which illustrates what happens
when a radio beam is directed horizontally over water. The heam breaks
up into an interference pattern of several rays due to reflection from the
surface; the position of the lowest ray depending only upon the height of
the antenna measured in wavelengths above the water. Since the mount-

RADIATION PATTERN IN PRESENCE OF PERFECT REFLECTING SURFACE

2

eN2SIN (277" SIN e)X[Vree space antenna patternl

WHERE H=ANTENNA HEIGHT
A=WAVE LENGTH IN SAME UNITS AS H
€ - ELEVATION ANGLE IN DEGREES

Cr RELATIVE FIELD STRENGTH

Fig. 15—Effect of surface reflection on elevation beam
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ange eéal|%ration.........'.'.'.'.'.'.'.'.'.'.'. ''''' Pe%tromc ma¥ks at 10,000 and 2,000 yard intervals.
ing height available aboard ship is fixed, the use of shorter wavelengths
made it possible to keep the lowest ray more nearly horizontal where it

could intercept a target’s superstructure at greater distance. _
The principal characteristics of the cxAS Radar as set up for operation

at 700 megacycles are given in Table I.
This equipment gave useful results on surface targets at ranges of 10

miles or more (depending on the size of the target) and the range accuracy
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of about £200 yards was then considered very usable in surface target
fire control. The target azimuth could also be determined to a precision
of one or two degrees by rapidly swinging the antenna back and forth and
observing the point which gave a maximum echo signal. This angular
information was hardly good enough for fire control use. The equipment
was also of some use against low flying aircraft as a means of getting better
range data for fire control. Minor equipment difficulties were not entirely
solved; in particular the doorknob triodes in the transmitter had a very
short life under the high voItaFe ulse operating conditions. They had, of
course, been designed originally for CW communication use and strenuous
development effort to make them more suitable for the intermittent high
power radar use had not heen very successful.

The Mark 1 Radar

In spite of the obvious unsolved development problems the Navy im-
mediately ordered 10 equipments, similar to the CXAS, for use in the
Fleet. These were first called the FA Radio Ranging Equipment but the
designation was later changed to Radar Mark 1. Several changes were
made to better adapt the equipment for installation aboard ship, the princi-
pal one being a servo driven antenna pedestal of the amplidyne type which
was furnished by the General Electric Company. The servo system elim-
inated the antenna drive shaft problem while retaining control from a
handwheel on the control desk. The desk was also modified to provide
dials reading both relative and true azimuth bearing, the latter being ob-
tained by interconnection with the ships gyro compass system.

The first Mark 1 Radar vias shipped by the Western Electric Company
in June 1941 and installation on the USS Wichita vas completed at the
Brooklyn Navy Yard early in July 1941, This was the first fire control
radar in our Fleet and the first of many thousands of radars of all types
which the Western Electric Company was destined to build for the Navy
in the following four years.

The Mark 2 Radar

While the ten Mark 1 radars were being built, development work was
proceeding at top speed on major improvements designed to increase per-
formance, eliminate operating troubles, and to make this new device fit
better into the existing fire control situation aboard ship. The older opti-
cal devices were neatly integrated into a system, many features of which
were automatic.  For example, the gyro stabilized telescopes and oFticaI
range finder were assembled into a compact rotating armored hox called a
director, located high on the ship. Target data from the director was sent
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automatically by synchro data transmitters to the computer below decks,
which solved the fire control problem and likewise transmitted automatically
the correct information to the guns. For the new radar target locating
device to fit into the existing system it was necessary to make its angle
finding function operate more in the manner of the telescopes. Not only
was it desired to determine target angles more accuratelﬁ/ but it was nec-
essary to track target position continuously and smoothly. Finally, to
take care of the anticipated need for rapidly changing back and forth during
an engagement from optical to radar data it became apparent that the
same operators should handle both jobs. Thus it was decided that the
system should provide the existing operators with oscilloscopes to sup-
plement their telescopes, and to arrange them so either could be used as
desired. Further to coordinate the data it became obvious that the radar
antenna should be connected with the optics in such a way that the two
were always pointed in the same direction. This would make it possible
to leave the existing data transmission system alone and would avoid any
break in data when changing from optics to radar or vice versa. For
example, if a visible target d|sapﬁeared behind a fog bank the telescope
operator would simply move his head to look at his oscilloscope and data
would continue to flow smoothly to the computer and to the guns.
Thus the engineers of the Navy decided the new radar device could be
fitted into the existing fire control system. Any)' other decision would
likely have required modification of many parts of the system, and would
have delayed the extensive use of fire control radar by a matter of years.
The Bell Telephone Laboratories were accordingly asked to modify and
improve the radar design to make possible the coordination of optics and
radar as just discussed. The new radar was to be called Mark 2 and was
to be similar to the Mark 1 but modified to Provide continuous tracking in
azimuth with an accuracy of £15 minutes ot arc, and continuous tracking
in range with an accuracy of £50 yards. Further, the operator’s oscil-
loscopes and controls were to be put into small units that could be mounted
alon%side of the telescopes in the director, and the antenna was to mount
on the director. These requirements demanded some important forward
steps in radar development which will be described in some detail. Before
Radar Mark 2 got into production a much higher powered transmitter was
|c{/levelio%ed and with this change the equipment was re-named Radar
ark 3.

The Mark 3 Radar

The general arrangement of apparatus for this radar differed from the
Mark 1 principally in the indicators, which were designed to mount in the
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already crowded gun director. These indicators are shown in Figs. 16, 17
and 19. Fig. 16 shows the range operator’s oscilloscope, called the Control
and Indicator, which was located near the optical range finder. Adjacent
to this unit was mounted the range unit, shown in Fig. 17 by means of
which the operator could select the target to be followed and continuously

Fig. 16—Control & indicator—Radars Mark 2, 3 & 4

maintain accurate range readings. A typical installation of these two
units is shown in Fig. 18. The third unit, shown in Fig. 19, is called a
Train or Elevation Indicator and, in Radar Mark 3 (which was for sur-
face fire only) this indicator was mounted adjacent to the Train (azimuth)
Operator’s telescope.

In addition to the Train Indicator, the azimuth operator was provided
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Fig. 18—Mark 3 Radar—Range operatl%rg’s&ozﬁition on Cruiser Honolulu (Navy Photo
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with a Train Meter of the zero center type which indicated the direction of
deviation from true target position. One of these meters of early design
can be seen in Fig. 38. Two meters of later design are shown in Fig. 39
mounted immediately below optical telescopes. The pulse generator,
receiver, transmitter, rectifiers, etc., were located below decks in the Trans-

Fig. 19—Train or elevation indicator—Radars Mark 2, 3 & 4

mitter-Receiver, or Main Unit which was very similar in appearance to
the Main Unit of Radar Mark 1 shown in Fig. 9.

Two types of antennas were provided for this radar: a 6 ft. by 6 ft.
parabolic array similar to the Mark Lantenna, and a 3 ft. by 12 ft. parabolic
array. Either one or the other of these antennas was mounted on top of
the gun director and rotated with it in azimuth. Both were provided with
azimuth lobe switching to be described later. Because of the relatively
narrow elevation beam of the 6 ft. by 6 ft. array, this antenna required gyro
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stabilization in elevation to take care of pitch and roll of the ship. Such
stabilization was not required with the broad elevation beam obtained with
the 3 ft. by 12 ft. antenna; and in addition, this wider antenna provided
more accurate tracking due to the narrower antenna beam in azimuth.
Installations of these antennas aboard ship are shown in Figs. 20 and 21
and 22, 23 and 24.

Fig. 20—Radar Mark 3 antenna (6' x 6') on Cruiser Honolulu (Navy Photo 144-6-42)

Antenna Lobe Switching

The problem of measuring angles accurately with a relatively broad
radio beam has been faced many times in the radio direction finding art.
The most successful attack has made use of the fact that while the nose of a
radio antenna beam is blunt, the sides of the heam are reIativeIP/ steep; i.e.,
while the rate of change of signal amplitude with angle is very low near the
nose of the beam it becomes substantial down on the side of the beam.
A very well known application of this principle is the airway radio range
wherein two very broad overlappin? beams define a narrow path by uti-
Iizin? the ﬁoints where the two overlap with equal intensity. A somewhat
similar scheme in which the antenna beam is switched rapidly between
two positions has been applied in radar, and in an early form was first used
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in this country by the Signal Corps in the work described by General Colton,
to which reference has been made.

The use of two antenna beam (or lobe) positions to obtain more accurate
radar angle data is referred to as lobe switching and the operating principle
is illustrated in Fig. 25. The antenna beam is shown in two positions:
position 1 being directed to the right, and position 2 to the left of the me-
chanical axis of the antenna.  The antenna beam is caused to switch rapidlr
between these two positions, and simultaneous with this switching a small
horizontal displacement of the indicator Class A sweep is introduced. In

Fig. 21—Radar Mark 3 antenna on Destroyer Porter (Navy Photo 2711-42)

this manner the signals received in the two beam positions may he viewed
separately. The speed of switching is made sufficiently high to minimize
flicker and the effect of fading signals. It will be noted from this diagram
that the signal strength received from target A is the same for both heam
positions thereby producing equal “pip” heights on the indicator screen.
However, for target B the signal amplitude is greater in position 1 than in
position 2 and the “pip” amplitudes on the indicator differ correspondingly.
If the operator wishes to track target B it is only necessary for him to
rotate the antenna until the two “pips” are of equal amplitude. Smooth



Fig. 22—Radar Mark 3 antenna (3' x 12) on Battleship Pennsylvania (Navy Photo 4273-42)



Fig. 23—Radar Mark 3 antenna (3' x 12') on Battleship New Jersey] (Navy Photo 181812)
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flow of azimuth data will be obtained if the operator continuously maintains
equal amplitude of the two “pips”.

In the Signal Corps equipment to which reference has been made, sep-
arate antennas were used for transmission and reception with lobe switching

Fig. 24—Radar Mark 3 antenna (3( l\i(a\%)zl)P % t%rglllslegg)San Francisco after Pacific battle
applied only to the receiving antenna. Space limitations aboard ship
made it mandatory to accomplish all functions using a single antenna.
This required the development of a lobe switching device capable of with-
standing the high peak J)ower during the transmitted pulse; a problem
which had not been faced in the Si?nal Corps equipment. It was further
desired to provide a weatherproof lobe switching device, free from radio
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Fig. 25--Principle of lobe switching

frequency adjustments, in order to simplify operation and maintenance.
The manner In which these objectives were met is described below.
To obtain lobe switching of the antenna beam, use was made of the fact
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that the beam position depends upon the relative phase of the excitation
applied to the radiating elements of the array. If all elements are excited
in phase, as in Radar Mark 1, the beam will be normal to the line of the
array, while ?radually increasing phase difference across the arra?/ will
result in displacement of the beam. For small angles of beam shitt, en-
tirely satisfactory results may be obtained by shifting the phase of excitation
applied to one-half of the array with respect to the other, and this expedient
results in @ much simpler phase shifting mechanism than would be required
to obtain uniform phase change. This system was used in Radar Mark
3 and its application is illustrated schematically in Fig. 26. It will be
seen that this array is identical to that used for Radar Mark 1 except for
the central section of transmission line in which a lobe switching unit has
been added. In this unit the phase of excitation to one-half of the array
is retarded with respect to the other half by connecting a capacitive re-
actance alternately across one feed line or the other to obtain the two beam
positions.  Switching is accomplished by the use of a motor driven rotary
capacitor shown in Section A-A. The rotor is a semicircular aluminum
casting which is maintained at substantiallr ground potential by very close
spacing to the grounded metal housing, ftfhe two stators are small metal
plates which interleave with the rotor during aﬂproximately one-half
revolution and are connected through half-wavelength coaxial lines to the
antenna transmission lines. The Eurpose of the half-wavelength stub lines
is to avoid physical limitations which would otherwise be encountered in
connecting the rotary capacitor to the lines. Allowance is made in these
stubs for end-loading caused by stray capacitance of the stator plates and
supportin% insulators. It willbe seen that during nearly one-half revo-
|ution of the rotor one of the stators is engaged to shift the antenna beam in
one direction while during the other half revolution the other stator is
engaged to produce the other lobe position. Ihe switching occurs during
the small interval in which both stators are engaged by the rotor. ~ Signals
received during this interval are blanked out in the indicator. The rotor of
the lobe switcher is driven at about 30 RPS by an induction motor mounted
within a weatherproof housing. The motor shaft also carries cam operated
contacts to produce image ﬂ)acmg on the indicators, control signals for the
Train Meter, and blanking during the lobe switch interval. The entire unit
is gas tight and is filled with dry gas through the transmission line.

The value of the lobe switching capacitor and its position along the feed
line must satisfy two conditions: first, the phase shift must be such that the
antenna beam will be displaced by the desired amount; and second, the
impedance at the feed point must be such that equal division of power will
be obtained in the two halves of the array. In the first Radar Mark 3
antenna (6 ft. by 6 ft. parabolic array) a beam displacement of about 3.0
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degrees was chosen as a suitable compromise between target angle sen-
sitlvity (steepness of beam) and reduction of signal amplitude “on target”.
This displacement required a phase shift of approximately 53 degrees
between the two halves of the array. From transmission line theory it can
be shown that this phase difference will be obtained with a capacitive
reactance equal to the characteristic impedance of the feed line when con-
nected at a ﬁomt 0.176 wavelength from the feed point. It can also be
shown that this condition satisfies the requirement for equal power division
to the two halves of the array. A capacitor of the required value (about
3 micromicrofarads) can readily be built to withstand the peak transmitted
power by proper condenser plate separation. A frequency variation of
about 40 megacycles can be tolerated without materially affecting the
antenna performance.

Table | |.— Antenna Characteristics

Radar Mark 3 Radar Mark 4

BSOS Wi PRI wxe BT
85 i iR

IS T

$1.5° +3.0° 1;%82

Beam Width in De Vgrees (‘between half power
points In one Way patte

Beam Shift in Degrees

A lobe switching unit similar to that described above was also applied to
the 3 ft. by 12 ft. antenna. Pertinent information regarding beam widths
and lobing angles for both antennas %ogether with information on the
antenna for Radar Mark 4 to be described later) is given in Table II.

The effective beam widths as used in these radars were somewhat narrower
than the values given above due to the square law characteristic of the
second detector in the receiver, and the deflection sensitivity was such that
the specified tracking accuracy of £15 minutes of arc could readily be
achieved. The “on target” position or axis of the antenna (lobe crossover)
was carefully aligned with the optical telescopes at the time of installation
so that either optics or radar angles could be used. The symmetrical design
of the antenna made this alignment substantially independent of small
changes in operating frequency.

To minimize target confusion the signals presented on the Train or
Elevation Indicator (azimuth operator’s oscilloscope) consisted only of



FIRE-CONTROL RADARS FOR NAVAL VESSELS 3l

those received from the target being tracked by the range operator, all
others being blanked out in the indicator circuits.

Accurate Range Measurement

The second major problem which required solution to adapt radar to the
fire control problem was the provision of means for accurate and continuous
range tracking. It was obvious that what was required was some sort of
electronic range mark on the indicator sweeps, the position of which could
be varied by a rotary device whose motion could be used to transmit range
information to a remote point over a synchro system. The range mark
could then be aligned with the target “pip” on the oscilloscope. For
accurate data transmission it was necessary to obtain a linear relationship
between angular rotation of the range handwheel and corresponding range
to the marker on the radar indicator screen.

One method which was first employed by the Signal Corps made use of
the fact that the transmitted pulses were generated at a periodic rate from a
sine wave oscillator of fixed frequency; the pulse being produced at a fixed
point in each cycle. By transmitting this same sine wave through a linear
phase shifter a new pulse could be generated whose position in time, rel-
ative to the transmitted pulse, could be varied by rotation of the phase
shifter. In the Signal Corps equipment a special goniometer was used to
produce the phase shift and the accuracy obtained was considered adequate
for the intended purpose. However, non-linearity of the Fhase shifting
device, though small, was much greater than could be tolerated in the
Navy fire control system. A study indicated that large scale manufacture
of special phase shifters, hand adjusted to meet the stringent accuracy re-
quirements was out of the question. It was therefore decided that a two
speed system be used, in which the phase shifter errors would be divided by
the %ear ratio to the high-speed unit in much the same way that accurate
synchro information is transmitted by a “coarse” and a “fine” synchro.
The manner in which this was worked out by Bell Telelohone Laboratories
and applied to Radars Mark 3 and 4 is described below.

The method of range measurement can perhaps best be understood by
first examining the method of presentation used on the cathode ray tube
indicator for the range oEerator. This presentation is shown in Fig. 27
in which it will be noted that a Class A sweep is used to display the trans-
mitted pulse and received echoes. This horizontal sweep, however, differs
from the simple sweep of earlier radars in several respects. First, the
central portion of the sweep is expanded to permit more accurate viewing
of signals appearing within this region; second, a downward deflection
called the range “notch” is produced in the approximate center of the ex-
panded section; and third, the circuits are so arranged that the notch
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remains centered as the range unit phase shifters are rotated thus causing
all of the signals (rather than the notch) to move across the screen. Range
measurement is made by rotating the range unit handcrank to place the
desired signal in the center of the range notch on the indicator. This
type of presentation has several advantages. It permits the full 100,000-yard
range to be viewed at all times so that new targets may be immediately
detected, and permits accurate viewing of the desired target in the expanded

Fig. 27—Mark 3 & 4—Range presentation

center of the sweep where best focus is obtained. For smooth range track-
ing it is only necessary for the operator to rotate the range unit hand crank
to keep the desired signal centered in the range notch.

A block diagram of the range measuring system, together with the circuits
used to obtain the cathode ray indicator presentation described above, i
shown in Fig. 28. A base or reference oscillator generates a sine wave of
1.639 ke, one cycle of which corresponds to a radar range of 100,000 yards.
This wave, after amplification, is applied to a non-linear coil pulse gene-
rator5 which generates short pulses (one positive and one negative pulse

Wr?é‘t‘r%\g gn%hcguGs ”%'0@ %I&[ngOUpo%{olfljgrmf%CS E. Petersen, J. M. Manley, L. R.
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per cycle); the positive pulses being used for keying the transmitter.  These
pulses are rich in odd harmonics of the base oscillator frequency. By
rectifying these pulses to reverse the negative pulses, even harmonics of
the base frequency are obtained and the 18th harmonic (29.5 kc) is se-
lected by means of a filter. This harmonic frequency and the original
base frequency are applied to two phase shifters whose shafts are geared
together in the ratio of 18 to 1 Since one revolution of the one speed
phase shifter corresponds to 100,000 yards, one revolution of the 18-speed
unit corresponds to only 5550 yards with the result that range errors caused
by non-linearity of this phase shifter are reduced by a factor of 18. The
phase shifters employed are similar to those designed by Bell Telephone
Laboratories for use in a phase measuring bridgeland are linear to within
+1.5 degrees or about 0.4 per cent. The possible range error introduced
by imperfections in the 18-speed phase shifter was therefore only 23 yards,
well within the design requirements. It remains to be shown how this
accurate range information was applied to the indicator.

The output of the 18-speed phase shifter in the range unit is connected
to the Control and Indicator where the phase shifted sine wave is used to
generate short, rectangular pulses of about 600 yards duration. One pulse
IS produced for each cycle of the 29.5 kc wave so that 18 of them occur during
the 100,000-yard sweep interval. It is desired that only one of these pulses
appear as a range notch on the indicator screen and this pulse is selected
from the others by a pedestal pulse generated from the output of the one
speed phase shifter. It will be noted that as the phase shifters are rotated
by means of the range unit hand crank, the desired pulse from the 18-speed
phase shifter will remain substantially centered on the one-speed pedestal
pulse. After further shaping, the selected pulse is mixed with the received
signals in the second video amplifier and is then applied to the vertical
plates of the cathode ray indicator to form the “range notch”. The range
notch is also transmitted to the Train Indicator and Train Meter where it
is used to prevent any signal from affecting those instruments except the
one being tracked by the range operator.

Since 1t is desired to have the range notch appear in the center of the
100,000-yard sweep on the indicator, the sweep trigger pulse must occur
50,000 yards in advance of the notch. This tri%ger is obtained hy se-
lection of another pulse from the accurate phase shifter, this time using a
one-speed pedestal produced by an input of reversed phase. The pulse
thus selected is used as a trigger for starting a saw-tooth sweep wave with a
duration corresponding to 100,000 yards radar range. Expansion of the
center portion of this sweep is obtained by adding to this wave a second

4L. A. Meacham, U. S. Patent 2004613.
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saw-tooth wave having maximum rate of change in the center of the sweep;
the latter being derived from the range notch selection pedestal. The
combined sweep is then applied to the horizontal plates of the cathode ray
tube. The return trace is blanked by applying to the control grid of the
cathode ray tube a voltage obtained by differentiating the sweep waveform.

Transmitter

As mentioned earlier the transmitter oscillator tube problem was one
of the major obstacles in the march of radar develoi)ment to higher fre-
quencies. Intense development effort on many possible types of tubes was
underway in several laboratories in this country and abroad during 1939

Fig. 29—W. E. 700-type magnetron—one side removed

and 1940. The first significant improvement came in England where work
with multicavity magnetrons showed that this device was probably the
answer to radar’s need for a highly intermittent duty oscillator suitable for
high power in the microwave region. A sample of this device was brought
to this country by the Government and was tested in Bell Telephone Lah-
oratories in October 1940. It produced pulses of several kilowatts at a
frequency in the nelghborhood of 3000 me. A tremendous development
of this device got under way immediately5and the multicavity magnetron

“The Magnetron as a Generator of Centimeter Waves,” J. B. Fisk, H. G. Hagstrum,
and P. L. Hartman, B. S. T.J., January, 1946.
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became the key piece in the enormous development of radar equipment for
still higher frequencies during the war.  However, at the beginnin% of 1941
there were still many unsolved problems in 3000 me radar other than that
of the transmitter tube. On the other hand, the systems problems had
been quite satisfactorily solved in the 700-mc region. The decision was
therefore immediately made to extrapolate the British design down to

Fig. 30—Mark 3 it 4—transmitter

700 me in order to obtain a higher powered and more satisfactory oscillator
for the existing systems.  This was done at top speed and a picture of the
resulting tube is shown in Fig. 29. This was the first type of multi-cavity
magnetron to go into production in this country. Concurrent with the
design of the new magnetron the vacuum tube department of the Lab-
oratories developed an improved tetrode modulator tube which was many
times as efficient for radar pulse service as the triodes formerly used. This
tube was designated W.E. 701-A.

A new transmitter using the magnetron and two of the new modulator



FIRE-CONTROL RADARS FOR NAVAL VESSELS 3

tubes was rushed through development and produced in time to go with

the first accurate fire control radars. This transmitter provided a peak

power output of about 40 kw with a pulse duration of 2 microseconds. It

resulted in a material increase in reliable range, with satisfactory tube life.

The new transmitter, shown in Fig. 30, was made mechanically inter-

|c:{hadngeable with the old and was applied retroactively also to the Mark 1
adars.

Duplexing
The use of the high-power transmitter required additional protection
for the receiver during the transmitted pulse In order to prevent damage

Fig. 31—W. E. 702—TR tube

and to permit the receiver to recover rapidly for reception of nearby echoes.
The duplexing equipment was therefore modified to inclu de a gas switching
tube in the receiving transmission line. This was a refinement of the
method used earlier by the Naval Research Laboratory.

The switchin% tube (W.E. 702A) was developed specifically for this
purpose and is shown in Fig. 31, It was the first of the “TR™ tubes of this
general form and consists of a hydrogen-water vapor filled glass chamber
with three copper electrodes.6 This tube was mounted in the center of a
half-wavelength coaxial line short circuited at each end, the outer con-
ductor being connected to the outer electrodes and the center conductor

6“The Gﬁs, Djschargfe Transmit-Receive Switch,” A. L. Samuel, J. W. Clark, and W. W.
Mumford, this issue of B. S. T. J.
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to the middle electrode. Input and output connections were tapped on
this half-wave line near the short circuited ends. During reception this
assembly introduces negligible loss in the receiving line. However, during
the transmitted pulse a small amount of the transmitted power ionizes the
gas in the switching tube and effectively short-circuits the receiver line,
This device, which in later forms came to be called a “T-R Box”, is located
near the receiver input and the length of line between it and the junction
with the transmitter line can be adLusted to an odd multiple of quarter
wavelengths to present the desired high impedance at that point during
transmission.

Receiver

The receiver delivered with early Mark 3 equipments was identical to
that used in Radar Mark 1 It was of the superheterodyne type em-
ploging one stage of RF amplification (doorknob tube), 316A oscillator tube,
ana doorknob first detector. The intermediate frequency amplifier had a
bandwidth of about 1 megacycle at a midband frequency of about 30 mega-
cycles. The second detector and video stages were located in the indicating
equipment. A photograph of this receiver is shown in Fig. 11,

Since in microwave work the controlling noise is that produced in the
receiver, it is desirable to reduce this noise to the theoretical limit of thermal
agitation in the input circuit. However, in 1939 tube limitations and
circuit design techniques at these frequencies resulted in performance far
short of this goal. The amount by which the receiver noise exceeds the
theoretical minimum has been termed the receiver “noise figure” and in
this early receiver the noise figure was about 24 db. It was recognized that
considerable improvement in maximum range could be obtained by reducing
this receiver noise.

Shortly after first deliveries of Radar Mark 3 a new tube (GL-446 or
“lighthouse” tube) was made available by the General Electric Company
which showed promise of providing a substantial improvement in the
receiver noise figure. An amplifier using this tube was accordingly de-
signed by Bell Laboratories in which coaxial cavities were used for tuning
elements. Two stages of amplification were used to replace the single
“doorknob” tube stage previously employed. The new amplifier resulted
in a reduction of the receiver noise figure to about 9 db and provided a
marked improvement in maximum range capability of the radar. These
amplifiers were manufactured and shipped to the Fleet for field installations
on early equipments and were included in productions bn equipments
shipped subsequently to availahility of the amﬁlifiers. A photograph of
the receiver with the two amplifiers installed is shown in Fig. 32.

Another field modification provided automatic gain control of the signal



Fig. 32—Receiver—showing improved R. F. amplifier
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selected by the range operator. This was supplied in the form of an ex-
ternal unit which controlled the gain of the receiver IF amplifier to reduce
signal fluctuations produced by fading.

The first production Mark 3 Radars were delivered to the Navy in October
1941, and the first two installations were completed on the main battery
directors of the U.S.S. Philadelphia at the Brooklyn Navy Yard that month.

Radar Mark IV

During the development work on Radar Mark 3 the Navy pointed out the
need for a fire control radar for use with the 5-inch Naval guns against
enemy aircraft. The Bell Telephone Laboratories was therefore requested
to further modify the radar design to meet this need. The anti-aircraft
unipment was first designated FD, later becoming known as Radar Mark

For antiaircraft fire control a new coordinate had to be added to the
target-locatin% system; namely, elevation angle. Again it was desired that
the additional information be obtained from the single antenna with a
precision equal to that already obtained in azimuth. This problem was
approached in a manner similar to that used for the Mark 3 antenna and is
described below.

Two Plane Lobe Switching

In considering two plane lobe switching methods it appeared that the
desired result could be obtained by mounting two 3 ft. x 6 ft. parabolic
arrays one above the other. This arrangement was tried and resulted in
the array shown in Figi. 33, It provided two plane lobe switching with an
antenna only slightly larger than the 6 ft. x 6 ft. antenna used hefore and
had comparable gain and beam width %see Table 11).

A schematic diagram of the array is snown in Fig. 34. Here it will be
seen that there are two horizontal dipole arrays, each mounted along the
focal line of a cylindrical parabola. The dH)oles are in four groulps and the
interconnecting harness is criss-crossed and joined to the feed line at the
center. Symmetrically placed around the feed point are four stub lines
connected to the lobe switcher stators. Here again a semi-circular rotor is
used for the lobing shifting capacitor. It will be observed that during each
quarter turn of the rotor two stator plates are engaged, and the sequence is
such that the beam shifts left, up, ri%ht, and down during one rotation.
A separate Indicator was provided for the Pointer (elevation operator). To
avoid signal confusion on the two Indicators it is necessary to show only
left-right signals on the Trainer’s oscilloscope and up-down signals on the
Pointer’s oscilloscope. This is accomplished by means of cam operated
contacts in the lobe switcher which blank the indicators during the required
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intervals. Other contacts on this assembly provide left-right and up-
down image spacing.

Fig. 33—Mark 4—antenna on gun director

Except for the new antenna and the additional Tram or Elevation In-
dicator for the Pointer (elevation operator), this radar was identical to
Radar Mark 3. The first demonstration of a development model of Radar
Mark 4 was made at Atlantic Highlands, New Jersey, in September 1941
and this model was installed aboard the destroyer U.S.S. Roe tie atter
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Fig. 34—Mark 4—Antenna schematic

Fig. 35—Mark 4 antenna on Battleship Tennessee (Navy Photo 1908-43)



Fig. 36—Radar antennas en Battleship Tennessee (Navy Photo 1905-43)
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part of that month. Initial production deliveries of these radars were made
in_December 1941,

Typical installations of the Mark 4 Antenna on the secondary hattery
directors of a battleship are shown in Figs. 35 and 36. The main frame
installation for Mark 3 and Mark 4 on a battleship is shown in Fig. 37

Fig. 3/—Radars Mark 3 & 4—main units on Battleship New Jersey (Navy Photo 181809)

while typical installations of the train and elevation operator’s units in the
director are shown in Figs. 38 and 39.

Application and Use op Mark 3 and 4 Radars

The Mark 3 radars, designed for use against surface targets only, were
generally installed on the main battery directors of battleships and cruisers.
The Mark 4 radars for use against either surface targets or aircraft were
generally installed on the secondary battery directors of battleships and
cruisers, and on the one and only dual purpose director on destroyers.
Thus a battleship usually had two Mark 3 and four Mark 4 equipments and
a destroyer one Mark 4. Practically every ship in the fleet, of destroyer



FIRE-CONTROL RADARS FOR NAVAL VESSELS 45

size or larger, was equipped with one or more of these equipments early in
the war. A total of 139 Mark 3, and 670 Mark 4 radars were built, in-
cluding those used ashore at schools.  Although some of these equipments
were replaced by more modern designs before the end of the war and some
were lost m battle, there were still approximately 85 Mark 3 and 300 Mark 4

Fig. 38— Mark4Radar—tra|ner&Rlo;\r/1)t,er %%at% 73 L{)ﬂsmons on Aircraft Carrier Saratoga

radars in service in the fleet on V-J day. The first four Mark 4’s, Serial Nos.
1,2, 3 and 5 installed on the battleship Washington were used until the
middle of 1945, although newer designs had been going on all new vessels
for more than a year.

These early equipments were the “guinea pigs” of fire control radar.
They were the instruments with which our fleet learned to fight effectively
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at night and thereby gain a large advantage over the enemy whose radar
was feeble and inaccurate. They played a part in every’ one of the early
battles and most of the later ones In the Pacific. They controlled the cruiser
Boise’s guns in October 1942, when she blazed away at night at a vastly
superior fleet in the Solomons and made the enemy pay 10 to 1 for the

Fig. 39—Radar Mark 4—trainer(’\% Jayogﬁ%rmo?g{:}f]%ss positions on Destroyer Barton

damage they succeeded in doing. They were with the cruiser San Francisco
on a night in November 1942, when a small U. S. force sank 27 enemy ships,
almost completelz destroying a large Japanese convoy bound for Guadal-
canal when our hold there was at best precarious. The Mark 3 steered
the big guns of the battleship South Dakota in the Solomons on the dark
night of November 4, 1942, when she sank a major Japanese war vessel
eight miles away with two salvos. Even in engagements in broad daylight
when optics could be used for target angles these radars still played a vital
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part in furnishing accurate range which made 5" gunfire against aircraft,
for example, deadly at long range. Thus on October 16, 1942, when the
South Dakota was attacked by planes she shot down an even 38 out of 38
attacking.

The rapid and widespread application of this rather complex electronic
equipment was not accomplished without pain and confusion. It is beyond
the scope of this paper to discuss the enormous problem of training in .
operation and maintenance that had to be solved, or of the tactical revo-
lution in Naval warfare that fire-control radar produced. It is sufficient
here to say that these and other problems were solved by heroic efforts of
hundreds of officers and civilians in the Nav%/ Department ashore and the
thousands of officers and men of the fleet. Their problems were made more
difficult by weaknesses in the equipment which were revealed by battle
experience as the new science of radar got its baptism of fire. In every
possible case the Laboratories attemﬁted to remove the causes of recurring
troubles by redesign and the furnishing of improvement kits of parts for
installation in the fleet. The many lessons of experience learned from the
Mark 3’s and 4’s were immediately applied in the design of the many more
modern radars for the same and other types of service.

The authors of this paper wish to express their gratitude to the many
Navy men with whom they have worked in connection with these equip-
ments, and whose whole-hearted cooperation during difficult times made
possible the successful development of these fire-control radars. They
also wish to thank their colleagues in Bell Telephone Laboratories who
worked as a team to make this important equipment possible, and the men
of the Western Electric Company for their help on the many engineering
problems which arose during production and use in the field. 1t is the hoEe
of all who were concerned with this development that accurate radars, like
other radars, will find peaceful use in a peaceful world, but it is also the
determination of these engineers that as long as we need a Navy, we will
try to provide it with radars as much superior to those of any possible
enemy as they were in the recent war.



The Gas-Discharge Transmit-Receive Switch
By A. L. SAMUEL, J. W. CLARK and W. W. MUMFORD

HE gas-discharge transmit-receive switch has become an accepted

part of every modern radar set. Indeed, without such a device, an

efficient single-antenna micro-wave radar would be nearly impossible.
Many of the early radar sets made in this country employed separate
antennae for the transmitter and receiver. The advantages of single
antenna operation are so apparent as hardly to require discussion. The
saviné;_ in space or, if the same space is to be occupied, the increase in gain
and directivity of a large single antenna is, of course, apparent. But
even more important, perhaps, Is the tremendous simplification in tracking
offered by a single antenna, particularly where a very rapid complex scanning
motion is desired.

The fact that the receiver needs to be operative only during periods be-
tween the transmitting pulses makes single antenna operation possible if
four conditions are satisfied. These are: (1) the receiver must not absorb
too large a fraction of the transmitter power during the transmitting period,
(2) the receiver must not be permanently damaged by that portion of the
transmitter power which it does absorb, (3) the receiver must recover its
sensitivity after any possible overload during the transmitting pulse in a
time interval shorter than the interval required by the reflected pulse to
arrive hack to the receiver from the nearest target, and (4) the transmitter
must not absorb too large a fraction of the received power. At frequencies
of the order of 700 megacycles and at low power levels these conditions
are not impossible of attainment without recourse to any special switching
mechanism other than that provided automatically by the usual circuit com-
ponents. Conditions (1) and (2) can be met by designing the receiver in
such a way that the change in input impedance as a result of overload will
cause most of the available input power to the receiver to be reflected.
Condition (3) requires careful attention to the time constants of all those
receiver circuits which are subject to overload. Condition (4) fortu-
nately is automatically satisfied by most transmitters, again as a result of the
large mismatch reflections which occur at the connections to the trans-
mitter’s “tank” circuit when the transmitter is not operating. The United
States Navy Mark 1 radar was operated on this basis.

The speed with which the transmit-receive switch must operate rules out
all consideration of mechanical devices, at least for all but the longest range

48
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“early warning” equipment. For example, the go and return time to a
target at 500 feet distance requires approximately one microsecond. ~ Switch-
ing times must, therefore, be measured in microseconds.  Since these short
time intervals would at first sight seem to be too small to permit the use of
gaseous discharge devices, some work was done on the use of specially
designed vacuum diodes. It is possible to employ halancing circuits (some-
times called hybrid circuits) to achieve single antenna operation, but such
circuits require critical balancing adjustments and they dissipate a large
part of the available power in non-useful balancing loads. The need for a
still different approach to the duplexing problem was clearly indicated.

Spark discharges either in air or in enclosed gaps bridged across parallel
wire transmission lines were used in some of the early experimental long-
wave radar sets. Dr. Robert M. Page of the Naval Research Laboratory
was one of the pioneers in this work. These devices were only moderately
satisfactory because of their erratic behavior and hecause of electrode wear.
However, It was observed that the recovery time of such discharges was not
as long as might be expected on the basis of a simple ionization and deioniza-
tion explanation of their operation. This led to the investigation of the use
of low-pressure gas discharges. These very early gas-discharge “switches”
were actually much more in the nature of “lightning protectors”, their
principal function being to limit the power delivered to the receiver during
the transmitting pulse in a gross sort of way, with considerable reliance on
impedance changes at the receiver and on the rugged overload capabilities
of the first tube in the receiver.

The trend toward shorter wavelengths and the desire for better Brotection
led to the development of a partially evacuated gas-discharge tube located
in a relatively high Q resonant cavity. In England, cavity type duplex
tubes were made bg Inserting gas in a then current tgpe (Sutton Tube)
of local oscillator tube. These devices were called TR boxes (abbreviation
for transmit-receive) by the English, a designation which has continued.
It isa curious coincidence that some of the earliest cavity type duplex tubes
made in this country at the Bell Telephone Laboratories w'ere also con-
structed by inserting gas in an American type local oscillator tube (the 712A
vacuum tube). This tube (later coded the 709A vacuum tube) was tested
in an operative system which was subsequently demonstrated to the Army
with such satisfactory results that the tube was adopted without change for
several radar systems. The 709A vacuum tube and its associated cavity
are shown in Fig. L

A similar structure, known as the 702A and shown in Fig. 2 ﬁtogether
with the 709A tube) was used for longer wavelengths. The need for these
tubes was so very great that no time was allowed for their improvement
before production was undertaken by the Western Electric Company.
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Fig. 1—The 709A vacuum tube and its associated cavity
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The radar on the U.S.S. Boise in the battle off Savo Island on October 11-12,
1942 employed a 702A vacuum tube.

Three developments soon led to the need for much improved TR boxes.
One of these was the rapid ﬁrogress which was being made in increasing the
peak output power from the magnetron. The second was improvements
In the silicon point contact rectifier, the so-called crystal detector, which
increased its reliability and convenience and at the same time reduced its
conversion loss and noise figure as compared with the vacuum tube con-
verter.  The third was the development of still higher frequency systems to

702A

Fig. 2—The 702A and 709A vacuum tubes

achieve either greater antenna directivity or smaller size. ~ Since satisfactory
vacuum tube converters were not available for these frequencies, the silicon
rectifier had to be used. Unfortunately the silicon rectifier, as then avail-
able, was subject to permanent damage if subjected to but very small
amounts of power as compared with the magnetron power levels.

An active program of work was initiated at the Bell Telephone Labora-
tories to obtain designs of TR boxes offering adequate protection for contact
rectifiers at any power levels then available or contemplated. Three tubes
were developed, the 721A, 724B and 1B23 vacuum tubes shown in Fig.
3. These tubes are used at frequencies in the vicinity of 3000 megacycles,
10,000 megacycles, and 1000 megacycles respectively. They are all of the



121A

Fig. 3—The 72LA, 724B and 1B23 vacuum tube
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separate cavity ,type in which contact through the vacuum envelope is
made by means of thin copper discs. More recently other designs of tubes
have appeared in which the entire cavity is evacuated. Over 400,000 tubes
of the three tyfes discussed in this paper were manufactured in 1944 alone
and substantially all of the American-made radars which saw active service
employed one or more of these tubes.

The TR tubes used in American radars are, of course, no more essential
than are the magnetrons, the beating oscillators, and the many other special
parts which go to make up the modern radar. Nevertheless it is interesting
to note that the 721A tube was an essential part of the radar equipment
on almost every major shiﬁ in the United States Fleet, that the 724B tube
was an essential part of the bombing equiﬁment on nearly every homber
used against Japan, including the planes which carried the atomic bombs,
and that the capture of Okinawa, to name a single case, would have heen
TBUZC?E] {ngre expensive in men’s lives without equipment depending upon the

ube.

Method or Operation

The 709A tube as shown in Fig. 1 was operated in what has come to he
known as a shunt branching circuit. Its operation can be explained in
terms of Fig. 4. During transmission, energy flows from the transmitter
along the coaxial line toward the antenna.  Some of this energy enters the
branch leading to the receiver where it encounters the TR box. This con-
sists of a resonant cavity with a pair of spark gap electrodes arranged so that
the maximum resonant voltage is built up across the gap.  Since the voltage
across the gap is then limited by the discharge voltage and the voltage ap-
plied to the receiver is still further reduced by an equivalent step-down ratio
of the output coupling in the resonant cavity, the receiver input power is
held to a small value. The power dissipated In the gas discharge, and there-
fore abstracted from the transmitted signal is kept small by the impedance
mismatch. The discharge itself takes the form of a small pale blue glow
between the electrodes. The effect of the discharge is to place a low im-
pedance (predominantly resistive% across the maximum impedance point
of the cavity. This results in the appearance of a still lower apparent
impedance across the input to the cavity. If the length Liisan odd num-
ber of quarter wavelengths, the apparent impedance of the receiverbranch
at the branching point becomes very high in comparison with the impedance
of the antenna and is therefore unable to abstract much power from the line.

At the end of the transm ittin? period, the conductance of the gas discharge
falls rapidly to a very low value since the small received voltages will be
insufficient to maintain the discharge. Signals arriving at the antenna
can then be transmitted through the TR hox to the receiver. However,
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in the circuit shown in Fig. 4, the receiver is still bridged by the transmitter.
It is a fortunate fact that the internal impedance of many magnetrons
(the most common type of transmitting tubeg) becomes very low when they
are in the inoperative condition so that the tube is nearly the equivalent
of a short circuit. By adjusting the length £2 until this equivalent short
circuit position is an odd number of quarter wavelengths from the junction
point “B”, the shunting impedance at “B” can be made very high so that
only a small part of the received energy is lost. ~ In the event that this change
of impedance of the transmitter is not sufficient, a second TR switch com-
monly known as an ATR, may be introduced to perform this function as
will be described later. During the receiving period, some loss will occur
in the TR box resonant cavity as a result of the inherent resistive and
dielectric losses. An additional loss will occur immediately after the

transmitting period because of the loss producing particles (free electrons)
which remain for a time in the discharge gap. The combined losses must be
kept small so as not to impair the performance of the system.

Most modern radars employ series branching circuits instead of the
shunt branchin% circuit just described. A coaxial line example of such a
system (from the SCR-545) employing the 721A tube is shown in Fig. 5.
As shown in Fig. 6 the cavity is couFIed to the coaxial line by means of a
window which can be slid along on a slot in the outer conductor of the coaxial
line leading from the transmitter to the antenna. Fig. 7isan exploded view
of the cavity. Such a cavity is in effect in series with the line as the currents
existing in the outer conductor of the coaxial line are interrupted by the
window. During the transmitting period the low impedance at this window
limits the voltage across it to a small value and prevents serious loss of
transmitter power.

Reception in the series branching circuit of Fig. 5 is achieved by adjusting
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Fig. 5—The series branching circuit employing the 721A tube used in the SCR540

-Closeup view of the cavity shewn in Fig. S, partly disassembled
Up view osowwcg/uplmvngﬁn 0\?/ party ¢
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the position of the TR cavity along the slotted section of the line until the
window is located the correct distance from the transmitting tube. This
now corresponds to an even number of quarter wavelengths between the
equivalent short-circuit plane and the junction, so that the maximum current
is caused to enter the cavity. The output to the receiver is obtained from a
small coupling loop in the TR cavity.

Fig. 7—Exploded view of the cavity of Fig. 6

A similar coaxial line series branching circuit using the 1B23 is shown in
Fig. 8. The method of inserting the tube in the cavity is shown in Fig.
9 while Fig. 10 isan exploded view showing the details.

This method of coupling a resonant cavity to a transmission line by a
window isnot limited to the coaxial line case. A wave guide system is shown
in Fig. 11, The distance between the TR cavity and the transmitting tube
is again adjusted by sliding the cavity and its window along over a section
of the rectangular wave guide containing a slot.

The ATR. In all of the systems so far described use is made of the
impedance mismatch conditions at the magnetron or other transmitting
tube terminals to prevent serious loss during the receiving period. If the
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magnetron “cold” impedance does not differ greatly from the surge imped-
ance of the transmission line used, it may not be possible to avoid loss of
reflected signal into the transmitter line. ~ AlSo in some cases, an unreason-
able amount of adjustment must be provided in the position of the TR
cavity with respect to the transmitter to make up for large variations which
may be encountered in transmitter “cold” impedance. Both difficulties

Fig. 8—Series branching circuit using the 1B23 vacuum tube

may be avoided by the use of a second gas discharge tube located hetween
the transmitter and the TR and at an odd number of quarter wavelengths
from the TR junction. This second tube is referred to as the anti-T-R tube
(usually abbreviated to ATR), or sometimes as the RT tube. The use of
an ATR tube was not found to be necessary in most of the systems which
emploKed the 721A tube.

Witn the advent of still higher frequency systems, for which the 724B
tube was designed, the “cold™ impedance difficulties just mentioned made
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Fig. 9—Method of inserting the 1B23 into the circuit
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Fig. 10—Exploded view of the 1B23 cavity
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it seem advisable to employ an ATR tube. The general arrangements of
the circuit elements in one of these systems is shown in Fig. 12. The
main wave guide section is shown removed from the rest of the equipment

BEATING OSCILLATOR “MAGNETRON
AND PREAMPLIFIER

Fig. 11—The wave guide system of the SL radar employing the 721A tube

in Fig. 13 while Fig. 14 isan exploded view revealing the details of the cavity
construction.  The two cavities are, of course, coupled to the wave guide
by means of windows. The wave guide branch leading to the receiver is in
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Fig. 13—The main wave guide of Fig. 12 removed from the rest of the equipment
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turn coupled to the TR cavity by another window. The input and output
windows of the TR cavity are adjusted in size to provide an impedance
match to the line during the receiving period. The window to the ATR
is, however, adjusted so that it presents a high impedance, that is much
greater than the surge impedance, during the receiving period.  This high
Impedance is effectively In series with the magnetron impedance. The
resulting high impedance is located at an odd number of quarter wavelengths
{)rom thhe TR and so presents a very low impedance in series with the receiving
ranch.

Fig. 14—An exploded view of Fig. 13

Both the TR hox and the ATR box must be tuned to resonance at the
magnetron frequency. Broad-hand ATR hoxes using very low Q circuits
have been designed which require no adjustment overa 5% band. Such
boxes, which obviously are very advantageous in tunable systems, do not
use the copper-disc-seal tubes which form the principal subject matter of the
present paper, and will not be discussed further.

TR Box Performance

The performance of a TR box can be described in terms of four parameters
which are related to the four duplexing requirements mentioned earlier.
These parameters are respectively: (1) the high level loss, which is the trans-
mitting power loss in the TR tube; (2) the leakage power, which is the
amount of transmitter power which reaches the receiver; (3) the recovery
time, which measures the rate at which the TR hbox recovers its low level
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behavior after the termination of the transmitting period; and (4) the low-
level loss, which describes the loss of the received signal including (a) the
loss in the TR box itself and (b) the loss in the transmitting branch. These
parameters are interrelated and conflicting. For example, the interde-
pendence of the leakage power and the low-level loss may be computed on
the basis of a somewhat idealized TR box as is done in Appendix A and the
results Eresented in the form of the curves of Fig. 15. It is customary to
design the cavities for matched input conditions (a = 1), for obvious reasons,
and for a low-level loss of one to two db. The relationship between the
transmitting power dissipated in the TR tube and the low-level loss is shown

LOW LEVEL TRANSMISSION LOSS IN DB |=10 LOG,0 "f*

Fig. 15—The variation in leakage power with the low level loss adjustment

in Fig. 16.  This curve may also be used to determine the effect of the low-
level loss adjustment of a TR cavity on the recovery time characteristic
since recovery time depends upon the gas discharge power rather than upon
the transmitter power per se. In spite of this interdependence, it will be
convenient to consider the different operating parameters separately in the
sections to follow. The receiver protection aspect will be considered first.

Receiver Protection. The receiver protection problem is complicated by
the fact that power reaches the receiver through the TR box by three differ-
ent mechanisms. - Asshown in Fig. 17, the observed leakage power pattern is
composed of three parts known respectively as the spike, the normal flat
leakage and the direct coupling. The spike is the result of the transient
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condition existing at the beginning of each pulse. Normal leakage power
can be thought of as due to the finite voltage drop across the gas discharge
while the direct coupling is that component of the leakage power which
would be present if the voltage drop across the discharge were zero.

IDEALIZED PULSE

PULSE AS DISPLAYED ON CRO
FOR COMPUTATION

WITH WIDE-BAND AMPLIFIER

Fig. 17—The shape of the leakage power pulse

The Spike. Because of the rapid rate of rise and fall of the spike, the
observable deflection on an oscilloscope is dependent upon the bandwidth
of the video amplifier and upon the energy in the spike. Although an
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observation of the true shape of the spike has not yet been made, the dura-
tion is estimated to be of the order of 10-9 seconds, a time interval that is
probably short compared with the thermal time constant of the contact on a
converter crystal. However, it is possible to measure the energy content of
the spike, and such measurements indicate that this energy is fairly inde-
pendent of the length of the pulse and of the transmitted power level,
although it is definitely dependent upon the steepness of the wave front of
the transmitted pulse. - The spike clearly represents energy transfer through
the TR hox during the period required to establish the d|schar%e conditions
which exist during the flat. The energy contained in the spike varies be-
tween a few hundredths of an erg to perhaps one erg per pulse, depending
upon a variety of factors. By way of comparison, the conventional crystal
rectifiers are proof tested in manufacture with a single spike of 0.3 erg to
5.0 ergs, depending upon the cr¥stal type. It is generally believed that the
spike ismore damaging than the flat in most radar systems.

The energy in the spike is found to depend upon the repetition rate of the
transmitting pulses, presumably because of residual ionization in the gas
discharge gap. At low repetition rates (that is less than roughly 1,000
pulses per second), the spike energy may be materially decreased by a d-c
glow discharge near the radio frequency gap. This discharge provides a
continuous supply of ions and free electrons and so aids in establishing the
desired condition in the r-f discharge path. A discharge is supplied in all
the standard TR tubes. An auxiliary electrode called the “igniter” or
“keep-alive” is used as the cathode, with the back or inside portion of one
of the high frequency electrodes acting as the anode. A small amount of
radioactive material 1s placed in the tube to insure that the igniter discharge
starts on the apEIication of the igniter voltage. Fig. IS is a plot of the way
in which the spike energy varies with the repetition rate both with and with-
out an igniter discharge. Igniter oscillations sometimes occur as a result of
the negative resistance characteristics of the igniter discharge. This causes
a cyclic variation in the number of free electrons and ions with a resulting
fluctuation in the spike energy. Inadequate protection may result from
such oscillations. It is customary to mount a current limiting resistance
very close to the igniter cap to minimize the effects of these undesirable
oscillations.  When such oscillations still occur they are usually evidence
of an insufficiently high igniter voltage or of tube failure. The margin of
safety in the igniter operation may be increased hy increasing the discharge
current but at the expense of greatly reduced tube life.

When a radar system is first turned on, the first pulse occurs without the
benefit of residual fons in the dischar?e, and for the first few pulses the spike
energy may easily reach dangerously high values. While the magnitude
of this “turn on” effect is greatly reduced by the presence of the igniter
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discharge, it is customary to provide a “crystal gate” in the form of a
shutter which isolates the crystal from the TR box until after stable trans-
mitting conditions have been reached and until the TR tube discharge has
been established. The need for this additional turn-on protection is some-
what greater with the 724B than it is with the 721A tube. Another im-
portant function of the “crystal gate” is to prevent the crystal in an idle
radar from being damaged by energy from other radars operating nearby.

1S

IGNITER OFF

IGNITER ON

500 e
PULSE REPETITION RATE IN PULSES PER SECONO

Fig aﬂl‘?s% fg?%ef%egﬁ 0% ﬁ%elo%g grqg ng gtt%onnsraa}[teerf %E)\t/\peer Ize%/%?of 8 kV\} Eu:ak ty

The energy in the spike is a function of the effective size of the input and
output coupling windows of the TR box. A convenient method of present
ing this effect is to plot the spike eneré;y as a function of the low-level trans-
mission loss of the cavity which also depends upon the windott sizes. g,
19 is such a plot for the 724B tube*. Comparing these experimental data
with the computed flat power curve of Fig. 15, one notes that the spike
ener?y varies at a more raﬁid rate than does the flat pov,er. In bot cases,
the leakage decreases as the low-level loss increases and crystal protection
can be purchased at the expense of receiver sensitivity.

*Based on data taken at the M.L.T. Radiation Laboratories by F. L. McMillan. Jr.
and J. B. Wiesner.
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Fig. 20—The effect of gas pressure on the spike energy for the 724B
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The way in which the spike energy varies with pressure of the gas in the
TR tube 1s illustrated in Fig. 20. These data were obtained on the 724B
tube structure.  Other factors, yet to be discussed, prevent the use of the
exact optimum pressure as determined on the basis of the spike energy

only.

1yhe Flat. The more or less flat portion of the leakage power is in reality
the result of two different mechanisms of energy transfer, one of which Is
reasonably independent of the transmitter power level. It is this portion
only with which we will now be concerned. This flat power is critically
dependent on the chemical constitution and pressure of the gas within the
TR tube. It can be thought of as being the power transmitted by the TR

Fig. 21—Experimental curves showing, the relationship between flat leakage power and gas
g P pressure, tgken wﬂ%ac- osuWator e g

box by virtue of the fact that the voltage drop across the gas discharge is not
zero.  The constancy of the flat power in spite of variations in the trans-
mitter power level is presumably related to the similar phenomenon of a
nearly constant voltage drop across a d-c gas discharge independent of the
discharge current. Because of this constancy, the gas discharge parameter
Po, shown in Fig. 15, can be assumed to be a constant more-or-less inde-
pendent of the transmitter power level. Reasonahle values of Po for cavity
design purposes are 20 volt-amperes for the 721A tube and 10 volt-amperes
for the 724B tube. Corresponding values of the Qo parameters needed in
interpreting Fi%. 15 are 2500 for the 721A tube and 1500 for the 724B tube.
Using these values the flat leakage power for a TR box using a 721A tube
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and havingi a low-level loss of 1 db would be 30 milliwatts. The corre-
sponding flat leakage power for the 724B tube ina 1.5 db box would be 16
milliwatts. Actual measured values are usually somewhat less than these
figures. Asmost crystals will withstand flat powers very much greater than
this amount, the flat power is normally of much less importance than the
spike in contributing to converter crystal failure.

Since the flat portion of the leakage power represents quasi-steady-state
conditions, it is possible to simulate it for purposes of study by the use
of a C.W. oscillator. Fig. 21 contains three experimental curves taken at

Fig. 22—The pressure for minimum leakage power as a function of frequency

three different frequencies showing the relationshilp between the flat leakage
power and gas pressure. These curves were all taken with tubes filled
with hydrogen only. Fig. 22 shows that the pressure for minimum flat
leakage is proportional to the frequency. This simple law probably does
not apply at frequencies much less than 1000 me.

Water vapor isused in commercial TR tubes to imErove the recovery time,
as will be discussed later. The variation in flat leakage power with partial
water vapor pressure as measured on a 721A type of tube containing both
hydrogen and water is shown in Fig. 23. These data were taken in a
radar system.

In this connection, it is of interest to note that the characteristics of the
gas discharge in the TR box must of necessity be quite different from those
that obtain at lower frequencies. Simple calculations indicate that the



GAS-DISCIIARGE TRANSMIT-RECEIVE SWITCH 69

mean free path of an electron is in general of the same order as the distance
between the electrodes but that very few electrons are able to reach the
electrodes hecause of the very rapid reversals in the r-f field. Electrons
therefore oscillate rapidly to and fro, losing enerw to the neutral gas mole-
cules and to gositive ions through occasional collisions ~ The positive ions
do not contribute in any substantial way to the discharge current because
of their Iarge mass and correspondingly low velocity. The r-f voltage drop
across the discharge is maintained at a relatively low value by the formation
of more ions and free electrons by collisions between electrons and neutral

WATER VAPOR PRESSURE IN MM. OF MERCURY

Fig. 23—The effect on leakage powi%rt?]fe t%ﬁ 1aAd(t1)i/tr§gr%uqJewater vapor to 20 mm of hydrogen

molecules as soon as this voltage rises above some critical value. Measure-
ments indicate that the voltage drop across the r-f gap is of the order of 80
to 100 volts for a typical TR tube. ~The variation in voltage drop with gap
Ize4ngth may be inferred from the flat power measurements recorded in Fig.

Direct Coupling.  Atvery high transmitter power levels a third component
of leakage power is observed which is directIY roportional to the trans-
mitter power. This component is usually called “direct coupling”. It is
due to the transmission of power through the cavity in modes which do not
have voltage maxima at the gas discharge gap. It can therefore be ob-
served even when the gap in the tube is short circuited. In fact measure-
ments made under such short-circuited gap conditions yield results com-
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parable to the values observed for actual tubes. The direct coupling com-
ponent of the total flat power and the gas discharge limited component are
found to be additive. Direct coupling Fower is logically measured in terms
of db below the transmitter power level and for the usual TR hox is of the
order of 60 to 70 db. An abnormal form of direct coupling which may
reach dangerous values can occur under certain improper operating condi-
tions when the magnetron produces an appreciable amount of power at other
than the normal operating frequency. Some of these spurious frequencies
may be in the vicinity of the resonant frequencies for these “direct coupling”

Fig. 24—The variation in flat leakage powerwith gap length, measured at 3000 megacycles

modes in the TR box and so be transmitted without much attenuation.
Normally, direct couFIing is of interest only in very high power systems.

Receiver Sclf-Protcclion.  The fact was mentioned earlier that a receiver
can provide itself with a certain amount of self-protection as a result of its
change of impedance with level. This effect is still of use even in systems
employing TR hoxes. Unfortunately the apparent source impedance at
the TR box output terminals is different for the different components of the
leakage power so that the self-protection feature cannot be utilized for all
components simultaneously. The matter is further complicated by the
fact that the converter crystals themselves vary greatly in their impedance
and in their variation of impedance with power level. The best designed
converters as far as crystal protection is concerned are usually those which
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provide a certain amount of self-protection against the spike. It has been
estimated that this self-protection seldom exceeds 2 db in practice.

Leakage Power Measurement. The c-w method of measuring the flat
power has already been mentioned. Spike energy and direct coupling
must, of course, be measured under normal high level operating conditions.
Relative measurements of the 3ﬁike can be made with an oscilloscope, acting
ballistically, and the factors which affect the sEikes can be studied in this
manner. A correlation between the relative spike energies and the degree of
crystal protection can be obtained by trial and from this correlation the
operating conditions for adequate protection can be determined. Most of
the early studies were made In this way. It is possible to deduce absolute
values for spike energy, flat power, and direct coupling from measurements
made when all three are present because of the different ways in which these
parameters vary with the recurrence rate, pulse length and transmitter
power. The method of doing this is outlined in appendix D.

A more precise method of measuring the spike enerﬁy involves the can-
cellation of the flat power by a signal of adjustable phase and amplitude
obtained from the high-level transmission line. The average spike power
is then measured directly and energy per spike computed. Most of the
spike data quoted earlier were obtained in this fashion.

High-Level Loss.  The power dissipated in the TR hox as a result of the
gas discharge is not ordinarily a large enough fraction of the total transmitter
power to be of any concern. Using the Po values previously quoted, it is
Fossible to compute the gas discharge power by the use of Fig. 16. At a
ine power of 100 kw and a low-level loss of 1 db the gas power in the 721A
tube is 63 watts. The corresponding figure fora 1.5 db box using the 724B
tube is 47 watts. For these cases the high-level loss is therefore less than
0.005 db. Low as this fraction is in db it still may be high enough to affect
the life of the TR tube, as discussed in a later section. No trouble of this
sort is ordinarily encountered with the 724B or 721A tubes. The chief
cause of failure of the 1B23 is from loss of Q and this in turn is caused by the
sputtering action of the high-frequency discharge.

Recovery Time. As mentioned earlier a TR box must recover its low-
level properties at the end of the transmitting pulse in a very short period of
time. The actual “recovery time” is in fact several orders of magnitude
smaller than the deionization times of the usual gas discharge so that a
quite different mechanism must be involved. While an exact theory of the
recovery is beyond the scope of the present paper, a qualitative picture of
the recovery process may be of interest. _

During the transmitting period the free electrons provide almost all of the
discharge current, and are replenished by electron-molecule collisions. At
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the end of the transmitting period these electrons may migrate from the
discharge region, they may recombine with the positive fons, or they may be
captured by molecules to form negative ions, Ne%ative jon formation by
attachment effectively removes an electron from the discharge because of
the %reat increase in mass. It is an experimental fact that those gases
which readily form such ions (of which water vapor is the most common)
are the gases which exhibit good recovery in a TR box. This process is

1 2 4 6 8 10 20
TIME IN MICROSECONDS

Fig. 25—A typical recovery fime characteristc for the 721A tube in 2 TR cavity adjust
O e s e et Tevl o 10 o k"

not_geionization in the ordinary sense and it can take place at a surprisingly
rapid rate.

Of course, immediately upon the termination of the transmitting Fulse,
the cloud of free electrons will cause an extremely high loss to any reflected
signal but the loss will rapidly decrease to some limiting value set by the
fixed losses in the TR cavity itself.

A typical recovery curve for the 721A tube is shown in Fig. 25. This
curve has a particularly fortunate shape in that the variation in loss with
distance, or more correctly with time, is at approximately the same rate as
the variation in the reflected signal level with distance for a target of fixed
size. The importance of this can be understood by considering the way in
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which the reflected signal intensity varies as an object of fixed size approaches
a radar set from a great distance. Such an object as seen by a given radar
set may he represented on Fig. 25 by a straight line having a slope of 12 db
Fer factor of two in distance. Several such lines are shown. Considering
ine A it will be observed that this target can first be seen at adistance
corresponding to 12 microseconds. Since this target line always remains
below the TR recover)" line for times shorter than that at the intersection
point, an object once seen will remain in view continuously as it approaches

Fig. 26—The recovery time characterigtic at two géfferenétransmitter power levels for the
248 tube in'a 15db TR box

the transmitter even in spite of the poor recovery characteristics of the T
box. A certain amount of sensitivity-time-control action is actually pro-
vided. The recovery time characteristic frequently does not necessarily
set a lower limit on the effective range of a radar sKstem although it al\\ays
sets a limit on the smallest effective target size which can be observed.
The recover)' time characteristic is critically related to the transmitter
output ﬁower level as shown by the data for a 724B tube shown in My,
When the recovery time curves for two different power levels are compared,
the target line which iséust detectable at a power level of 11.4 k\\ is's own
as the line marked A Contrasting with the 721A behavior this target would
bevisible only at one pointand would then be lost from sight as it approac e
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the transmitter. This same target is represented on the plot as line A’
for a transmitter output power of 155 kw, that is being displaced vertically
by approximately 12 db to take account of the difference in transmitter
power. At this higher power level the target would be visible at a much
greater distance (corresponding to 7 microseconds elapsed time) and would
remain in view until the target distance corresponded to 2.1 microseconds
time. In this case an increase in power by 12 db resulted in an increase
in range bg a factor of 2.8.  While this would indicate that an increase in
range can be obtained by increasing the transmitter power, it should not be
inferred that an increase in the near-range sensitivity will always result from
an increase in power. At any specified ran%e there appears to be a unique
value of transmitter power output beyond which the loss in TR box recovery
more than offsets any increase in range due to higher output powers.  While
accurate figures are not available for the 721A tube, there is some evidence
that an output power of 100 kw is already too large for ranges corresponding
to elapsed times of 10 microseconds or less. Under these conditions im-
proved operation results from a decrease in the transmitter power level.
Such an effect has never been observed by the writers with the 724B tube,
probably because the transmitter powers available in its operating fre-
quency range have usually been somewhat less than that available with the
T21A tube.

It should be noted, at this point, that the recovery' time does not depend
upon the transmitter power only, but rather upon the gas discharge power
which is a function of both the transmitter power and the low-level loss
adjustment of the TR box as shown by Fig. 16. A very great improvement
in near range sensitivity can usually be obtained by increasing the trans-
mitter power level and at the same time increasin? the low-level loss adjust-
ment of the cavity to limit the gas power to a value for which the recovery
time is satisfactory’.  This of course increases the ultimate low-level loss and
s0 adversely affects the long-range sensitivity.

The dependence of the recovery time on the ambient temperature for the
T21A tube is shown in Fig. 27. The 724B tube is much less temperature
dependent. This variation in recovery' time with temperature is caused
by the reduction in water vapor pressure through condensation, as shown
by' the identity' of the recovery curve for a standard 721A tube at —186° C.
with a special tube filled with hy'drogen only".

With continued life the water vapor content of the tube decreases with
the corresponding change in the recovery' time characteristic. Fig. 28
shows the effect with the 721A tube. The dependence of the recovery" time
on the watervaporcontentin the 724B tube is shown in Fig. 29. Comparing
this curve with Fig. 27, it will be observed that the loss of water vapor has
much less effect on the recovery' characteristics of the 724B tube than on the
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721A tube. It should be noted, however, that the /24B tube frequently
reaches the end of its useful life as a result of its failure to provide adequate
receiver protection hefore serious loss of recovery occurs.

The ATR, if one is used, can also contribute to poor recovery as may be
seen by referring to Fig. 30. These data are not necessarily representative
since 1t is possible to adjust the length of line between the magnetron

Fig. 27—The dependence of the recovery ttl%wee on the ambient temperature for the /21A

and the ATR junction so as to minimize the effect. Nevertheless the effect
is important and should not be overlooked. _

Low-Level Loss. An analysis of the low-level loss must take into account
two components of loss, the first resulting from power loss in the TR cavity
itself and the second resulting from the fact that some power wi a wajs
be absorbed by the transmitting branch of the system. *

The relationships existing between the low-level loss adJ'ustment 04
box and its other performance characteristics have already een iscusse .
One aspect of the problem, not previously considered, has to 0 'Vit
dependence of the performance on the Q of the cavity. Thisisceary s own
in Fig. 15which has already been referred to in a different connection.  rom
this aspect, at least, the higher the Q of the tube and its associated cavity the
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better the over-all performance of the system.* Any basic improvement in
Q can be reflected either in a lowering of the leakage power or in a reduction
of the low-level loss, as may be desired.

Variations in the Q between tubes used in a given cavity of fixed design,
are, however, seen as variations in the low-level loss only and have no

Fig. 30—The ATR recovery effect

noticeable effect on the leakage power. This may be understood by refer-
ence to the eguatlons derived in appendix A. 1lie performance of a some-
what idealized TR box may be expressed in terms of three design parameters
50, 5i and  which relate respectivelly to the properties of the cavitK, its
input coupling, and its output coupling; and in terms of a gas discharge
parameter PO. In terms of these new parameters the in-tune low-level
tansmission of a TR box is given as a power ratio by

= 4318 =
fo+ "+ &*

* As explained later in this section, band width limitations set an upper limit to the

t Numbered equations in the text correspond with the numbers used in the appendices.

r (12)t
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The input standing wave ratio on the input line is given by

Si
S0 “H S (13)
The leakage power is similarly given by
Pr=P0 (14)

while the gas-discharge power in terms of these parameters and the power
in the transmitting line (P) is given by

PO = (P Pos50LR (19)

The parameters Si and R are properties of the input and output coupling
as they are geometrically related to the cavity and are substantially in-
dependent of the Q of the cavity. The parameter Sois, however, the recipro-
cal of the intrinsic or unloaded cavity Q. Equation 12 is seen to depend
upon So but equations (14) and (19) do not. The effect of variations in
Q is thus demonstrated.

The over-all performance is also affected by the relative values of S
and S In view of the dependence of Pron Qdirectly and on & indirectly
through the fact that P 0is not entirely independent of P 0, it is advantageous
to adjust the values of Si and 5250 that the inFut standing wave ratio (cr of
equation 13) is unity. Such a condition is also very desirable for system
reasons as well. When this condition is met, equation (12) reduces to

The curve marked <= 1of Fig. 15and the curve of Fig. 16 were plotted on
this basis. It should be noted that matched input requires that the input
window be larger than the output window.

TR boxes are unfortunately not always operated in the in-tune condition,
and they must also pass a band of frequencies as fixed by the narrowness of
the transmitter pulse. For these reasons the Q must not be set at too high
avalue. The additional low-level loss which results from off-tune operation
may be computed from equation 2S of appendix A.

Incidentally, it is an experimental fact that the leakage power and the
gas-discharge power are not materially altered by small departures from the
In-tune adjustment, presumably because of the very low effective Q of the
gas discharge.

The ATR Low-Level Loss Component. The component of low-level loss
which results from losses of power to the transmitting branch depends very
greatly upon the “cold impedance” of the magnetron or other transmitting
tube and upon the properties of an ATR hox if one is used. As shown in
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appendix C the loss chargeable to the ATR and the associated transmitting
arm can be expressed as a factor F given by

RS ) (%)
where G and B are respectively the conductance and susceptance of this
branch in units of the surge admittance of the transmission line. Since

Fig. 31—Curves for constant ATR loss in.db as a function of the impedance of the trans-

mitting branch
curves for constant values of F appear on the reflection coefficient plane
(Smith transmission line chart) as circles this presentation is very con-
venient. Fig. 31 is such a plot (impedance circles rather than admittance
circles are shown). _ . _

If now an ATR is introduced having a resistive component of impedance
the range of values of G and B is restricted so that a minimum value o
exists for any random value of the magnetron impedance. With variations
in the magnetron cold impedance or in the effective Ien?th of line between
the magnetron and the ATR junction the value of F will vary between t is
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minimum value and some maximum value which may a}fproach unity.
For example if the ATR is adjusted to have the same gas-discharge power
as that in'a TR adjusted for a transmission of T, its low-level in-tune input
impedance will be

-10

Fig. 32—The ATR low level Joss as 4 function of the m gnetr.%w impedance with an ATR
aajusted to an Impedance of § + |

Actually since the gas-discharge power is usually not the limiting factor in
the design it is possible to adjust the ATR to have an input impedance of
8 or 9 (in terms of the line characteristic impedance), corresponding to a
TR low-level transmission of the order of 1/2 db (T = 0.89) and yielding
an ATR loss of approximately 1/2 db.

Since the exact value of the impedance of the magnetron branch is not
necessarily known it is convenient to show the dependence of the loss factor
F for any given ATR on the magnetron impedance by a plot somewhat
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similar to Fig. 31 but transformed to the magnetron side of the ATR junc-
tion. This may be done by subtracting the ATR impedance from the values
read off of Fig. 31 corresponding to desired values of F and replotting these
on the reflection coefficient plane. As an example, the in-tune value ofZ
for one typical 724B ATR cavity is 8+ jO. Points lying on the R= 8
circle on Fig. 31 will then lie on the ma?netron R = 0 circle, the region
inside being distorted and expanded to fill the entire positive R region on
the reflection plane. The results are shown in Fig. 32. From this plot it
is evident that the maximum possible low-level loss chargeable to the trans-
mitting branch would be slightly more than 0.52 db and that this would
occur only for a restricted ran%e in the value of magnetron impedance. Asa
matter of practical interest the “cold impedance” of the usual magnetron
IS such as to give at most a 20-db standing wave. This restricts the possible
range in impedance values to the area on Fig. 32 within the dotted circle,
thus limiting the maximum loss to slightly less than 0.52 db, and imposing
a minimum loss limit of 0.22 db.

This type of analysis may he extended to consider the ATR loss during
the recovery period if desired although the problem becomes rather com-
plicated as a result of the simultaneous variation in input impedance of both
the TR and the ATR.

TR Box Design Considerations

The desired electrical properties fora TR box can of course be achieved in
a variety of different Ehysical structures. A construction technique which
separates the gas-discharge tube from the rest of the TR hox cavity offers
many advantages. In the first place the cost of the entire device is kept low
by reason of the fact that it is not necessary to transmit the tuning motion
through the vacuum-tight tube enclosure. The reﬁlacement cost is also
greatly reduced since the more complicated part of the TR hox is a perma-
nent part of the equipment. Then, the same tube structure can be used
for a variety of different types of equipment operating in different wave-
length bands and requiring different amounts of receiver protection by the
use of different size cavities and different size coupling windows. This
greatly simplifies the problem of maintaining replacement stocks. An addi-
tional factor, which was of importance during the early days of the war,
is that the design of such a tube can be frozen at an early stage, before all
theﬁossible circuit aspects of the TR problem have been solved since changes
in the external parts of the TR box can be made independent of the design
of the replaceable tube element.  The widespread use of the 721A and 724B
vacuum tube is, in a sense, proof of the essential soundness of the arguments
for the external cavity type of construction.



82 BELL SYSTEM TECHNICAL JOURNAL

The chief difficulty to be overcome in the design of a separate cavity type
of TR hox has to do with the need for a low-loss contact between the internal
portions of the tube and the external cavity. A copper-disc sealing tech-
nique, developed at the Bell Laboratories in connection with the construc-
tion of water cooled tubes* and later superseded by the now conventional
Housekeeper seal, had previously been applied at ultra-high frequencies
in the design of oscillators and amplifiers. This technique makes possible
very satisfactory high-frequency connections by simply clamping the ex-
ternal portion of the disc between machined surfaces. The tlexibility of
the copper discs is sufficient to compensate for minor machining errors and
for differential thermal expansions while the relative softness of the copper
insures a continuous contact around the entire periphery. The goodness
of contact provided by these contacts is evidenced by the fact that Qs
of 4000 and greater are obtained at 3000 megacycles with discs of the 721A
type. This technique was therefore adopted for the 721A tube and the
724B tube and for one electrode of the 1B23 tube. The second high-fre-
quency electrode of the 1B23 was made in the form of a rod terminating
in a ball for convenience in replacing tubes since the accompan(ring loss of
Q can be tolerated in the frequency range where this tube is used.

In an external cavity type of TR box the over-all goodness of the desi%n
is largely determined by the design of the gas-discharge tube. It is the
tube designer’s responsibility to determine the optimum shape and size for
the copper discs and for the glass tube envelope and to determine the opti-
mum gas composition and pressure, with due consideration being given
to such matters as mechanical ruggedness, manufactureability and freedom
from undesirable ambient temperature, pressure and humidity effects.

With the copper-disc type of tube the system designer has at his disposal
the ability to vary the design of the external cavity, and to arrive at any
specific compromise between the various conflicting performance criteria
which he feels to be the best for his particular application. For example,
in systems employing vacuum tube converters it is customary to adjust the
TR box fora low-level loss of 1db or somewhat less since receiver protection
is of minor interest while in systems employing crystal converters it is cus-
tomary to fix the low-level loss at 1.5 db or sometimes as high as 2.0 db.
Certain cavities, notably the one shown in Fig. 5, have to be designed to
have an extended tuning range, in this case achieved by a piston tuner with,
however, some loss in Q, while other cavities, the one shown in Fig. 11 heing
typical, do not require this same tuning range and a different tuning mecha-
nism (in this case, tuning plugs) can be employed.

An extreme example, illustrating the advantages to the system designer

*\Y. Wilson, "A New Type of High-Power Tube,” B. S. T. /., vol. 1, p. 4, July 1922,
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of the external cavity tyge of tube, is that of certain radar systems which
were required to be capable of receivinﬁ signals on occasion at a frequency
differing from their normal tuning, This was done by a solenoid-operated
plunger which could be preset to alter the tuning of the cavity by the de-
sired amount whenever the solenoid was energized.

The Tube Design

The 702A and 709A vacuum tubes, as previously mentioned, were put
into service with little or no consideration of their real suitability. With
these stop-gap designs in production the basic design problem was given
serious consideration, with separate studies being made of the mechanical
design considerations as they relate to the size and shape of the discs and
glass of the tube, and of the gas filling. _

The exact shape of the disc is determined first by the total tuning range
which is to be required of the tube, and second by the necessity for main-
taining the Q of the structure as high as possible. 1t has been shown that
in a spherical resonator with coaxial cones the maximum Q occurs when
the cone half-angle is nine degrees. The copper-disc tube can only roughly
approximate the ideal sPhericaI resonator; nevertheless it appears desirable
to use cones of this angle. The disc spacin7s and diameters are so chosen
that the tube resonates at the shortest wavelength at which it is to be used
in a “square” cavity; i.e., one in which the inside diameter af)proximately
equals the height. Such a cavity is about the closest practical approach to
a sphere.  The glass diameter is made as large as mechanical considerations
permit so it is as far as possible removed from the region of high electric
field intensity. _ _ o

The experimental results of Fig. 24, previously noted, indicate that the
leakage power of a TR box decreases as the gap spacing decreases; thus one
is tempted to make the gap extremely small. Too small a gap is very
troublesome, however, since such a gap has an unreasonably rapid variation
of resonant frequency with gap separation, making the tuning extremely
subject to change as a result of dimensional variations due to processing or
to temperature changes.  Accordingly one chooses a compromise gap separa-
tion. The electrode radius at the 3ap must be large enough to permit the
radio frequency glow discharge to dissipate the required power without ex-
cessive spreading, and must be determined by experiment.

Rather than attempting to hold all ofthe mechanical variations in the tube
(including glass thickness) to the necessary tolerances to insure the desired
uniformity in tuning, the tubes are pretuned before exhaust by deforming
the copper discs. The tubes are placed in a special cavity and the disc
inside the envelope distorted by a tool until resonance is obtained at a speci-
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lied frequency. It is quite easy to tune tubes in this way so that they are
uniform to within £ 0.25%.

Unless the tube is properly designed, changes in ambient temperature may
seriously affect its resonant frequency. The part of the disc which is inside
the glass envelope may be considered as a diaphragm supported around its
periphery by the glass which has a temperature coefficient of expansion
negligibly small comﬁared to that of the copper. An increase in tempera-
ture, which causes the copper to expand, will force the cone tip to move
toward or away from the gap, depending on the initial slope of the nearly
flat portion of the disc. The temperature coefficient of frequency may be
either positive or negative, and will have extreme variations in magnitude
from tube to tube If consideration is not given in disc design to avoid
such difficulties.

A cavity made wholly of copper will have a fractional change in wave-
length with temperature the same as the fractional change in length of
copper (approximately fourteen parts in a million per degree centigrade).
As the temperature increases, the frequency decreases. At a frequency of
1000 me, the approximate temperature coefficient of frequency Is —.014
megacycles per degree centigrade; at 3000 me it is —.042 mc/°C; and at
10,000 me it is —.14 mc/°C. Magnetrons normally have temperature
coefficients of about these magnitudes. The ideal TR tube would have the
same coefficient as the magnetron; practically speaking, any coefficient be-
tween zero and twice the value for copper is satisfactory.

It is practical to make a copper disc structure which has the required tem-
ﬁerature coefficient.  Fig. 33, which is a cross-section of a 721A tube, shows

ow temperature compensation within the tube is effected. The disc is
slanted away from the center portion of the tube, so that as temperature
rises the cone is carried away from the gap. At the same time the cone
itself eannds; the net effect is to increase the gap between the two cone
tips. The angle of the slanted part of the disc must be such that the gap
increases with temperature at the same rate that it would in an all-copper
cavity. If this condition is fulfilled, the net result of the expansion of all
the tube parts, and of the cavity itself, will be the same as if it were all made
of copper. This result is achieved by an experimental series of successive
approximations. A number of models are built until the angles are found
which give the desired temperature coefficient of frequency.

The gas content of the tube was the subject of considerable study. As
stated In the section on Recovery Time, gases which readily form negative
jons are invariably the most satisfactory from that viewpoint. Gases of
low ionization voltage, such as the rare gases, give excellent protection but
usually have extremely poor recovery. The choice of a TR gas must of
necessity be a compromise between the two requirements. Some otherwise



GAS-DISCHARGE TRANSMIT-RECEIVE SWITCH 8

satisfactory gases are not useful because of other characteristics. HC1 i
an excellent TR gas, but is very corrosive. Freon, a common refrigerant,
is excellent but is unstable. In general, no gas which contains a solid ele-
mentary constituent is a satisfactory TR gas. The most satisfactory gas
found was water vapor. It is cheap, stable, and easy to handle. Water
vapor alone is not safe to use at a low temperature, so a small amount of
]tlydrogen is added to ensure adequate protection when the water vapor is
rozen out.

Fig. 33—Cross section of a 721A TR Tube, shom(/jing the special shape of the temperature
compensated dists

The life of a TR hox is in general determined by the gas volume. The
radio-frequency discharge consumes no gas except at extremely high power
levels; the igniter discharge accounts for the ?reater part of the loss of the
gas initially placed in the tube. Reduction of the water vapor to hydrogen
by formation of copper oxide on copper garts of the tube seems to be the
principal process which goes on. This change results in no change in total
pressure until the water vapor is exhausted; thereafter sputtering becomes
more important and accounts for a fairly rapid hydrogen clean-up. The
life of @ TR tube is determined by the igniter current, which is maintained
ata value as small as possible consistent with adequate spike protection, and

by the volume of the tube.



Fig. 34—Setup for making 724B copper-to-glass disc seal
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The lack of water vapor in a tube which has been OEerated for some
hundreds of hours may manifest itself by a failure in either protection or
recovery time. The operating frequency determines which failure becomes
important first; at long wavelength it is likely to be recovery, while at shorter
wavelen?th the spike protection is likely to fail first.

The lite of a TR tube operated without igniter is very much longer. This
may be understood from the picture given above under “recovery,” of the
state of affairs existing in the radio-frequency discharge. Electrons do not
completely traverse the gap, but oscillate about some mean position, while
the positive ions hardly move at all. Thus there is little more interaction
between the metal electrodes and the gas molecules with the R.F. discharge
on than with it off. A few 721A’s have been operated without igniter for
as long as 5000 hours with no measurable change in either protection or re-
covery. This experiment was done at a transmitter power level of 250 kw.
peak power. The best life that can be expected with the igniter operating
at 100 microamperes is 500 hours, at which time the recovery time is hadly
deteriorated. In order to maximize the life of the tube, the initial gas filling
consists of a minimum amount of hydrogen and as much water vapor as
ma 2%3 introduced without causing excessive leakage power (see Figs. 20
and 23).

Manufacturing and Testing

Some interesting problems occur in the manufacture of copﬁer-disc seal
TR tubes which are quite different from those encountered in the construc-
tion of more conventional tubes.  The copper-disc seals are usually made by
high-frequency induction heating. Close control of the spacing between
discs must be maintained during the bulb-making operation in which the
discs are fused to the glass Earts of the tube. One way of accomplishing
this is shown in Fig. 34, whic deFicts a machine setup for making the 724B
TR tube. The parts are held by lavite forms which support and locate them
during the bulb-making process. The seal is made possible by a correct
choice of copper thickness. The copper disc is stressed due to forces set up
by the different expansion coefficients of the glass and the coner, and if too
thick will pull the seal apart. If too thin, the copper itself will tear.  Never-
theless, a properly designed copper-disc seal is very strong; the copper-disc
seal TR tubes will pass the JANI-a* mechanical and thermal shock tests for
glass tubes without any difficulty. _ o

The electrical pretuning operation, referred to earlier, comes right in the
middle of the manufacturing process. Before the igniter is sealed in, the
bulb is placed in a special pretuning cavity. The setup includes an oscillator

*Joint Army-Navy Specification for electron tubes.
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of appropriate frequency range, a wavemeter, and some device for indicating
resonance. The part inside the glass of one of the copper discs is bent, by
gentle tapping, until the resonant frequency of the bulb in the special cavity
IS within the required tolerance (which may be as small as 0.25%) of the
pretuning frequency.

No heat treatment of any kind is used in the pumping of TR tubes. It
is obviously unnecessary to subject the tubes to the usual baking, the princi-
pal purpose of which is to remove water vapor film from the tube parts. On

Fig. 35—Pump Station for the 724B Vacuum Tube

the contrary, it is difficult to control the water vapor pressure in tubes which
have been baked as the parts absorb a surprising quantity of water. The
tubes are filled to fairly high pressure, so a diffusion pump is not necessary.
Fig. 35 shows a pump station used in production of the 724B.

The test procedure for TR tubes must verify that each individual lube
will fulfillits fourfold function of protecting the crrstal, of recovering rapidly,
and of introducing neither excessive high-level loss nor excessive low-level
loss. The tuning of each tube must be verified, and it must pass mechanical
and dimensional tests. Fortunately a tube which is otherwise sound will
never introduce excessive high-level loss, so no specific test is required.

The protection test may be made either with a c-w oscillator of suffi-
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ciently high level to ionize the TR tube gap, or with a magnetron in the
equivalent of a radar microwave head. The high-level test bench used for
the 724B is shown in Fig. 36. This bench uses a radar microwave head
fitted to special plumbing. In either case, the leakage power is measured at
a specified R.F. level. For production testing, an actual measurement of
recovery time is not used. Instead a test which measures the quantity of

Fig. 36—High Level Test Bench for the 724B Vacuum 1 ube

water vapor in the tube in a relative way has been developed. This test
involves touching some part of the tube envelope with a piece of carbon
dioxide ice, so that most of the water vapor is frozen out forming a small
spot of ice on the inside of the tube.  Only the hydrogen remains, and the re-
sulting change in either the leakage power or the igniter arc drop is indicative
of the quantity of hydrogen and of water vapor in the tube. ~ Careful correla
tion must be made between this simple dry-ice test and absolute recovery
time measurements; experience has shown the dry-ice test to be rehab e
and in the hands of a skilled operator very informative.

Low-level loss and tuning are checked at such low level that the gas oes
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not ionize in a cavity of restricted tuning range. Every tube must resonate
within the range of the tuning adjustment, and the transmission loss through
the test cavity must not be excessive.

Two additional tests are made at the time the d-c igniter characteristics
are checked. One, igniter interaction, is important in the 721A, the 10
cm. TR tube. This tube has rather large openings in its cone tips, so that
ifthe igniter electrode is sealed in too close to the cone tip, the glow discharge
which surrounds it may extend out into the gap. Such a defective tube will
show igniter interaction; the low-level loss through it will be more when the
ighiter arc is on than when it is off. Normal tubes do not show this effect.

The 724B 3 cm. TR tube has such a tiny opening in its cone tip that
igniter interaction does not occur. The tube is more subject to igniter os-
cillations, perhaps because it is filled to a higher gas pressure. The conse-
quences of these oscillations was explained in the section on The Spike.
lgniter oscillations are usually due to an improper gas filling, and are de-
tected bg means of a cathode ray oscilloscope.

The above tests are made on each tube as it comes off the production line.
Some additional tests are made on selected samples to insure that the quality
i being maintained. Selected tubes are subjected to mechanical shock
tests and to temperature variation tests to verify both their resistance to
thermal changes and that their temperature coefficient of frequency is not
excessive. Absolute recovery time, Q, and leakage power tests are made
on these tubes, and some are set aside for life testing. By all these tests
the important electrical properties of the tube are under constant scrutiny
and the danger of shipping defective tubes is minimized. The importance
of adequate testing can hardly be over-emphasized, as a defective TR tube
may render a whole radar system inoperative.
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and J. P. Schafer were closely associated with the measurement of the system
performance of TR tubes. Mr. R. M. Purinton of the Bureau of Ships de-
serves much credit for his encouragement and assistance in the standardiza-
tion Frogram which led to the adoption of the 721A and 724B tube designs
by all manufacturers.  The Thermionics Branch of the Evans Signal Labora-
tory provided the bulk of the electrical standardization, calibration and
engineering sendee associated with these tubes and assisted in the develop-
ment of improved test methods.  The magnificent production job done by
the Western Electric Company and by other manufacturers, particularly
by the Sylvania Electric Products Inc. in making these tubes available to
the armed services also deserves mention. Perhaps the final mention should
go to the many circuit desi%n engineers both within the Bell Laboratories
and elsewhere who handled the many difficult problems relating to the design
and use of TR cavities in actual radar systems.

APPENDIX A

Analysis of the Idealized TR BoX
Schelkunoff has shown* that the impedance of a resonant cavity can be
represented in terms of its resonant frequencies as

22T e 0

a . Ola ,

or in the vicinity of any single resonance as

7=74 Ly @

\01n 01y bl»

Under most conditions the Zi term is negligibly small. We are therefore
justified in thinking of the generalized resonant cavity used asa IR suite 1
as a shunt resonant circuit to which are coupled input and output circuits.
For the moment we will consider (1) that these external circuits are resistive
only, (2) that the Z, in equation (2) iszero; and (3) we will restrict the analy-
sis to the In tune condition, , , _

When the cavity is excited by energy supplied from the input cl>'cuit
there exists in the cavity a certain amount of reactive power whici \\i e

*S. A, Schelkunoff, “Representation of Impedance Functions in Terms of Resonant
Frequencies,” Proc. 1.R.E., vol. 32, pp. 83-90, February (1944).
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designated by the symbol Po. Of this power, a certain fraction co is dis-
sipated as losses in the cavity itself where

0% o ®

The symbol Qo with the subscript is further defined as the intrinsic Q,
that is, the Q without external loading, to differentiate it from the more
general QL which is the measured Q when the cavity is loaded down by
external coupling. 1t should be noted that this definition of 5 differs from
the logarithmic decrement by a factor .

When coupled to the external circuits the loaded 8 is increased. On the
assumption that the loading effects of the input and output irises are in-
dependent we can write

5 =3+ S+ 4
where SL is the loaded 8, and ;1 and S2are respectively the input and output
loadings. Physically the assumption underlying this expression is that the
distribution of electromagnetic fields within the cavity is not seriously al-
tered by the input and output coupling devices. This assumption should
certainly be valid as long as the absolute values of the 8's are very small
compared to unity. Since the 8's usually encountered are of the order of

10~3 0 less, the assumption seems to be justified.
Equation (4) may be written

VE: %‘I' 5+ 5 (5)

The values of <cand S2evidently depend upon the ratio of the apparent
series resistance which the external coupling introduces into the resonant
cavity to the effective reactance of the cavity, that is,

kIRi .

= ~x <6)

where ki is the transformation ratio of the input coupling device, Ri is. the
resistance of the input circuit and X is the cavity reactance. Similarly

5= 4, 0

The values of the 8's may he equally well considered as the ratios of the
coupled conductance to the shunt susceptance of the cavity considered as a
shunt resonant circuit so that equations () and (7) become

s. _ G ia\
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when the R’s and X are replaced by their reciprocals and transformed from
a shunt to a series circuit. o _

The equivalent circuit is shown in Fig. 37, where for convenience every-
thing is referred to the cavity and the sources for receiving and transmitting
are represented b){ constant current generators, | and | mrespectively.

The Low-Level Transmission. We are now in a position to express the
low-level transmission of the cavity. For this purpose we will assume that

TR CAVITY

1
CRITICAL LENGTH
OF LINE

Fig. 37—Equivalent circuit of a system referred to the TR cavity

the admittance of the transmitting branch at plane AB is infinite. The
available power is given by

P i : Cb)

4SiB
hile the power actually going into the load is given by
_ (11)
Pat 50+ + B
the power transmission ratio defined as T is given by
_ 4M?2 _ (12)
(ot B+ s

One additional expression is desired. ~ This istheratio of cavity input
resistance to the resistance of the input circuit.This isevicent) tie
reciprocal of the conductance ratio and is given by

R 13
¥ s ()
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The symbol <ris used to call attention to the fact that the in tune impedance
ratio Is numerically equal to the voltage standing wave ratio on the input
line.

The low-level behavior of the cavity is thus defined by three equations.

S— S+ 5i+9 @
X — o +A*i — (12)
9o (13)

High-Level Operation. The high-level performance of the cavity con-
taining a gas discharge can be expressed directly in terms of our original
definitions.  Fig. 37 still applies, the transmitter admittance changing
to its operating value which is assumed to be SiB at the plane AB.  When
the gas discharge becomes conducting, the switch 5 is closed, the value of
the reactive power in the cavity (Po) Is set by the character of the discharge
and the leakage power is given by

Ft= PA- (14)

A constant value of Po is equivalent to a constant value of V in the figure.
The power dissipated in the cavity walls, the gas discharge and in the out-
put circuit must evidently be given by

Pi=" = (PPoSII2 (15)
if V << Im/S\B.
Of this power an amount called the excitation power
Pe = Po50 (16)

is lost in the cavity walls. The net loss of power in the gas discharge is
given by

P, = Px- Pr- P (1)
or
Pa= (PPA)IR- Pofso+ S. (19)

Since the last term is usually very small compared to the first term, we may
write

P, * (PPA)IR (19)
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This equation was used for plotting Fig. 16, where 51is replaced by its equiva-
lent in terms of <, Qo and T. o _ o

The Derived g Parameters.  For some purposes it is convenient to eliminate
Jfrom the expressions for T and <. This may be done by defining

, (20)
gl = 5,
and
(2))
Introducing these new parameters the equations become
A _ i A
- 1+ 4 gl
T = (23)
(1 + gl + 22)
& (24)
* lt
=P (25)
Po = (PP'Sr 2 (26)
The g parameters are particularly useful in definingthebehavior of a

tube and cavity combination when 501s a fixed quantity wie t e eec so
changes of Soare more clearly shown when the 5parameters are usee. ¢
g parameters may be determined experimentally, using equations an
(22) without knowing the value of 50, that is of Q- On the other hand the
g's are altered if a tube is replaced by one giving a different iauew ie
the S's are intrinsic properties of the coupling mechanisms an  remain |xe
as long as the cavity and the tube tune at the same frequency anc aie
same effective [eaﬁtanae. : :
Tabulation of Related Equations. In the interest of completeness a num-
ber of the more important combinations of the basic equations are listed in
Table 1 Some of these are of interest for measurement purposes while
others apply particularly to actual srst_em conditions. _
0jJ-Resonance Analysis. The analysis can be extended to predict t
transmission when the cavity is detuned from resonance y inro uc g
necessary susceptance term in equation (11) above an so vine
gives for the absolute value (neglecting phase)

151 i 27)



Table 1- Relations between Cavity Parameters

Ceneral Expressions Special Cases
Quantity Symbol In terms of ¢'s &QJ In terms of <f T, & QJ Tg%
Input standing si
wave ratio 5+ %o
Low Level 46,51 1-24
Transmission ot (it 1J* 1 @
BJ . Q@ _ 4g(l + t) .
. Qratio 0 ot s+ 5)Q0 49 — (1L 4~<T i- T
. 4g2 i
Input & i
y P ° g — (@ + ) flQa (L- meo
(1 +o<ry-T
OUtput 5 [4g — 1 + OY T]Qo (1 - T)Qo
fe(l +g YT PoT
Leakage power  Pr Pasi Qidg- (I + g)2T] Qod - T)

Gas discharge _ rP e _ (- DQoJ L-Pfog-
§ power P. wrad®—ril@+ < FFaLt ] ra+ (}Y fo
(1- Qo

2D

TYNYNOC TYJINHOIL  N3LSAS 1134
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where o and w are respectively the resonant angular frequency and the
operating angular frequency.
This may be rewritten as

T = To « (23)

L+ # [ - o
where TOis the in tune transmission and Q1 is the loaded Q, if one assumes
that the 5’sand Q1 remain unchanged for small departures from the resonant
wavelength

The irfput impedance of the cavity in terms of the mput line impedance
is then

t: h (29)
()
9 SiHeT Y

The effect of other resonant modes which have been neglected m this
analysis may be included by the addition of a term (cri) in equation
giving

: 5 (30)
ai -r
N (YR IS
- 6+ 2
Equation (30) and equation (2) are identical except for terminology.
APPENDIX B

Experimental Determination 0 “Q” Parameters of Windows

The derived g-parameters which express the electrical size of a window
between a resonant cavity and a surge impedance line were e ne in <qua
tions 20 and 21 of Appendix A.  Numerical values of these parameters may
be of some interest, together with their relation to physical imensions0 6
windows. The 721A test cavity was used for an experimental determina-
tion of the relation between window width and g.  This cavity is 6
inches inside diameter, and is coupled by means of windows to two -g
eter coaxial lines. The width of the windows may be adjusted by rotating
the coaxial lines so as partially to close the openings. The insertion 0ss
through the cavity was measured at 3100 me. by means 0 a superic ero y
receiver which included a calibrated attenuator in its intermediate frequency
section. The windows were carefully maintained geomeétrica ) equa .
this case, il
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which follows immediately from equation 23 of Appendix A on the assump-
tion that gi = go. Fig. 38 shows the results; g proves to be proportional
to the fifth power of the window width, over a very Iarﬂe range of values
of g. A knowledge of this relationship permits one, with the aid of equa-
tions 23, 24, 25, 26, and 27 of Appendix A to calculate the window size

Fig. 38—The relationship between window conductance (g) and window width for the 721A
test cavity

necessary to give any desired conditions of match, insertion loss, and leakage
power.

APPENDIX C

The ATR Box

The value of the input impedance of the ATR is given by equation 29
with 8equal to zero so that

--1 + @©
Lcoo W j

which reduces to
I —— (32)

for the in tune case. This impedance is in series with the magnetron branch
and hence restricts the possible range in values for the impedance at plane
AB. Defining as F the fraction of the available power which is not ab-
sorbed by the ATR, then from Fig. 39 with the admittance of the receiver
hranch assumed to be 5iE,
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TR CAVITY

QUARTER WAVELENGTH OPTIMUM LENGTH FOR
LINE OF CHARACTERISTIC BEST PERFORMANCE
IMPEDANCE 6B

Fig. 39—Equivalent circuit of a system including an ATR

t 2=2.32 msec

0 500 1000 1500 2000
F IN CYCLES

ig. 40—Average leakage power s a function cf repetition rate for two different values of
s g <P pu?seduratllon for%ﬁ% tu%e
ere

G~JB=(mmt2)
rtd 7mis the impedance of the transmitter referred to the cavity and meas-

rcd at the plane CD. The worst condition will occur when Zm = 0.
nder these conditions but assuming that the ATR is in tune
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But now G is the reciprocal of the Z of equation (32) so that

O ®
P e s 36

0 1.0 20
t IN microsecon ds

Fig. 41—Average leakage power as a functlon of pulse duration for the 724B tube

Fig. 42—Average leakage power as a function of aver netron power for two different
J g gvzﬂuesofapt?lse duraﬂon fyort ejl% [) P

This equation is analogous to equation (12) of Appendix A. At high levels
the gas discharge power will be given by equation (19) as for the TR

= [P Po 8J1* (19
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If the ATR and the TR are designed to have the same value of P,, then the
values of 5i and 5o must be the same so that a relationship will exist between
Fand T given by

F = 3 i ry (37)
The input impedance Z to an ATR adjusted to the same gas discharge power
of a TR with a transmission of T is given by

2=, 1 &

APPENDIX D

The Analysis of Leakage Power Data

The section on receiver protection described the three components of
leakage power which were referred to as spike, flat, and direct coupling.
One may write down at once the following simple expression for leakage
power:

PR= Ef+ Pyft+ PnTd (9)

where PR is average leakage power

E, isenergy In a single spike

[ is pulse repetition frequency

Py is flat power
LI Pulse duration ,.
P* Isaverage magnetron power (averaged over the recurrence period)

and

Tdis direct couplin? insertion loss. o ,
Experimental curves veritying the linear relationships in icate y s
simple equation are shown in Figs. 40, 41, and 42. It is a straigit on\ar
operation to deduce numerical values for the three PR box leakage param
eters from the slopes and_intercepts of these curves. o

Equation (39) was written on the assumption that gas-limite  at pover

and direct coupling power add linearly. If instead we assume that a phase
angle 0 exists between the two currents, we find.

Pr=E,f+ Ppft+ TdPm + 2VPEIITd'PM cos0 (40)

This of course is identical with equation (39) except for the cos 0 term. If
cos 0 is not zero, we no longer expect a linear variation of Pr wit /, t, or
Pu; the experimental curves demonstrate quite clearly that cos  mus
vanish, hence 0 must equal 90°.



A Wood Soil Contact Culture Technique for Laboratory Study
of Wood-Destroying Fungi, Wood Decay and Wood Preservation

By JOHN LEUTRITZ, JR.
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ABORATORY tests for evaluating fungicides are often used as a means

of predicting field results and for investt%attng the action of cellulose
and wood-destroying fungi. Of the several laboratory procedures hitherto
devised for these purposes, however, none has been entirely adequate.
This has led to incorrect interpretation of laboratory assays of fungicidal
compounds, with attendant misapplication of preservatives. The con-
fusion and misunderstanding concerning the use of preservatives have been
further increased by the misapFIication of the laboratory procedures them-
selves. A brief review and explanation of some procedures and their applica-
tion will clarify these statements.

Minute quantities of toxic agents and growth-promoting substances
which are not readily detected by known chemical analyses may be deter-
mined by bio assay methods, the value of which depends upon a prior
determination of the reaction of one or more organisms to known quantities
of these substances. Another bio assay is the so-called “acceptance test”
for fungicides, by which the fungus resistant qualities of materials impreg-
nated with fungicides may be determined. ~Since fungus resistant qualities
are the primary concern in such a test, the identity and 3uant|ty of the
preservative are of only incidental interest. However, the identity, fungus-
proof qualities and quantity of fungicidal compounds are important when
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laboratory procedures are devised for comparing effectiveness in the develop-
ment of different preservatives. In addition, the chemical and physical
properties of the different preservatives must be considered for the deter-
mination of their subsequent behavior when exposed to a variety of en-
vironmental conditions. Bio assays may thus be used for quantitatile,
qualitative, comparative, or predictive purposes.

In order to survey existing tests, it may be helpful to classify them.
There are three groups of rather ill- defined laboratory methods based on tin
nutrient and physical properties of the substrate. 1he first group is com-
prised of those methods in which an agar or similar base is used. \ arious
nutrients or nutrilites* may be added to this base-, and prior to inoculation
with one or more fungi the preservative may also be added. This grouE
includes the standard petri dish test described by Richards2 1923, whic
has had extensive use in the field of wood preservation.  The carbohydrate
source in the standardé)etri dish method was malt sugar. Later, in response
to the requests by industry, Richards attempted to substitute wood flour
as the nutrient. However, the radial fun%us growth used as the criterion
of toxicity was very sparse and thin and the substitution of wood flour for
sugar was discarded. It is of interest to record here that Richards also
summarized the previous work on toximetric tests of wood preservatives.

The second group includes those methods in which the preservative is
added directly to a cellulose material before exposure to organisms. The
preserved material may be the only source of nutrient for the fungi, or a
piece of similar untreated material may be provided. Such a metho s
described in a paper by Waterman, Leutritz and Hill3 1938. No agar is
used, and the untreated wood is supported over water by mechanical means.
When agar is used to support the preserved material and to Sé)dp|y water,
nutrients, nutrilites or combinations of each of these may be addec to t e
agar. This may be done in several ways, among which are the kolle flask
method for wood preservatives described by 1-alck , 1927, the stanc arc
method of the American Society for Testing Materials for testing fabncs
1942, and the present Signal Corps test of fungicidal coatings', 1143. O
these the first two methods are used chiefly as acceptance tests J .e
termmmg the fungus-proof qualities offun(};wldally treated woo an a rics.
They are also used in development wrnrk for comparison and for prec ictin,,
the field behavior of preservatives when s é)plemented by arti tcia wea ter
ing cycles. The Signal Corps test is used as an acceptance test of fungi-
cidal coatings which are sprayed on electical equipment. ~ Since t le cri eno
is the inhibition of fungus growth at some distance from a paper Impreg-

*Nutrients here mclu e the sugars and com oun susedT>> 0*fC
gnutnhtes will reperreae ogm tﬁ anacpﬁJ those ¢ P .. R r 1958 ?
such as vt mins, rowth subst nces and ming

Blbllography at end of this paper
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nated with the fungicidal coating it is fundamentally a quantitative measure
of the amount of fungicide which diffuses into the agar from the impregnated
paper specimen.

A third grouE of test procedures employs soil or soil suspension in con-
junction with the preservative materials. Here the soil furnishes an active
microbial culture and supplementary nutrients and nutrilites. The soil
suspension method has been described by Furry, and Zametkin7, 1943, and
the soil burial method by the American Society for Testing Materials.

The techniques included in the first group are time saving, permit of
replication, and are readily duplicated by other investigators. However,
the results in the agar-fungicide system do not apply to a cellulose-fungicide
system and are therefore a source of confusion resulting from their mis-
interpretation when so used. Agar-fungicide systems as originally de-
scribed by Richards are quantitative tests and have heen used principally
for comparative toxicity studies. From such comparative studies attempts
to predict the behavior of a preservative in subsequent field tests have
been generally unsuccessful. Examples of the discrepancies between the
results from field and petri dish tests will be discussed later in this paper.

In general, the second group of methods takes a longer time, and replica-
tion leaves much to be desired. Since the preserved material is the same
for laboratory and field tests, better agreement between field and laboratory
results should be obtained with the kolle flask-wood block method and
the A.S.T.M. fabric methods. However, the Signal Corps method for
testing fungicidal coatings used on electrical equipment is not a a true test
of the coating material per se.

The third group of methods introduces a large number of variables through
the use of soil. Previously, replication of results and concomitant duplica-
tion by other investigators had been lacking, due to microbial activity,
physical properties, nutrient properties, and moisture variations of the soil.
However, during experimental work with termites, the author8made certain
observations on the various factors involved in the decay process. These
led to an intensive study of the problem resulting in the development of a
test method for wood preservatives which overcomes many of the limitations
of earlier methods. The soil burial method is a severe test of fungicide
treated material, and, with the modification to be discussed in this paper,
it is anticipated that the variables which cause non-uniformity of results
can be eliminated. The method is also evaluated bz comparison between
the results obtained in the laboratory and those obtained from parallel
field tests.

Rapid decay of wood in contact with soil was observed during an attempt
to establish experimental termite colonies in the laboratory (Leutritz§
1939). Instead of becoming infested by the termites, nearly all the blocks
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decayed more rapidly and more completely than in any previous laboratory
test. Preliminary experiments were devised to ascertain the factors re-
sponsible for the accelerated decay and to establish optimum conditions for
growth of fungi in laboratory tests of wood preservatives. As a result of
this exploratory work a laboratoiy technique was devised which permitted
study of these factors and which offered a convenient means of evaluating
toxicity and preservative properties of chemical compounds. Further in-
vestigation was made on the effect of nutrients and nutrilites in the soil,
temperature, and the moisture content of the wood. Parallel with this
laboratory investigation, a study was made of the fungus attack on wood
under climatic conditions very favorable for decay at Gulfport, Mississippi.

Initial Experiments and Results

As a preliminary step, the moisture content of the soil from the termite
colonies was determined by oven-drying 100-gram samples. This vas found
to average 22% of the oven-dry weight of the soil. ~ Pests with several soils
showed that approximately the same moisture content could be obtained by
merely adding to dry soil just enough water to make the mixture cohere when
squeezed in the hand. S _

A one-hundred-gram sample of moist soil was placed in each of 24 large-
mouthed, eight-ounce, screw-capged bottles (12 cm. high and 6 cm. in
diameter). A weighed oven-drg lock of southern pine sapwood, 2 x 2 x 2
cm., was pushed to a deﬁth of about 2 cm. into the soil in each bottle. The
caps were put on, and the preparations were sterilized for 30 minutes at lo
pounds’ pressure in an autoclave. After cooling, the block in each of twe \e
of the bottles was inoculated with a pure culture of one of seven common
wood-destorying fungi—Lentinus lepideus, Fomes rosens, Poria microspora,
Polyporus vaForarius, Coniophora cerebella, Poria incrassala, and Lcimtes
trabea. Twelve bottles, not inoculated, were used for moisture detcrmina-
tions. 0
The bottles were then placed in an incubator maintained at 26 28
At the end of each month three of the bottles inoculated with each
were taken from the incubator. Each block was removed from the Mil and
weighed immediately; it was then allowed to dry in an ovenat 1 0
to a constant weight. The average percentage loss in dry weig t ue o
decay was calculated. The results, recorded in Fig. 1, show that the very
rapid decay of wooden blocks in contact with the soil is not the resu t o any
one particularly active fungus. Each of the seven species proc uce ex
ceedingly rapid decay under the conditions of the soil assay.

by Rllﬁ?s'swl%%a waﬁ\%%ﬁgnabegpp E* A%r%guhﬂtr'el @?Farbtvlg 8395@1943 (bee mmiog
graphy at end of paper.)
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(CURVE 1) OR

LOSS DUE T DECAY

AVERAGE PERCENT WEIGHT
MOISTURE CONTENT, INITIAL WEIGHT BASIS (CURVE 2)i

FINAL WEIGHT BASIS (CURVE 3)

FINAL
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LENTINUS LEP10EUS CONIOPHORA CEREBELLA
FOMES ROSEUS PORIA INCRASSATA
PORIA MICROSPORA LENZITES TRABEA
POLYPORUS VAPORARIUS AVERAGE FOR ALL ORGANISMS
MONTHS MONTHS

Fig. 1—Wood soil contact technique



WOOD SOIL CONTACT CULTURE TECHNIQUE 107

For comparison, a similar test was made according to the method de-
scribed by Waterman, Leutritz, and Hill3 1938, in which the test blocks are
placed on inoculated sapwood slabs supported over water in capped wide-
mouthed bottles. Comparison of the average percent weight loss due to
decay for all organisms by both methods, Fig. 2, shows that the water-wood
method is far less eilective in producing decay than the soil method.

S 00

MONTHS

Fig. 2-Comparison of average weight éoss.and final moisture content by wood-water
and Wood-soil techniques

An additional experiment was conducted with several strains of two of
the fungi previously used, Coniophora cerebella and Lentinus lepi ciis.
Zoniophora cerebella strains were as follows:

Baarn, from Dr. Johanna Westerdyjk, Holland

Liese, from Dr. Liese, Germany

[daweiche, from Dr. Idaweiche, Germam{ _ _ .

Madison, from Forest Products Laboratory, Madison, Wisconsin, iso-

lated from oak, November 13, 1919 _ S

BTL, also from Forest Products Laboratory, Madison, Wisconsin, 2
The Lentinus lepideus strains were from the following sources.

No. 534, from Forest Products Laboratory, Madison (Iso. 034)

BTL U-l, U-13, U-14, and U-32, from creosoted pine telephone poles

which had failed in service
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Gulfport, from a test post in Gulfport, Mississippi, used for our assay

work
The results of the assay with these strains of Coniophora cerebella and Lenli-
nus lepideus showed the average weight loss in percent due to decay to he
32.0 and 27.3 percent respectively which was as great as that in the previous
soil tests with the single representative of these species. A greater amount
of decay was obtained with one strain of Coniophora cerebella due to a slight
change in technique, i.e., the fungus was first established on small slabs of
southern pine sapwood, and then sterile oven-dry blocks were dropped on
the vigorously growing fungus. The Iarge amount of decay (60%) which
resulted led to the adoption of this modification in all subsequent tests.

The foregoin? tests may be regarded as supporting the use of the criteria
previously employed in the selection of fungi for laboratory tests—namely,
their occurrence as saprophytes of wood, their isolation from service ma-
terials for example, pine telephone poles or tests posts, and their demon-
strated ability to bring about decay of wood in the laboratory.

As a result of these preliminary experiments, the use of soil as the medium
in testing procedure was adopted.

Soil Contact Technique

On the basis of the foregoinf]] experiments and in view of the rapidity of
the decay occurring on test blocks in the soil-contact test, the following
method is described as a means of evaluating the effectiveness of preserva-
tives or toxic materials which are recommended for the protection of wood
or other cellulosic materials. The method may also be used to study en-
vironmental factors which affect decay or it may be adapted to the study of
fungi other than the wood-destroying fungi of the Basidiomycetes.

Ordinary top soil, such as a florist would use for potted plants, is satis-
factory for the test. While experience has shown that top soil from a
number of different sources may be used without materially affecting the
results, standardization would be desirable. Therefore the term “soil”
will be defined as a sandy loam type which contains 4-6 percent of organic
matter and a pH originally between 5-7. The soil is passed through a
coarse-mesh screen to remove rubble, stones and other debris; this is most
easily accomplished when the soil is dry. The screened soil is moistened
with just enough water to effect cohesion into a soft ball when squeezed in the
hand, and a check may then be made by determining the moisture content
of the soil. When prepared in this manner the moisture content of the soil
should be 20-25% on an oven-dry weight basis. In an alternative procedure,
the moisture content of the dry soil is ascertained and then sufficient water is
added to give a moisture content of 20-25%.

Bottles, 12 cm. high and 6 cm. in diameter, are half filled (60-100 grams)
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with the moistened soil. Two pieces of southern pine sapwood *“feeder
strips” (3.5 x 2.0 x 0.3 cm.) are placed on the soil in each bottle, Fig. 3.
The bottles are closed tightly with screw caps and then autoclaved for 30
minutes at 15 pounds’ pressure. When the bottles have cooled, a small
inoculum (a few millimeters square) cut from a pure culture of a suitable
wood-destroying fungus is placed on the sapwood substrate. Each bottle
contains a single dominant fungus culture. It is best to use at least four to
eight selected species of fungi for an assay. The bottles are again capped
and placed in an incubator, or a controlled temperature room, held at 26¢
28°C., for at least one month. Any contaminated or weak cultures are

discarded. This completes the preparation of the pure fungus cultures,
Fig. 4, and they are now ready to receive the test blocks.

To each bottle containing a culture established on sapwood substrate
are added an untreated control block and a block treated with a preserva-
tive according to the following method:

The required number of  cubes of sapwood blocks are placed in a humid-
ity chamber at 30°C. and 76% relative humidity until the blocks have
reached a constant weight. Then the necessary number of weighed blocks,
weighted to ensure immersion, are placed in a container of convenient size
under a bell jar fitted with a separatory funnel. After evacuation of the
bell jar to a pressure not greater than 2 cm. as measured by a mercury man-
ometer, the vacuum is held for 5 minutes. The stopcock in the pump line
is then closed, and sufficient solution is admitted from the separatory funnel



Fig. 4—Pure fungus culture of Poria incrassata
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to submerge the blocks completely when the air is admitted. After re-
maining in the solution for 5 minutes, the blocks are wiped superficially and
and weighed. This treated weight is used for calculation of the theoretical
retention according to the following formula:

in which R* = pounds of preservative per cubic foot of wood, G = gain in
weight in grams, C= grams of the preservative in 100 grams of solution, and
V. = volume of the test piece in cubic centimeters. When the solvent has
evaporated from the blocks, they are placed on racks, returned to the
humidity chamber and brought to constant weight. The difference be-
tween the humidity weights before and after treatment serves as the basis
for calculating the actual retention, and the final equilibrium weight is used
also as the initial weight of the treated block before exposure to the fungus.

The cross-section side of the blocks is placed in contact with the \inor
ously growing mycelia of the sapwood culture which in turn is in contact
with the soil. For each concentration of preservative, three treated blocks
and three untreated control blocks are exposed to each species of fungus.
The bottles are recapped and place in an incubator or constant temperature
room at 26°-28° C. with a relative humidity of 85-95%.

Exposure of the blocks to the fungus for from twelve to twenty-four weeks
gives satisfactory results. If a sufficient number of treated specimens
is exposed to the same organism, one or two specimens may be remote
at the end of twelve weeks; and if considerable decay has taken place,
the test may be concluded. At the end of the exposure period the bloc s
are brushed free of mycelia and immediately weighed to* determine ticir
moisture content. The blocks are then allowed to stand in the room unti
dry, after which they are again transferred to the humid chamber (tem-
perature 30°C., relative humidity 76%) for two-three days until a con-
stant weight is attained.

In the toxicity work reported in this paper an untreated reference bloc -
was added to each test bottle. If a large number of assays are contemplated
the number of weighings may be reduced by eliminating the untreate
blocks except for occasional reference purposes. | he reduction in tic num
ber of reference blocks may be accon plished by establishing a ccca> norm
for each test organism. This norm would be based on data sm ilar to that
used in Fig. 1 except that the procedure would be the same as that descn M
for treated blocks. Comparison of the percentage weight loss due to decay

Kilograms
*To express the retention metrically R X 16.018 = "blcgmeter



112 BELL SYSTEM TECHNICAL JOURNAL

of the norm with the percentage weight loss due to decay of the test block
may be used as a measure of the effectiveness of the preservative or toxic
material. An index of the value of a preservative treatment may be ob-
tained from the following computation:

% loss of norm — % loss of treated block n
% loss of norm

Values of the index would range from 100, representing complete protection
against decay, to 0, representing no protection whatever.

In most cases, especially when no volatile preservative is present, the
untreated reference block disintegrates completely within twelve to six-
teen weeks. An inspection rating based on strength may be used to supple-
ment weight loss due to decay. The rating is made on the basis of appear-
ance and strength: 10 denotes a sound condition, 9 superficial decay, 8
superficial decay in spots or streaks, 7 general surface decay, 6 considerable
decay but not enough to allow specimen to be broken easily, 5 advanced
decay, and 4, 3, 2, and 1different stages of advanced decay, determined pri-
marily by the ease with which the specimen is broken; 0 denotes complete
disintegration. Ratings of 5 and below are considered failures. Similar
ratings have been used for sticks in field work. This method of rating was
used in the field trials of preservatives which appear later in this paper.
Although the system is an arbitrary one, considerable correlation has been
shown between these dissection ratings and the weight loss in percentage.
Wi ith a series of field sticks or blocks treated with the same low amount of a
preservative, ratings based on strength for the series are found to be very
closely correlated with weight losses, even when the ratings are made by dif-
ferent workers.

The Influence o] Moisture on Decay

The first experimental factor studied was the moisture content of the wood
preceding and during the time that decay took place. Statements in the
literature concerning the optimum moisture content for the decay of wood
have placed the figure variously from fiber saturation, 27-30% to 60%
(Schorger, 1926)10and 150% (Benton & Ehrlich, 1940)11 of the wood sub-
stance based on the oven-dry weight.

Figure 1gives datg on the moisture content of blocks exposed to the seven
species of fungi for periods of one, two, three, and four months. Un-
inoculated control blocks, removed at the end of each of these periods, were
found to be at fiber saturation, indicating 100% relative humidity in the
bottles and little or no migration of liquid water.

During the progress of decay there is a rapid decrease in the weight of
the wood substance. But the amount of water present in each block does
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not decrease and at all stages of decay corresponds to about 35% of the
original dry weight of the block. Since the amount of water does not de-
crease as the amount of wood substance decreases, there is an increase in the
percentage of water expressed in terms of dry weight as shown by curves
labeled 3 in Fig. 1. Such an increase in the amount of water relative to the
remaining wood substance would tend to limit decay if the optimum moisture
content for initiating decay is considered to be at or near fiber saturation.

If the absolute amount of water in the blocks does not change during the
progress of decay, then the final amount of moisture divided by the initial
weight of the blocks should give a percentage figure fairly close to the initial
fiber saturation of approximately 30%. The curves labeled 2 in Fig. 1 show
ing the moisture content based on the initial weight indicate that this is the
case. For example, Fig. 1 shows that the average for all organisms is 4%
greater than 30% after one month, 7% greater after two, 6.3 after three, an
only 2.1 greater after four months. Between the third and fourth months
the soil showed signs of drying out and examination of all of the moisture
curves, Fig. 1, indicates a loss of water through the bottle caps, whic
accounts partially for the discrepancy. The 5-10% increase in water over
the original fiber saturation may be due to slight condensation on t e
blocks or to the respiratory activity of the fungi in breaking dovn car o
hydrates into C02 and water.

The average amount of decay (curve 1) and the final moisture content
referred to the initial weight (curve 2) for all the organisms obtained by
the wood-water (A) and wood-soil (B) assays are compared in Fig. . e
water content of the blocks in the water test varied from 55-165% asec
on the oven-dry weight of wood and the decay was much less in amount
and uniformity than that obtained by the wood-soil technique wit ie
same organisms. From the results for individual blocks, the limiting wa er
content at which no decay took place was determined as 8% or oria
incrassala, 84% for Coniophora cerebclla, and 66% for Polyporus vapor
arfus. Inafew instances, despite the full cell saturated conditions, ecay
take place. Examination of these blocks indicated that most of the decay
was confined to the surfaces of the blocks. This indicates tlat ac
oxygen was the limiting factor. .

When wood was supported on glass rods over agar (kole as ecmique
full cell saturation of the blocks often occurs due to capillarity of the glass
condensation of water, accidental contact between wood an a»ar>an
conduction by the fungus filaments. That the water content o" tie v=00"
in the kolle flask technique is also too high is indicated by the optimum
moisture content of 150% and the relatively small weight losses due to
decay, less than 10%, cited in the experiments of Benton and Ehrlic .
The amount of decay was again shown to be affected by the water content
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of the wood. If decay is to be used as a criterion of toxic effectiveness,
the importance of eliminating variations in the water content of the block
can be fully realized. The wood soil technique offers an excellent means
of controlling moisture for studies of wood decay.

Sand, cotton, sawdust, wood flour, and soils with varying moisture con-
tents were also used as supporting substrates, but in no case was the amount
of decay as great as that with the same technique using soil of 20-25%
moisture described above. When soils with water contents of 5%, 10%,
20-25% and 30% were compared, the moisture contents of blocks in contact
with them were 12.8%, 23.9%, 27-30% and 73.9%, respectively. Decay
of the blocks was adversely affected by lack of moisture in the first two
cases and by full cell saturation of the wood in the last instance. However,
if moisture were the only controlling factor the amount of decay of wood in
contact with sand should be comparable to that in soil, but this was not
the case.

The Influence of Soil Nutrient or Nutrilites

Nitrogen in the form of asparagine has been shown by Schmitz and
Kaufert?2 (1936) to cause an increase in the amount of decay of Pinus
resinosa by Lcnzites trabea. since wood contains only about 0.1% to 0.3%
of nitrogen, any additional nitrogen received from the soil should promote
decay. It might be expected that the soil supplies nitrogenous and other
nutrients, nutrilites, vitamins, etc., that accelerate decay. Evidence for
this was obtained by comparing the decay of blocks in contact with (1)
top soil, (2) top soil that had been leached for several days with hot water,
and (3) three artificial soils composed of washed sand and fuller’s earth.
In this experiment Poria incrassata was used as the inoculum for a test
period of 12 weeks. The moisture content of the uninoculated control
blocks was 27-30 percent and of the substrate for each series 22 percent;
the temperature and time were constant. The average weight loss for the
blocks in contact with top soil was 54%, with water extracted top soil 45.4%
and the three mixtures of sand-fuller’s earth 24.7%.

It is apparent from these data that the top soil promotes decay to a far
greater extent than the sand-fuller’s earth mixtures and slightly more than
the water extracted top soil, despite the same moisture (fiber saturation)
content of the blocks. The actual rate of decay of blocks in contact with
the top soil was more than double that of the other mixtures. Therefore,
the conclusion may be drawn that nutrients or nutrilites are present in the
top soil which stimulate growth of the fungus and promote decay.

Since the water-extracted soil proved not so favorable for decay as the
original top soil, some of the growth-promoting substances must have been
soluble in water. The greater decay of wood in contact with the extracted
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top soil than of that on the mixtures of sand and fuller’s earth indicates
that the nutrients present in the soil were not all removed by the water
extraction. Further information was obtained by adding soil extract and
other nutrient solutions to the sand-fuller’s earth mixtures. The following
materials were used:

g ﬁjramsorw hresd %er?ﬁh sand

30| ex ra
a|£ xtract (2% water solution)
wtamms

«and biotjn relau% .
stoc mineral so ut|on %I owing composition:

rag? er It ro
e %fwe@ EEREL I, o
82 mghg Soeunce ottles, screw capped igh by & cm. diameter)
pure o U|e% the une%ls orla |&cjass ﬁ
Procedure:

The sand and fuller’s earth in the proportions mentioned above were
mixed in a porcelain jar on a ball mill for six hours. Ihe blocks were
leached for two years with weekly changes of distilled water, using 50 ml.
of distilled water for each block. Before the test, the blocks were oven-
dried to constant weight at 105°C. and a volume measurement was made
by mercury displacement method. The volume at fiber saturation was
calculated from the oven-dry volume according to the formula: Aolume
at fiber saturation = Oven-dry volume + 0.25 X oven-dry weight.

One hundred grams of the soil moistened with 20 ml. of the appropriate
nutrient solution (Table 1) was placed in an eight-ounce bottle for each
block. The weighed block was pushed into the soil with a cross-section of
the block facing upward until the top of the block was level with the soil.

The bottles were capped and autoclaved for 20 minutes at 20 pounds
pressure. After sterilization and cooling, an inoculum from a pure culture
of the fungus Poria incrassata was placed on the top of each block. Jlie
bottles were then placed in a controlled temperature room (26°-28°C.,
relative humidity 90-95%) for 16 weeks.

At the end of this time the blocks, brushed free of soil and mycelia, were
weighed immediately, and the volume was measured. Finally, the blocks
were again oven-driecl to constant weight and the volume was measured
again.

The average volume at fiber saturation of the 42 blocks calculated from
the initial volume when oven-dry was found to be 7.24 cc., and the final
average volume when removed from the test was 7.26 cc. No shrinkage
took place until the blocks were oven-dried, and then the distortion became
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permanent. This constancy of the volume during the decay period indi-
cates the mechanism by which the water is held practically constant during
the decay period. Any loss of water would result in a shrinkage from
which there would be no recovery.

Table 1 gives a list of the solutions used to moisten the artificial soil and
the average weight loss for 3 blocks in percentage for each variation. Several

Table 1

Effect on the Decay of Wood in Contact With Sand and Fuller’s Earth
M ixtures Moistened with Various Nutrients and Nutrilites

Organism Poria Incrassala. Time 12 Weeks

. . . . Average Weight Loss in
Solution Used to Moisten Artificial Soil Per Cgent Du% to Decay
. . . . . 67.0
M.S* + 0.2 Ammonium Nitrate + 1% Maltose + Vitamins Bi,
62.7
59.3
51.3
47.9
29.1
28.4
11.6
MS + 106 MAEOSE oo eees s ssmssssesess s eseees 12.9
*MS. = mmeral ion conghnm the following mlneral
assmm rog ............................. rams per Jjter
nesmm ........................... ram per liter .
....................... . Q. arts per million
an anese.... ....... . arEs er mifjion
or ......... .. 0.005 parts per mj)fion
(0] (IR . arts per mullton
oI bdenum ........ ) . arts per mifion
........................................................................... 0” arts per mitlion

S
| lqrams per [iter
86 grams Eer Iter
.......................................................................... Igrams per liter

t
g ”E%““”&.”X i Sﬁfcse'ﬁﬁ%%’%do iy St Bat above

| H jotin
| 4- Biotin

conclusions may be drawn. It is evident that the soil greatly accelerates
decay, and that the soil extract contains a large portion of the nutrients
and nutrilites which accelerate decay. Malt extract, which contains
proteins and sugars, and the mineral solution fortified with ammonium
nitrate also stimulate decay. The effect of nitrogen in increasing decay
confirms the experiments made by Schmitz and Kaufert,22 1936. When
nitrogen is lacking and a simple sugar is present, the fungus consumes the
simpler sugar instead of the more complex carbohydrate cellulose. This
preference is not evident if sufficient nitrogen is present since both carbohy-
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drates are destroyed. There is a slight indication that the vitamin mixtures
promote decay but the effect as measured by the weight loss is not very
pronounced. The basic mineral solution which was used in this experiment
promoted only slightly more decay than the distilled water. \Vhile the
results are not included in the table, it may be stated that leaching of the
blocks had no apparent effect on decay when compared with unleached
blocks.

Influence of Temperature on Decay

Most of the early work in the Bell Telephone Laboratories was conducted
by the petri dish method at temperatures in the range 26°-28°C., following
the recommendations of Richards, 1923. But certain fungi, including
Mendius Iachrymans, failed to grow at this temperature. When several
inocula of Mendius lachrymans that had failed to grow at 26 -28 C. were
transplanted to sterile blocks, according to the earlier sapwood-water tech-
nique, the loss in weight due to decay after six months averaged 34% at
21°C. and only 7% at 26°-28°C.

An experiment was planned to test the influence of a wide range of tem-
peratures on the decay of wood in the soil contact assay method. 1 our
kinds of fungi were established under sterile conditions on untreated wood
slabs laid on moist garden soil. An abundant growth of the fungi was
secured within one to two months. Cubes of sapwood were placed on tle
vigorously growing mycelia, both of which had been conditioned by exposure
overnight to the various temperatures. Sterile soil, also conditionec to
the temperatures, was used to cover the blocks. After 15 weeks exposure,
the results were as follows:

Average Weight Loss in Per Cent

oOcC. 21*C. 26-28°C. 30°C. 35°C.

Poria incrassata....... 0.0 35.6 58.2 347 8.;

0[ 0rus vaporarius. 0.0 42.7 58.9 4;2 08
Icrospora 0.0 53.3 59.0

Ml """" 0.0 27.1 62.7 60.5 13

fhe results indicate that the standard temperature, 26 -28 C. was optimum
or the four fungi tested. No decay was produced by any of the fungi a
I°C. A temperature of 35°C. was too high for active decay; in the case o
Via microspora, for instance, only a single block was attac -e .
eries at 35°C. was repeated because the soil in some of the bottles see
0 have become rather dry, although the blocks containe

n the new series the humidity was maintained at 76% aroun

o reduce loss of water, and three more organisms were use
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of the previous temperature tests were confirmed and the weight losses
due to decay by the three additional fungi, which are known to tolerate

higher temperatures, were as follows:

Percentage Weight Loss

Organism Due to Decay
Lenlinus Icpidens.........u... 1.
enzites se Ei%an 51?
|Zen2|tes (’BTL U-40). 44.0

These results indicate that certain fungi are able to bring about decay
of wood over a wider temperature range than others. It is clear that a
complete statement cannot be made until the effects of various tempera-
tures between 0°C. and 21°C. have been ascertained. In the light of results
with Lenlinus lepideus, Lenzites sepiaria, and Lenziles trabea showing con-
siderable decay at 35°C., the upper limits of temperature should be deter-
mined for these fungi.

Humphrey and Siggers,13 1933, studied the effects of different temperatures
on the growth of sixty-four fungi. Two different nutrient substrates were
used, but the optimum temperature with these rarely differed by more
than 2°C. The following summary shows a comparison of their results
with those obtained in the above tests:

Optimum, °C. Upper Limit, °C.
H&S BTL H&S BTL
erulius lachr mans .................. 20 21% 28 >28
oria mc[ass ............. 24-30 26-28 34 34
enlinus. leplaeus... 28 28 36 >35
enz(tes tranea........ 28-36 28-35 40 >35
enzites sepiaria 28-36 28 >35

* Bottle method used; no test has been made yet with soil.

Two of the fungi, Mendius lachrymans and Lenlinus lepideus, brought
about decay at limits higher than those reported for cessation of growth
by Humphrey and Siggers. Poria incrassata had the same limiting tem-
perature in both tests. The temperatures for maximum growth and maxi-
mum decay check-rather well in both tests.

Field Studies

The rapid decay obtained in the foregoing laboratory experiments based
on the soil technique was further evaluated by investigating the rapidity
of decay in the field.
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Selection of Wood:

For both laboratory and field assays care is exercised in selecting the
wood. Boards of southern pine sapwood of the shortleaf type, which
includes Pinus echinata, and Finns lacda, are obtained from local lumber
dealers and are cut into sticks f x f x 32 inches. Since the square sticks
facilitate calculation of volume and retention of toxics or preservatives,
they have superseded the round saplings cited by Waterman and Williams,4
1934. The sticks are selected on the basis of uniformity of growth, density
and ratio of springwood to summerwood. The presence of any heartwood,

EXFOSURE PERIOD

I'ig. 5—Field test of untreated sapwood squares exposed at Gulfport, Mississippi, 1941-42

sap stain or other indication of incipient invasion by fungi is cause for re-
jection. After classification into piles according to arbitrarily chosen
weight increments, twenty to twenty-five 32" sticks, for each concentration
of preservative used in field studies are selected by taking the appropriate
number of specimens from each pile to give a representative distribution
based on density. Since the specimens are subsequently cut in half each
individual treatment is represented by 40-50 specimens. Sticks in the
median range of density are generally used for laboratory studies after
they have been cut into f" cubes (8 cc. volume).

An experiment with untreated sticks was carried out at Gulfport, Missis-
sippi, where the climatic conditions are very favorable for decay and also
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for termite attack. Six hundred 8-inch lengths were dried in the oven in
the laboratory at 105°-110°C. and then weighed. The specimens were
then shipped to Gulfport, Mississippi, and distributed throughout the test
plot in April. Each eight-inch specimen was buried in the soil until the
end of the specimen was even with the level of the soil. At the end of
each two-month period subsequent to exposure about 80 specimens were
removed, brushed free of dirt and mycelia, oven-dried, and reweighed.
mn order to study decay during the winter months, 150 additional pieces
were planted in October; seventy-five of these were removed after four
months and the rest after six months exposure.

From Fig. 5 it is evident that in the field test the loss in weight due to
decay was far less than that obtained in the soil test in the laboratory.
The maximum amount of decay in the field after two months was as high
as 10% in only two out of the 81 samples exposed; after four months it was
19%, after six months 30%, after eight months 20%, after 10 months 30%,
and after 12 months 50%. While the maximum percentage loss applies
only to one specimen in each case, in general the average percentage losses
noted in the figure were far below these figures. Therefore, decay in the
field does not approach in uniformity and rapidity that occurring under
controlled conditions in the laboratory.

Experiment at Chester, New Jersey, Using Various Nutrients:

Another field experiment was devised in which an attempt was made to
increase the rate of decay by using nutrient materials and salts which would
change the pH of the soil. Sixteen-inch untreated sticks were selected for
uniformity within a very narrow density range and exposed in each of six
specially prepared plots in northern New Jersey. The ground was first
plowed, then harrowed and raked free of stones so that the soil in all plots
was nearly uniform before treatment. Then fifty sticks were buried to a
depth of 7 inches in each plot in rows of five, with two feet between each
row and one foot between the sticks in each row. The plots were treated
as follows:

Plot No. Treatment
ontrol
. garonl}/na g In;naenure
§ %Eoungs ci)mmermal ff{tlllzer (5-10-H)
0 ounds a ?mmu
6 trient solution*

* Containing ﬁhe following minerals dissolved in ten gallons of water, then sprinkled
over the entireplot
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. gte: Thé"Salts"in A, B, and C"waré dissolved"separatéTy and then the three parts
mixed.

The sticks were removed and examined at intervals of three, twelve, and
fifteen months. The percentage failure, as determined by the ease with
which the specimen could be broken, is shown in the following.

Percentage Failure

3mo. 12 mo. IS mo.

2 S éé
10 12
10

1% :ﬁ ioU

At the end of 12 months the greatest number of failures due to decay
was observed in the plot treated with the acid salt (aluminum sulfate).
Colorimetric determinations of the pH of the soil showed it to |* between
5.8 to 6.0 for the soil treated with the acid salt and about 6.6 to 6.8 for the.
control plot. This experiment needs to be repeated for con irmation
results, but the present indications are that the acid soi was muc more
favorable for decay than the soil in the control plot. ime an eri
soils gave results comparable to those of the control plot, witl an in ica
that the fertilizer increased the decay. T-he complete isinte”ra ion o
the sticks in the acid treated soil was particularly noticea e, w ereas
sticks in the soil treated with manure were intact, tioug easiy r
The plot treated with the nutrient solution showed tie same ra e o
as the manure plot at the end of the twelve-month peno . en P°
of aluminum sulfate were then added to the nutrient plot, and three months
later all the sticks were completely disintegrated. The rapi  ism
of the sticks in the plot treated with the acid salt points to the importance
of further work on the effect of the pH on the rate of decay.

Comparison of Soil Technique With Otiier Toxicity Assays

In the selection of a method for testing relative toxicity of che
microorganisms, the rapidity of test, the standardization o e
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the choice of test organisms, the ease of manipulation, the replication of
results, and the duplication by other investigators have been the paramount
objectives.

A hypothetical test which would meet these requirements could be
performed with distilled water to which could be added increasing concen-
trations of the chemical to be tested. A known amount of fungus mycelium
or spores could be shaken with the toxic solution and left for several different
time intervals. The fungus filaments or spores could then be removed to a
nutrient agar, and the viability of the fungal filaments or percentage of
spores germinating could be readily determined. Comparative toxicity of
a large number of compounds could be quickly and easily ascertained.
The results, however, would be applicable only to a distilled water-poison
system, and the concentration of most toxic materials necessary to inhibit
growth would be very low.

The addition of nutrients would necessitate larger amounts of the toxic
materials (Van den Berge,’5 1935). Therefore the mineral solutions—
nutrient agar, soil extract agar, soil or wood substrate would in general
necessitate an increase in toxic material, the amount of increase depending
upon which substrate best meets the nutritional requirements of any partic-
ular fungus. Some toxicity values would also be affected by chemical or
certain physical changes resulting from interaction between the toxic
material and the substrate.

In the petri dish method, the fungi selected for studies of wood destruction
grow well on the nutrient substrate containing 1.5% malt extract and 2%
agar. Although such a mixture has been recommended as a standard
substrate,2it should be pointed out that the malt syrup is somewhat variable
in composition and constituents and that even the agar varies in the amounts
of various growth substances present, Robbins and Ma,15 1941. The inter-
pretation of results obtained by the assay of a fungicide when dispersed
in an agar system should be restricted to that specific system and not
applied to a wood-fungicide system.

When wood preservation studies are carried out, reliance cannot be placed
on the results of petri dish tests. The use of wood permits the testing'of a
large variety of the more common preservatives and fungus-proofing agents,
many of which may react with the wood or are precipitated in the wood
upon loss of solvent. Organic preservatives which are relatively insoluble
in water are not readily tested by petri dish assay.

Comparison of the wood-soil contact method with the wood-water method
when untreated wood blocks are used is shown in Fig. 2. The greater
uniformity in the amount and rapidity of decay and the better control of
moisture showed the soil technique to be superior. It is obvious that if
the amount of decay is variable and adversely affected by other factors,
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the effect of the preservative or fungicide will be obscured. When the
sapwood-water method3 was published, comparison between it and the
kolle flask method showed that the wood-water method had certain
advantages. e o 1
Comparing the method of soil contact withtiiat of soil burlal the pnncipa
point of difference is that a pure culture is used in the soil contact methoc
and a mixed culture is used in the soil burial method. Common to boti
are the moisture-regulating and nutrient properties of the soil. Since tlie
microbial activity of unsterile soil is diverse, depending on tle t>pe an
source of soil, uniform results from soil burial could not be expectec.
wood specimens were exposed individually in bottles of non steri ¢ so
the laboratory, the amount of decay after 12 weeks exposure was ess
10% for all specimens. The results were similar to those obtained by t
exposure of untreated wood out-of-doors at Gulfport, Mississippi, or
two-month period (Fig. 5). Since decay-producing organisms were sio
to be present, the other organisms in the soil must have inter ere wi
growth of the wood-destroying fungi. The antagonism between t ie woo
destroying fungus Lentinus lepideus and a contamination iss own in Ig
The soil-contact technique instead of the soil burial met o as e
used extensively to test cotton fabric, thread, paper, jute, i ers,
variety of other materials. The organisms have been varied according o
their occurrence on the particular substrate in nature. ie un@
tomium globosum, Aspergillus niger, Stachybotrys atra, Stysaiius mu
Metarrhizium have been established with excellent resu ts on a su}
of cloth when testing fabric. The loss in tensile strength of an unprotec ec
cotton thread which had an initial absolute pull of 30 Pounds was 9(>- 0/0
after two weeks’ exposure to Chaetomium globosum. reae i
other cellulosic materials may be tested as satisfactory > as rea e
Examination of numerous reports from soil burial stuc leso rea e
indicates that organisms which tolerate certain types o clemica
dominant in the test beds. As a result, a preser\atil\e w ic s o\
promise initially may suddently fail when the test is repea e .
culture technique were used, a better evaluation of the preservative would be

Similarly the controversies which have arisen over the ability o ’
fungi to destroy cellulose could be resolved by using tie sui a
soil technique. At least there is wery good evidence t at many o
vironmental variations affecting decay are at or near the optimu

Toxicity Tests

In the toxicity tests which follow, petri dish results are given lor several
compounds, soil contact test results are grven lor compoum s
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assayed by the petri disli method, and the field test results are included for
comparison with the results of the soil contact test method.

Fig. s—Antagonism which has persisted for over one year between the wood-destroyin
q %GLentmug lepideus fouter OrtIOHS and contam|r¥ ating fungus (inner portlon%gs

During the initial stages of this research on the evaluation of toxic prop-
erties of various compounds for wood preservation, the petri dish method
was used for assay studies in the laboratory and the modified sapling method
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of Waterman and Williams#4 (1934) was used for the field tests at Gulf-
port, Mississippi. Table 2 shows the results obtained with the petri dish
method on the toxicity of four common inorganic salts and a creosote to
several of the usual test fungi.

Table 2

Toxicity Expressed in Per Cent Toxic Agent Present in Nutrient Agar as
Determined by Petri Dish Assay

Inhibition Killing

Compound Fungi Point Point
Arsenic Trioxide adison #51{ 0.04 0.064
orla inc[assn 0 .
epideus

Lenlinus
OMeS roseus

orIn microspora .
Polypoms vaporarius

Zinc Chloride rla |||crg f,’a §

en mus Ieb)ldeus

omes roseus
ofla microspora
Polyporus vaporarius
Mercuric Chloride qlson #517 0.0012  0.0012
P '%urasleva{deggnus oo0e 0003
9( liICrassa ? 888§ 888@
Orla microspora 0.01 0.01
Pomes roseus 0.01 0.01
Copper Sulfate néinusl if us 0.06
adison 2% ? .
cnufcs seplaria ggg
0mes .roseus .
o[la ilcrassala . 5
Iy 0rUS Vaporarius 1.00 1.00
orla microspora 1.0 1.00
Creosote o[ia jiicrassala . . i 0.096
0 n}éporus vagoranus . 0.12
0rl@ microspora }2@
enlinus Irep deus 0:88 .

Resistance of the fungi to the four salts is variable, but it will be noted
that Lenlinus Iepideus, which is most sensitive to copper sulfate, tolerates
the highest concentration of creosote. Poria iiicrassala, which is fairly
tolerant of copper salts by petri dish test, is the most sensitive to zinc chloride
and creosote. POria microspora tolerates relatively greater concentrations
°f all the compounds than any of the fungi tested.

The four salts assayed can be easily dissolved in an agar medium in con-
centrations high enough to be toxic, but uniform dispersal of insoluble salts
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in the agar is not so easily accomplished. Many salts may be made soluble
by dissolving them in dilute ammonia or acetic acid solutions. For example,
copper arsenate or zinc meta-arsenite are soluble in ammonia or acetic acid,
and by evaporation of the volatile portions of the solvent the salts are pre-
cipitated. When precipitation of the salts from ammoniacal or acetic acid
solution is carried out in treatments of wood, subsequent evaporation of
ammonia or acetic acid from the wood is rather rapid. In agar solutions,
uniform precipitation of the salts through evaporation of the ammonia and
acetic acid is not easily attained.

Table 3

Twenty Four Week Soil Assay of Wood Preservative Compounds Not Readily
Assayable by Petri Disii Methods

Average Weight Loss in Per Cent

1.60 Ibs/cu.ft.  0.80 Ibs/cu.ft.  0.41 Ibs/cu.ft. Untreated*

0.72 Ibs/cu.ft. 0.36 Ibs/cu.ft.

sl

blo

Eobla liicrassata....,.... i 0.0 18.']/ 10:1 gé i
0.0 s 8:d
Mixture H2 2.79 Ibs/cu.ft. 1.40 Ibs/cu.ft. 0.68 Ibs/cu.ft.
o[ia iiicrassata...., ...................... %g% géa 38.8 §§ g
. Z '. 318
Mixture Hi 0.35 Ibs/cu.ft. 0.15 Ibs/cu.ft.
E%Wi”&v‘ssaé?ar'ﬁ"" - R ud é
. ?_ EJSﬁ\p ........... 0.0 gb

oo

1.0 145
*KAverage per cent weight loss of untreated blocks in the same bottles with the treated

138 g
e

Agar cannot readily be used for assays of two other types of compounds
used as wood preservatives. The first type depends on chemical reactions
with and also within the wood. Specific examples of this type are the series
of compounds fixed in the wood by the reduction of chromium salts which was
first studied by Kamesam,17 1934. It is now the generally accepted view
that the reduction of the chromium is brought about by various sugars in
the wood. Subsequent research led to the use of Ascu (Kamesam) or Green-
salt K and to the later development of Greensalt “0 ” by the Bell Telephone
Laboratories in the United States and the Bolidens’ salts in Sweden. These
inorganic salt mixtures were developed in the search for preservatives which
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would be fixed in the wood and thus resist leaching when exposed to the action
of ground waters.

The second type is comprised of organic compounds or mixtures of organic
compounds, such as creosote, which has had an excellent sendee record as a
preservative. Also included in this type of compounds (which are insoluble
in water and have a relatively low vapor pressure) are certain chlorinated
phenols and cresols. Because of the low water solubility or immiscibility
with agar solutions, the uniform dispersal of the toxic agents in the agar
system, tvhich is essential to reproducibility of results, is almost impossible.
Uniform injection of these materials into wood, however, presents no par-
ticular problem.

Assays of four representative mixtures not readily assayable in the petri
dish are included in the results of Table 3. The composition of the treating
solutions of the mixtures 1, 2, 3, and 4 is given below:

Mixture 1 i‘l?rcor%lcdgc 43.%%
8% dissalved in a 10% ammonia
ISenic acu! 49; srﬁut?on 10%
Mixture Z opper phenolate 40/
% cppﬁ nolates 0
Mixture 3 odium flyo
E Lélumuhgddro[%en arsenate %
odium ﬁ
Initropheno

Mixture 4 %inc axide

. S

cetic acl

In the assays shown in Table 3 the maximum retention of the mixture by
the wood is that recommended for the treatment of wood that is not to be
used in contact with the ground. To make the test as severe as possible,
organisms were selected which were known from petri dish, kolle flask, and
wood-water assays to have a high tolerance for various inorganic salts.
Examination of the data in Table 3 shows that the compounds produced
in the wood by mixture 4 afford almost complete protection to the wood
which was treated with 0.72 pound of the salt per cubic foot. The vigorous
attack on the untreated blocks is evidence of the severity of the test. Sim-
ilarly, the comparable treatment of the wood with 0.8 pound of mixture 1 per
cubic foot was very effective in protecting the wood against fungus attack.
If the amount of mixture Vin the wood is doubled, almost perfect protection
against decay may be obtained. Wood treated with 0.35 pound of mixture
3 per cubic foot is protected against POypoms vaporarius and B TL U -II but
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not against Poria incrassata. The latter fungus completely disintegrates
both the treated and the untreated wood. Despite the fact that the wood
treated with mixture 2 represented the highest concentration of any pre-
servative used (2.8 pounds per cubic foot), complete disintegration of the
wood results from the action of the three fungi just mentioned.
Compounds of the Greensalt type were also assayed by means of the soil-
contact method. The solution commonly used for treatment of wood with
Greensalt K contains three chemicals in the following proportions:

ST M U

11%

After treatment of the wood with this solution, reduction of the chromium
by the sugars in the wood together with evaporation of water precipitates
in the wood fibers several complex insoluble salts, among which presumably

< COPPER ARSENATE COPPER DICHROMATE GREENSALT K
1
° \ ANINCRASSATA
g \\ \ Ve -
ua \
a: D \ \\ \\
£ o 30
\Yi S \
S- 20 Vi \
2. \
\ SNS poLyPorRUS =A
2\ VAPORARIUS
<0 \
0.45 0.91 1.36 0 0.45 0.91 1.36 0 0.5 0.91 1.36

POUNDS PER CUBIC FOOT

Flg 7—Com;E’ar|son by wood- sméaps fl of components with ﬁge whole salt of Greensalt
rganisms Poria Incrassata and Polyporous vaporarius. 24 weeks' t

are copper arsenate and copper dichromate. Results of soil-contact assay
of wood treated separately with solutions of these two components and with
the whole Greensalt K complex are given in Fig. 7. Before exposure to the
fungi, the wood specimens were leached by a diffusion method described by
Waterman, Leutritz and Hill3 1938. No untreated control blocks were
included in the bottles with this test, which was conducted for 24 weeks.
The copper arsenate component of the Greensalt K complex is shown to be
much more effective as a preservative than the copper dichromate component
but not as effective as the whole K salt complex. Figure 8 shows the setup
for the wood-soil assay of 0.75 Ibs/cu. ft. of Greensalt K from a recent series
of cooperative experiments conducted by the Forest Products Laboratory,
Madison, Wisconsin. Figure 9 is a comparison of the Greensalt K treated
and untreated reference blocks in the same bottles after exposure to the
following fungi:
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enziles trabea ?# E
oria Inc ass ta
entmus Ideus Ig’
ora [nl ora

oria fu rata ax er

Blocks

The distortion and shrinkage of the blocks can be used as a visual confirma-
tion of the weight loss due to decay.

The more recently developed Greensalt 0 is similar to the K salt. The
treating solution of this salt mixture is composed of copper oxide, hydroxide
or carbonate, chromic acid anhydride, and arsenic acid in percentages based
on the chemical equivalents of the copper, chromate and arsenic salts in the
K salt solution. The toxicity from the wood-soil assay of Greensalt 0 is
given in Table 4 for fourteen fungi and for three concentrations of the pre-
servative. The effectiveness of the Greensalt 0 treatment of wood is ap-
parent from examination of the toxicity index. The weight losses due to
decay of the untreated reference blocks indicated in general that conditions
for decay were again very severe, but the reference blocks exposed to the
fungus Lentinus Iepideus were protected by their proximity to the treated
specimens. As previously pointed out, the fungus Lentinus Iepideus does
not tolerate even slight concentrations of copper, which is a major component
of the Greensalt complex.

The fungus Poria incrassata was again shown to be the least affected by
the toxicity of the preservative. The toxicity index for the blocks treated
with the highest concentration of the preservative was 94% after 16 weeks’
exposure to this organism. In view of the excellent field record for the
equivalent K salt preservatives ratings 90 to 100% by the toxicity index
would be satisfactory. Additional data will undoubtedly determine the
limits of the toxicity index.

At the end of the 24-week period, the fungi BTL U-II, Lenziles trabca,
Trameles serialis, Polyporus vaporarius, and one strain of Conlophora cere-
bella caused slight decay of one or more blocks treated with the maximum
concentration of preservative, the fungi Lenzites trabea, Coniophora cercbella,
and Trameles serialis were still capable of causing only slight losses. Ex-
posure of the blocks treated with the low contentration of preservative to
Polyporus vaporarius and BTL U-II resulted in an increase in the amount
of decay.

Since the resultant salts of the Greensalt 0 reaction should be similar
to those produced by Greensalt K, field trials of these materials would be
expected to give comparable results. Extended field tests of wood treated
with one pound of Greensalt K per cubic foot have been in progress for ten
years without a single failure having occurred in more than 40 specimens.
Specimens treated with Greensalt O have been tested in the field for only
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Pig 9—A comparison of the Greensalt K treated and untreated reference blocks after exposure to fungi.

on thé right side of picture.) B
Ecnzltcs Irabca# ég%
E— orla inc ass ta ELE
—Lenlinus lepideus
—Porja microspera

ora tCO rata Baxt

cit#)

C.H3S
rr

ovv2  Cla<foj

(Treated on the left—untreated

INOINHO3L FWNLIND  LOVINOD TI0S  a0QW



12 BELL SYSTEM TECHNICAL JOURNAL

the relatively short period of three years, during which time all the specimens
have remained sound.

Results of other held trials for a three-year period with the same mixtures
1, 2,3, and 4, listed previously, copper arsenate, Greensalt 0, and a creosote
are given in Fig. 10. Twenty-hve untreated controls showed 84% failure,
4% sound, and 12% badly infected in one year. All had failed at the end of
the second year. Twenty specimens were used for each retention of the
individual preservatives, with the exception of the creosote. The reason for
fewer creosote specimens within the correct retention is that the empty-
cell treatments of wood with creosote give a wider range of retention than the
full-cell treatments of the wood with water solutions of the salts.

Table 4

Twenty Four Week— Wood Sou. Assay of Greensalt “0” Uslng 13 Species of
W ood Destroying Fungi

Toxicity Index*

1.17 Ibs/cu.ft.  0.96 Ibs/cu.ft.  0.476 Ibs/cu.ft.

4 69
BT.L U-l. .
ST I L U 100
1. U- 100
E¥ C u33‘::::.'.':::.'::.'.'::.'::::.':.'::::.':.':::.':.'.':::.'::.'.'::.':::.'.'::::. 100
100 100
100 100
100 100 100
100 100 100

*TOXiCitV |ndeX % loss of norm — % loss of treated block X 100

% loss of norm

In the three-year period of exposure only the treatments of wood with 1.3
pounds of copper arsenate and 7 pounds of creosote per cubic foot showed a
perfect record. Copper arsenate had previously been shown to be a very
effective component of the Greensalt complexes when tested by the soil-
contact method. Mixture 2 was found to be the poorest by soil-contact
assay and also in the field trials. Mixtures 4, 1, and 3 were rated in that
order of decreasing effectiveness in the field test. In the soil-contact assays
at comparable retention, 0.72 and 0.80 pound of salt per cubic foot of wood,
respectively, mixture 4 was better than 1; and at 0.41 and 0.35 pound of
salt per cubic foot of wood, respectively, compound 1 was slightly better
than 3, especially against Poria incrassata.

Results from field and laboratory tests show good agreement in the evalu-
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ation of the compounds. The advantage of the laboratory method in the
matter of time is a decided one, but the field trial is valuable for testing the
permanence of the preservative. For example, mixture 4 was found in the
laboratory test to be a very effective preservative, but the initial preserva-
tive properties were dissipated by exposure to the weather, since 50% of the

FAILED £23 INFECTED 1 U SOUND O NOT EXPOSED [g ]
GREENSALT cu
CREOSOTE K. ARSENATE NO. 4 NO. 1
7 13 RETENT 16
0.a 0.7 1.4

Fig. 10—Results of field exposures on the four mixtugs of Table 3 fand)other compounds
creosdte, Greensalt K, copper arsenate (retent in pounds per cubic foot).

specimens had to be removed because of failure within three years. When
a compound is a poor preservative, as in the case of mixture 2, both labora-
tory and field trials serve to eliminate it from further consideration. By the
soil-contact method every specimen treated with mixture 2 was badly
attacked by all the organisms used, whereas at a comparable retention only
35% of the specimens in the field trials had failed after three years’ exposure.
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Since these results indicate that the soil-contact provides optimum conditions
for decay, the laboratory method serves as a means of quickly eliminating
inferior preservatives and minimizing the number for field studies.

Summary

The soil-contact method described in this paper has been shown to be a
valuable laboratory tool for the study of fungus destruction of cellulose and
wood and for the determination of the value of wood and cellulose preserva-
tives.

Top soil containing 20 to 25% moisture on a dry-weight basis, when used
as a supporting substrate for decaying wood, proved to be an excellent means
controlling the moisture content of wood during the decay process. In-
vestigation showed that the optimum moisture content for initiating the
decay of wood was fiber saturation. It also was found that during decay
the initial water content of the wood remained constant, through main-
tenance of a constant volume of the wood structure despite loss of wood sub-
stance.

Experiments with various combinations of nutrients and nutrilites added
to artificial soil showed the importance of these materials in decay studies.
The need for nitrogen in the destruction of cellulose by fungi was confirmed.
Lack of wood decay in the presence of a sugar when there is also a deficiency
of nitrogen presents an interesting problem the explanation of which may
throw considerable light on discrepancies in many test procedures. Com-
parison of results with nutrient artificial soils and an average top soil in-
dicates the possibility of employing a standard artificial soil in the contact
test method.

The optimum temperature for most wood-destroying fungi tested was
found to be 26°-28°C. Decay occurred over a wider range of temperature
in soil-contact tests than in petri dish tests.

It was found that decay was much more uniform and more rapid in the
soil-contact method than in other laboratory methods or in field trials.
There is a large, single, vigorous inoculum in the soil-contact laboratory
method, while in the field antagonism between wood-destroying organisms
and the other flora and fauna of the soil frequently checks the decay process.

Toxicity studies based on petri dish assays showed that the amount of a
compound tolerated by several fungi varies considerably. Petri dish assays
of toxic materials are often misleading. Generally, higher retentions of the
preservatives are needed to prevent decay than are indicated by petri dish
assay. Occasionally, a material which performs poorly in the petri dish
test will, however, act as a satisfactory preservative of cellulosic derivatives
in both soil-contact and field tests.

Field trials of preservatives, though in general less rapid, confirm the
results of the soil-contact method and in addition determine the degree of
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permanence of the preservative. However, heating, leaching and other
simulated weathering cycles may be used in conjunction with the soil-
contact method to determine the stability of a preservative to evaporation,
to the solvent action of ground water, and to chemical deterioration by ultra-
violet light. Futher comparisons between soil-contact assay and field test
of a wood preservative such as Greensalt confirms the fact that conditions
for decay are more nearly optimum in the former and result in an unusually
severe test of the preservatives.

The soil-contact method is an excellent laboratory tool easily adapted to
fundamental studies of the decay process and to evaluation of preservatives.
The method has shown considerable promise in evaluating preservatives for
a wide variety of materials, including leather, cotton, felt, paper and jute.
Since the factors influencing decay are very near optimum in the soil-contact
method, any preservative that prevents decay in this laboratory test and is
permanently retained will be effective under any climatic conditions.
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X-Ray Studies of Surface Layers of Crystals
By ELIZABETH J. ARMSTRONG

1. Introduction

HEN a crystalline substance is sawed, ground, lapped or polished, the
Wcrystal structure adjacent to the worked surface is distorted and rup-
tured. Since the selective diffraction of X-rays by a crystal is a result of the
orderly arrangement of the planes of atoms of the crystal, disturbance of this
arrangement is detectable by X-ray diffraction.

Research on aging of quartz oscillator plates seems to indicate that changes
which are accelerated by high humidity take place in this disturbed material
resulting in changes in the frequeny and activityl of the crystal plate. A
knowledge of the nature and extent of this disturbed layer is essential to an
understanding of the changes that are taking place in it and may contribute
to the improvement of the quality of crystal plates, apart from the problem
of aging.

The purpose of this paper is to present a review of X-ray techniques that
have been or may be useful tools for the examination of the nature of the
surface layers of crystals. Each technique is also discussed from the stand-
point of the kind of evidence which it seem best suited to bring to light.
Familiarity with the general principles of X-ray diffraction as outlined in
this Journal, volume xxii, number 3, pages 293 and 297, is assumed.

It has long been known that the nature of the surface preparation of a
crystalline substance affects the intensity of the reflected X-rays. As early
as 1913, about a year after the first X-ray diffraction experiments with
crystals, de Broglié and Lindemann2 noticed that the spots in Laue photo-
graphs of certain crystals were inhomogeneous and suggested the interpreta-
tion that the darker parts of the spots might result from disturbed material.
A. H. Compton3 using a double crystal spectrometer in 1917, found that the
reflection from a ground surface of a calcite crystal was three times that from
a cleavage face.

CﬁPne [ate is said tgetgla%e %reateractivi&/utmgra otherfimilglrtplate if1jhs am Iitudefof

s R R el
Zdze %rogllé, .gang]iindemann, F.-A., “sur les Phénomenes Optiques P

ésentés par les
TZéT- éﬁ‘]é.;;ntzenHRencontrant def M|I|eu>.< ACnstaIIms, Comptes.Rendus, {gé ?Yglg), pp
3 p y AL TT@ aﬁief)t:oiypc%%f_fg%ent of Monochromatic X-Raysfrom Rock Salt

and Calcite,” Phys. Rev.,
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The explanation of the higher intensity of reflection from the disturbed
surface lies in the fact that the rays of the incident X-ray beam, collimated
by a pair of slits, are not perfectly parallel, but diverge, meeting the crystal
plate at various angles, whose range, depending on the geometry of the slits,
is usually about 15 to 25 minutes of arc. If the surface regiln of the crystal
plate is undisturbed only a veiy small part of the incident beam will meet the
crystal at the Bragg angle for X-ray reflection. If, however, some of the
quartz has been disturbed it will have a variety of orientations with respect
to the main crystal structure and the various disturbed bits of quartz will be
at the Bragg angle for the various divergent rays of the incident X-ray beam.
In this way more of the incident beam is reflected by a disturbed crystal
surface than by an undisturbed crystal surface. The disturbed material
measured by this technique differs in orientation from that of the main plate
by not more than a few minutes so that even this disturbed material uses
only a small sector of the divergent incident beam. Surface particles mis-
onented by larger angles are not numerous enough to reflect X-rays into the
ionization chamber with measurable intensity.

An alternative interpretation of the higher intensity of reflection from the
disturbed material should be mentioned although it has little practical signif-
icance. Consideration of the Bragg equation, N \ = 20 sin 6, will show that
a range of 0 values would make it possible for a range of 6 values to satisfy
the equation. If, therefore, there were some variability in the spacing, d,
between the atomic planes from which the X-rays were being reflected, re-
flection would take place over a corresponding range of angles of incidence.4
Such variability in d spacing would be a result of lattice distortion. It would
generally be accompanied by misorientation and therefore its consideration
as a phenomenon distinct from misorientation becomes rather academic.
The disturbance will therefore be spoken of as misorientation although it
probably also involves small changes in d spacing.

Measurable lattice distortion can be produced by other means than surface
working. The reflection-intensity of an etched plate is increased three or
four times if the plate is strained by bending during the reflection of the X-
ray beam. When the pressure on the plate is released the reflection-intensity
resumes its former value. The distortion produced by unequal pressures on
the plate results in the heterogeneity of orientation which makes possible the
use of a larger part of the incident beam, resulting in higher reflection-inten-
sity. When lapped plates are similarly deformed the increase in reflection-in-
tensity is less since some heterogeneity of orientation already exists. As
would be expected, the effect of the deformation is progressively less with

4 0n3|derat|on of the kno n compres lb ||t ten Ie st |nd ate§
f gnaxm cange| pacin alne u' eor ero
?rsma ues-of ecan em or changewou also A) Increas-
Ing, W|th arger $ values to about 0.2% at
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increasing grain size of the abrasive with which the surface of the plate was
lapped.

21 The Single Crystal Spectrometer

The single crystal spectrometer is used for X-ray measurement of
the orientation of quartz oscillator plates. In this instrument slit-collimated
X-rays are reflected from a crystal into an ionization chamber and the rela-
tive intensity of the reflected X-rays is read from a meter showing the

WAVELENGTH IN ANGSTROMS

Fig. 1—X-Rays ectrgf{omar.hogi%m tgrget at 23 antu kilovolts. ~ Ruthenium im-
pur|t>9 present. E/A apted from S|eg ahn, SpEctroscopy or X- ays).
amplified current resulting from the ionization of the gas in the chamber by
the X-rays. Since the reflected white radiation is too weak to cause a meas-
urable amount of ionization, only the reflected characteristic radiation is
measured by the ionization chamber. For most purposes a copper-target
tube is used and the Bradiation (comparable to Rh3 of Fig. 1) is eliminated by
a selective filter so that only the d radiation is used, the X-rays thus being
essentially “monochromatic”.

Three different techniques for examining surface layers of crystals with
the single crystal spectrometer will be described. Two of these employ
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photographic films or plates in addition to the ionization chamber for meas-
uring the reflected rays.

2.2 Reflection-Intensity Measurements on the Single Crystal
Spectrometer with the lonization Chamber (Fig. 2)

Working with the single-crystal spectrometer, Bragg, James and Bosan-
quets found the reflection-intensity from a ground face of rock salt two to
four times that from a cleavage face. Dickinson and Goodhue6 found the
reflection-intensity from ground faces of sodium chlorate and sodium

CRYSTAL
PLATE

Fig. 2.—Single crystal spectrometer

bromate twice that from the natural face. Sakisaka' found the reflection-
intensity from a quartz plate lapped with #30 carborundum 2\ times
that from a plate lapped with very fine emery, which, in turn, was twice that
from an etched plate. Recent measurements by the writer have shown that
the reflection-intensity of an etched surface increases with progressive lap-
ping and that of a ground surface decreases with progressive etching as shown
in Fig. 3. In these figures the reflection-intensity is given in terms of the
ratio of the intensity from the test plate to that from a standard plate of the
same cut, etched 20 minutes following fine lapping. The initial rate of in-
crease of intensity-ratio with lapping or decrease with etching is very high.
This technique would be most useful in sample-testing groups of plates to
check whether they had been inadequately etched or whether any lapping at
all had occurred after etching. (In either case the plate would be subject to

ﬁg%vra%w lZSa Bt Bl dhfa‘ésaﬁ 21% p. 305h3e I OEﬁeﬂﬁ/)I(ion )

mson R. G..and Goodhue, %A “Th aI Struct gf Sodium Chlorate
m Soc ’5 ?e

énd %llga 3, e thng%c{\sl% rth(e: urface Con ItI0 so% t’“ n5|yof Reflexion of
Rays by Quartz,” Japanese Jour. Phys. 4 (1927) pp. 1
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aging.) Although a plate lapped with 180 carborundum can be easily dis-
tinguished from one lapped with 303| emery by a comparison of intensity
ratios, plates lapped with nearly similar abrasives cannot be distinguished
with certainty, except on a statistical basis.

That the disturbed material measured by this technique differs in orienta-
tion from that of the main plate by less than a few minutes is shown by the
fact that the range of incident angles over which ionization-detectable X-ray
reflection takes place from a lapped crystal plate is the same within the

REVOLUTIONS OF PLATE ON LAP

69 41 S0y Sution and By e e aoped bt T RS BRI ot o

limits of error of measurement as that for reflection from an etched crystal
plate.

2.3 Photographic Measurement of Angular Misorientation with
tih; Single Crystal Spectrometer

A technique which does indicate quartz misoriented by more than a few
minutes has been devised by Dr. C. J. Davisson. . Although the X-rays
reflected from this material are too weak to produce a measurable current in
the ionization chamber, they will darken a photographic plate or film if ade-
quate exposure time is allowed. The principles of this technique are illus-
trated in Fig. 4 and some of the resulting photographs are shown in Figs.
5and 6.

The plate to be measured is placed at the Bragg angle to the incident X-
rays as determined by preliminary measurement of the maximum ionization
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Current produced in the ionization chamber which is at twice the Bragg angle
to the incident beam. A film in a paper envelope is then placed before the
ionization chamber in a holder which permits a small portion of it to be ex-
posed at a time. A brief (5 or 10-second) exposure is then made with the
crystal plate in this “zero position”,8 (see Figs. 4 and 5), recording the strong
characteristic radiation reflected from the main crystal plate. At the same

(FILM)- (FILM)-
(10 SECONDS)- (10 MINUTES )-
(FILM)- (FILM)—
CHAR. RAD. CHAR. RAD. I
SHORT | LONG

/1
/]
/]
/
I WHITE +
CHARACTERISTIC
RADIATION

ZERO POSITION
POSITION AFTER
NEGATIVE ROTATION
Fig. 4—Spectrometer photography of misoriented crystalline material

time the weak white radiation is being reflected from the disturbed material,
but this radiation is relatively so weak and the disturbed material of such
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relatively small volume that the reflection does not noticeably darken the
photographic film in five seconds. Successive ten-minute exposures are then
taken with the crystal plate turned at successively greater angles from the'
zero position. At any given angle the disturbed quartz that has thus been
brought into the proper position to reflect the characteristic radiation does so,;
producing a center line on the film whose intensity is roughly proportional to

+2°
-1030°

ROCKING

ZERO

Fig. 5.—Spectrometer photograph of BT quartz plate lapped with 303§ emery

the volume of quartz misoriented to this angle. Various wave-lengths-of
the white radiation will satisfy the Bragg equations for various atomic planes
of the main plate at each angular position and will be reflected to other posi-
tions on the film. Although the incident white radiation is relatively weak
the reflected beams are strong enough to darken the film in ten minutes be-
cause rays reflected from the main plate are reflected by a much greater
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volume of quartz than are rays reflected from the disturbed layer. The
strongest of these “white” reflections from the main plate is that from the set
of atomic planes most nearly parallel to the surface of the plate, the planes
that reflected the characteristic radiation in the zero position.

NO.3, 10 SECONDS NO, 3, 20 SECONDS

ROCKING

ZERO

Fig. s —Spectrometer hoto raphs showing effect of etching.a 303f emery-lapped BT
. s pquar Iatew?th4%% éro%luonhcag Yo

In Fig. 5, the central line (indicated by the arrow) resulting from the char-
acteristic radiation reflecting from the disturbed quartz, is distinctly present
through the 4° exposure but not in higher-angle exposures, indicating that in
the 303i emery-lapped surface from which the X-rays were reflected there
was not enough quartz misaligned by more than 4 to reflect a beam that



144 BELL SYSTEM TECHNICAL JOURNAL

would visibly affect a photographic film during a ten-minute exposure. The
dark line that moves to the right as the negative angular rotation increases
results from the reflection of progressively longer wave-lengths from the
quartz of the main plate. The three series of exposures in Fig. 6 show the
progressive removal of the disturbed quartz by etching with 48% hy-
drofluoric acid. After ten seconds’ etching the line from the disturbed
material does not show distinctly beyond the 1°30' position; after 20 seconds’
etching it is distinct only through the 1° 00' position and after 40 seconds it
can only be seen distinctly at the 30' position. If the film had been ex-
posed for a longer time at each position the line from the disturbed material
at each angle would have persisted with longer etching. W ith the arbitrarily

i T-=Plorghgrahee ) 550 i g g fom e (00
chosen ten-minute exposures a line from material misoriented by 451_dis-
appears after about 25 seconds’ etching with 48% hydrofluoric acid, but the
disappearance of the 30' line occurs only after 70 seconds’ etching, which
removes an amount of quartz equivalent in weight to a layer about four-
tenths of a micron thick on each surface.

W ith this technique we are measuring the more grossly misoriented sur-
face material, material that is probably not continuous with the quartz of
the main plate. This is evident from the fact that a piece of quartz would
have to have a length-thickness ratio of 26 to 1to take a 3° deflection without
breaking and the microscopic evidence does not indicate the presence of any
such long, thin pieces of quartz attached to the plate.
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Although about a half-minute’s etching with 48% hydrofluoric acid re-
moves all quartz misoriented by more than 45', quartz misoriented by a
smaller angle than this is not entirely removed by more than an hour’s etch-
ing, as indicated by photographs taken with X-rays passing through the
plate, a technique to be described later in this paper. The ionization cham-
ber and amplifier are not sensitive enough to register the reflection from the
small amount of this material left after two minutes’ etching.

I he disappearance of the more widely misoriented material in the earlier
stages of etching may mean either that this material is preferentially removed
or that there is uniform removal of all the misoriented material with the con-
sequent disappearance of that which is smallest in amount. Geiger-Miller
counter measurements of the intensity-distribution of the reflections from
the misaligned material at various angles at the various stages of etching
would indicate which of the two alternatives is true. These measurements
are being made by Davisson and liaworth, but are not yet complete.

2.4 Photography of the Disturbed Surface with a
Broad X-Ray Beam

A second photographic method with the single-crystal spectrometer, used
by Berg in 19319 Gogoberidze in 194010 and others involves the reflection of
a broad monochromatic beam from an appreciable area of the crystal surface
(placed at the Bragg Angle, 6) onto a photographic plate or film placed paral-
lel to the crystal face. The different reflection-intensities from the variously
disturbed parts of the surface of the crystal plate darken the film differently,
giving a map-like picture of the distribution of different degrees of dis-
turbance over the surface of the plate. One picture produced in this way by
Berg is reproduced in Fig. 7. The thin white cross and circle are reference
marks scratched on the surface of the rock-salt crystal, the lines being parallel
to the cube edges. The two sets of sub-parallel streaks are the traces of do-
decahedral j101) planes and “show that the crystal structure in these places
differed from the ideal lattice”. They are interpreted as slip planes (store-
benen) in the crystal. C. S. Barrett" has recently refined this technique and
broadened its application to the study of a wide variety of metallurgical
problems.

The application of this technique to the study of quartz surfaces might
provide useful information on disturbance distribution which is not furnished

by the other techniques

Wolf ang, .“Uber eine r6ntenographisch de zyr Untersuchung von
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31 The Double Crystal Spectrometer

In the double crystal spectrometer (Fig. 8), X-rays reflected from a crystal
plate are again reflected from a second crystal plate into the ionization cham-
ber. Their intensity is indicated by a meter showing the amplified ioniza-
tion current, as in the case of the single crystal spectrometer. The divergent
white rays from the collimating slits are reflected from crystal plate A as
shown in Fig. 8: those of longer wave-length at higher angles and those of
shorter wave-length at lower angles in accordance with Bragg’s law. If

Si § 2 n\=» dsiNs

ACTION OF A AND B TOGETHER

Fig. 8.—Double crystal spectrometer, parallel position. Si and S2are collimating slits

crystal plates A and B are placed so that similar sets of atomic planes in the
two plates are parallel, the same rays that were reflected from plate A will
also reflect from plate B as shown in Fig. 9 since each ray will meet this plate
at the particular angle, 0, which will satisfy Bragg’s law for that wave-length
for the atomic planes in question.

If plate B is rotated a few seconds away from this position, however, and
if the crystal is perfect, the conditions for reflection are destroyed for all rays
so that no X-rays enter the ionization chamber. However, a plate with a
surface layer of misoriented crystal material will still reflect when thus
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rotated because the misoriented particles will be brought into the reflecting
position as the main plate is turned away from it. The farther the main
plate is turned from the reflecting position, the weaker will be the reflected
radiation because less quartz will be misoriented to this angle. In this
respect the double crystal spectrometer technique is similar to C. J. Da-
visson’s photographic technique, but is measuring much smaller angular rota-
tion and higher reflection-intensity. A curve of the variation of reflection-
intensity with angular rotation of the B crystal plate for two differently
finished crystal plates measured by Davis and StempelZ is shown in Fig. 9

DAVIS AND STEMPEL
PHYS. REV 170921)

Fig. 9.—Double crystal spectrometer rocking curves

The higher reflection-intensity at the “zero angle” and the very rapid de-
crease of intensity as the plate is turned away from this position show
that the untouched surface is less disturbed. The lower reflection-intensity
at the “zero angle” and the less rapid decrease of intensity as the plate is
turned away from this position show the polished surface to be more dis-
turbed. The width of such “rocking” curves at half-maximum (as x-x" and
Y-Y"in Fig. 9) has often been taken as a measure of perfection of the reflec-

»Davis, B. and Stempel W, M., “An Experimental Study of the Reflection of X-Rays
from Calcite,” Phys. Rev. 17 (1921) pp. 608-623.
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ting crystal. Bozorth and Haworthl3 made such measurements for
variously prepared surfaces of quartz and found that the rocking-curve width
at half-maximum was least for etched plates, the smallest width measured
being 1.7 seconds. The greatest rocking-curve width measured was 88
seconds for which both crystal plates (A and B, Fig. 8) were lapped with
100-mesh carborundum. Bozorth and Haworth also showed that the
rocking-curve width decreased very rapidly in the initial stages of etching

Wi ith this technique we are measuring the angular frequency distribution
of the disturbed material that was detected with the intensity-ratio measure-
measurements with the single crystal spectrometer. Thus, with the rocking
curve, we show the intensity for each angle of incidence separately, but with
the single crystal spectrometer we measure the intensity for a relatively wide
range of angles of incidence at one measurement, which is the integrated in-
tensity under the double crystal spectrometer rocking curve.

None of this small-angle disturbance is detectable by the Davisson photo-
graphic technique because at small angles the reflected rays are too close to
those from the main plate and become confused with them on the film. Con-
versely, none of the material detected by the Davisson photographic tech-
nique is detectable by this technique because the intensity of the reflected
rays from large-angle disturbance is not great enough to produce a meas-
urable current in the ionization chamber.

Together, these various measurements indicate a relatively large amount
of quartz misoriented by less than a minute and a smaller amount of quartz
misoriented by larger angles up to three or four degrees.

The use of a photographic film in place of the ionization chamber in the
double crystal spectrometer would presumably permit the precise measure-
ment of the smaller amount of material misoriented by more than that now
measured with this instrument, as in the Davisson technique with the single
crystal spectrometer. This has not, to the writer’s knowledge, been done.

41 The Transmission Laue Camera

In the transmission Laue camera (see Fig. 10) a beam comprising ajarge
range of wave-lengths is passed through a stationary plate. Various sets of
atomic planes in the crystal, each with a different interplanar spacing, d,
making a variety of angles, 0, with the incident beam, reflect whatever wave-
lengths of radiation in the incident beam satisfy the Bragg equation, ;X =
24 sin 0, and the reflected beams are recorded photographically. Figure 11
shows films resulting from one-hour exposures. As in the case of the single-
crystal spectrometer, the slit-collimated beam comprises non-parallel rays,
gnd Its% ‘:auon EAt ﬁaunrgace OleH]ment EF&(? eRFé\e/rffgt 3458”5 f g%j %ﬂ] Teﬁe% E)ar!g
ystem Technical ub 1.

Ications onogra ph



e ST g

SURFACE LAYERS OF CRYSTALS 149

Fig. 10—Section of transmission Laue camera. Si and S; are collimating slits
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but in this case exposures are long enough to record the “white” radiation
reflected from both the small-angle disturbed and undisturbed material. If
reflections from material misoriented by more than a few minutes were re-
corded on the film the lines from the reflected X-rays would be broader than
the}-- are.

In the undisturbed material there is one wave length from a ray traveling
in a given direction that will satisfy the Bragg equation for a given set of
atomic planes. Most of these “usable” X-rays are reflected by the first thin
layer of undisturbed crystal they meet and therefore very little reflection of
X-rays of this wave-length from this ray takes place from deeper layers of
the undisturbed crystalline material. This removal of the reflectable X-rays
by the first thin layer of undisturbed crystal is known as “primary
extinction”.

In the disturbed surface layer, on the other hand, regions of dissimilar
orientation are superposed. In this case a ray traveling in a given direction
will have X-rays of one wave-length subtracted from it by the first crystalline
material of a particular orientation it meets in accordance with the Bragg
equation; then, beneath this, crystalline material at a different orientation
will subtract from it X-rays of a different wave-length and so on so that
from each ray a broader range of wave-lengths is diffracted by the disturbed
material than by the undisturbed, resulting in a stronger reflected beam from
the disturbed material. Since the lapped surfaces of the crystal plate give
a stronger reflected beam than the undisturbed interior of the plate, the re-
flection of the slit collimated beam from each set of atomic planes appears
on the film as a pair of lines. The density of these lines is related to the dis-
turbance and their width is related to the depth of the disturbed sur-
face layer, as shown diagrammatically in Fig. 10. The four photographs in
Fig. 11 were taken in this way, all through the same BT quartz plate. Figure
11a shows the reflections from the various atomic planes of the 4 mm.-thick
BT-cut quartz plate, lapped on one side with coarse abrasive (180 carborun-
dum) and on the other with fine abrasive (#303" emery). As shown in
Fig. 10, the coarsely lapped surface was toward the photographic filmland
therefore the line closer to the line from the direct beam (the single line in
the lower right corner) is the stronger of the two. Figure lib was taken in
the same way after the plate had been etched in 48% hydrofluoric acid for
47 hours. The acid was renewed every few hours. The presence of dis-
turbed material near the two surfaces is still discernible. Micrometer
measurements after etching indicated that the thickness of the plate had
been reduced by 0.14 mm.

Such a measurement is from the peaks of the rugged etched surface on one
side of the plate to the peaks on the other side: over most of the plate the
etching had proceeded to a greater depth than the .07 mm. indicated by the
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micrometer measurements. Since the disturbance is still discernible it
appears that its depth in this plate was greater than .07 mm.

.With the discovery that the disturbed material may be more than 70
microns thick, it becomes apparent that great care must be taken to remove
the disturbance produced by all previous lapping and sawing prior to mea-
surement of disturbance produced by a particular lapping technique. This
may require more than 48 hours’ etching with 48% hydrofluoric acid which
will produce a rugged surface. An alternative procedure is to use a natural
crystal which has never been cut or worked. Since the natural faces of some
crystals do show disturbance, preliminary tests should be made with the
various techniques for detecting the presence of any disturbed material. A
transmission Laue photograph of a small quartz crystal from Herkimer
County, N. Y., taken by C. J. Davisson, showed no disturbed material. If
a natural face of such a crystal were lapped under carefully controlled con-
ditions and the resulting disturbance measured by the various techniques, a
reliable picture of the disturbance produced by that lapping procedure would
be obtained.

In many of these photographs some darkening occurs between the two
lines that mark the outer surfaces of the plate. In most cases it appears as
well-defined streaks, as in 11c, but may be irregular, as in 11a. Such streaks
appear to.be due to disturbed zones within the quartz plate whose disturb-
ance is related to the growth history of the crystal. Where they adjoin the
disturbed surface layer they may be responsible for erroneous measurements
of the misorientation and depth of the surface layer.

Photograph 1lc was taken prior to any etching, like 11a, but through a
different part of the plate and shows different internal imperfections. | ho-
lograph lid was taken through the same part of the plate after only 20
minutes’ etching and shows very little surface disturbance. To get a picture
of the distribution of the surface disturbance and internal imperfections of a
plate a series of exposures should be taken with the plate translated a short
distance relative to the beam between each exposure.

Measurements of the depth of the disturbed layer have given widely
different results with different techniques. The Laue photographs just
described indicate the depth to be more than .07 mm. or 70 microns in some
cases, even with a 3038 emery finish.14 This is in accord with the 0.1 mm.
depth assigned by Y. Sakisaka on the basis of two sets of measurements
made by him with two widely different techniques.15 1 his value is also in

i uSince adequate precautions for the removal of all previous disturbance were not taken
;(,'815\@:1%?5%3,' Qte TR hacts of trie S%rrf]ac_e CondliéiZOYns on t7hle1IT§tensIty 0¥ Reflexion (r}
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Math. Soc. of Japan, Ser. 11, v. 12 (1930), p. 189-202,



192 BELL SYSTEM TECHNICAL JOURNAL

accord with the measurements on the double crystal spectrometer made by
Bozorth and Haworth who show that after 20 hours’ etching with 48% hy-
drofluoric acid at 30° C. the rocking-curve width of a plate originally lapped
with 100-mesh carborundum was still measurably greater than that of a
plate originally lapped with 600-mesh carborundum.13

The measurements that have given half a micron for the depth of the dis-
turbed layer have been made with techniques incapable of showing part of
the disturbed material. The reflection-intensity measurements made with

INSTRUMENT TECHNIQUE INFORMATION OBTAINED
IONIZATION COARSER ABRASIVE
CHAMBERnN GIVES HIGHER

REFLECTION- INTENSITY.
INTENSITY
MEASUREMENT
AMOUNT OF ETCHING TIME
LAPPING
SPECTROMETER
FILM
PHOTOGRAPHY MATERIAL MISORIENTED
OF MISORIENTED UP TO 3°-6°, DEPENDING
MATERIAL

SINGLE XL ON ABRASIVE
SPECTROMETER
IONIZATION
CHAMBER X COARSER ABRASIVE GIVES LOWER

ROCKING-CURVE AND BROADER ROCKING CURVE
MEASUREMENTS WITH GREATER TOTAL INTENSITY.
MAXIMUM QUARTZ MISORIENTATION

DOUBLE XL ROCKING  EASURED: ABOUT 1 MINUTE.
SPECTROMETER ANGLE

FILM FILM

PHOTOGRAPHY MOST REFLECTION
OF /l FROM LAPPED SURFACES.
)
THICK PLATES COARSER ABRASIVE

GIVES DARKER SPOT.
LAUE CAMERA

Fig. 12.—Diagrammatic summary of instruments, techniques, and results

the single crystal spectrometer can only show the material present in large
enough amount to cause measurable ionization in the ionization chamber.
The Davisson photographs with the single crystal spectrometer cannot show
material misaligned by less than 15 minutes. Any photographic technique
which is capable of measuring material misoriented by a few seconds has
shown a disturbed layer much thicker than half a micron at any worked
surface of quartz crystal.

Figure 12 is a diagrammatic summary of the various techniques that have
been described. Table 1 summarizes the present knowledge concerning the
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Table |

Summary of Information Concerning the Nature of the Disturbed Surface
M aterial of Quartz Plates

Description of the disturbed materia! Method of detection
Rasncgggﬂ)l%onented powder on the surface, removable by Elgﬁgyogn?)}ffractlon photogra-

Matenl grlentcdf m p r | 45' t0 appraxi- - Photography with the single
SRRl "

Matenalml orle% H ?%n Z:ﬁ?n%ih“t%sé?ggu has rso% Reflectlon |n1%nsn%eme§|srtljgrf

re

A L0 %Sta'su&%mw.gﬁ{ e
urem ts with the dou
cr stahs ectrometer

crysP f)(l;rap y of thick

tronbe J. Davisson

disturbed layer of worked surfaces of quartz, indicating the technique
through which the information was obtained in each case. In order that
this table shall be complete the electron diffraction work of C. J. Davisson

Fig. 13—Electron diffraction ghotograghs gf a BT uarSz plate taken with a 50 kv.
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must be included although it does not properly belong in a paper on X-ray
techniques. Dr. Davisson took an electron diffraction photograph of a
quartz plate that had been lapped with 303§ emery, water rinsed, and air
dried. The plate was then scrubbed vigorously with soap and water and
toothbrush and a second photograph was taken. The two photographs are
reproduced in Fig. 13. The first shows a series of continuous rings indicat-
ing the presence of a large number of small particles of quartz with random
orientation. In the second photograph, these rings have disappeared and
there remain only arc-segments associated with spots. The spots are the
“reflections” from undisturbed quartz. The arcs represent quartz rotated
through a small range of angles from this position, the misoriented material
indicated by the Davisson photographs with the single crystal spectrometer.
These electron diffraction photographs show that a lapped plate has ran-
domly oriented quartz on its surface which may be removed by scrubbing
and quartz with limited misorientation which is not removed by scrubbing.
No X-ray technique has shown the existence of the randomly oriented
material.
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NOTE

Some Novel Expressions for the Propagation Constant
of a Uniform Line

By J. L. CLARKE

N a modern communication system the lea&ance is generally quite
I small and can be neglected in making propagation computations.

Hence the case is taken of a circuit having resistance, inductance and
capacitance.

Let R, L and C be the resistance, inductance and capacitance per mile
of the circuit.

Now the formulae which have been developed for the real and imaginary
parts of P, the propagation constant, are:

P—a-+ 3
where
«=\/iveWE? + @@2- a3 O
0= ViuClw + a@z2+ al} )

Inspection ofthese formulae does not reveal any obviousreason for the
particular structure of the expressions; however, they may bechanged so
as to present themselves in a different form.

P can be written:

P=fi(a/fi+j) €)

Now

S, J VETZBHk - @

3 V -yli?22 + w2 l- +

where 0 is the absolute value of the angle of the characteristic impedance.
Hence

P —/3(tan 8+ |) o)
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The expression in (4) for tan 6 may be written:
tanb= v1 - LCV2

where V = the phase velocity.

Now LC = 1/VI
where V0 = the transient velocity.
Hence
tan€= VI - VyVi
and

P=fi(Vl - fIF2+ ) ©)

Now it can also be shown that for a progressive wave:

)

So that the real part of the propagation constant is equal to the square
root of the difference between the electrostatic energy per mile and the
electromagnetic energy per mile divided by the sum of the energies (multi-
plied by f?

Lhis gives the attenuation constant in terms of the most fundamental
entity that we know, namely energy.

Also multiplying each side of equation (8) by X the geographical length
of the line between the origin and the point under consideration:

Px = fiW i - V-IVIx+ jx) (10)

Now fiX is the number of radians (i.e. total phase shift along the length
&) and using relativity conceptions.

is the apparent length of the wave structure in the length X (the waves
moving at velocity V) as observed from a fixed point with signals moving
at velocity V

Aso fix\/l — yi/yz js the number of radians in the apparent length

1 he characteristic impedance may be stated in terms of the phase velocity
as follows:

(ID



NOTE

Decibel Tables
By K. S. JOHNSON

BOUT twenty years ago, Bell System communication engineers felt
the need for, and adopted, a new “Transmission Unit,” initially ab-
breviated “TU” but some five years later given the name “Decibel,” or db.
This unit is now universally used throughout the communication world and
is fundamentally a measure of the ratio of any two powers. Quantitatively,
the number of decibels corresponding to the ratio of any two powers is 10
times the common logarithm of that ratio.* If the ratio of the first power
to the second power is greater than unity, the first power is said to represent
a transmission “gain” with respect to the second power, or the latter is said
to represent a “loss” with respect to the first power.

Since currents flowing through, or voltages impressed across, the same or
equal impedances will result in powers that are proportional to the squares
of these currents or voltages, it is possible, under these specific conditions,
to state that the number of decibels corresponding to the ratio of any two
such currents or voltages is 20 times the common logarithm of the absolute
magnitude of the ratio of these currents or voltages.

Another unit that is frequently employed in theoretical transmission prob-
lems is the “Neper.” The use of this unit often results in the simplification
of such problems and, hence, its relationship to the decibel and to exponential
and hyperbolic functions is frequently of interest to communication en-
gineers.

Although the relations between these various values are obviously not
complicated ones, it has been found by experience that tables of numerical
values are often very" useful to communication engineers. As a result, rather
extended tables (21 pages) have been computed under the direction of the
writer and P. H. Richardson, in which the entering arguments are: (1)
decibels, with the tabular values giving the corresponding current, voltage,
or power ratios—and their reciprocals; (2) current or voltage ratios, with
the tabular values being the corresponding decibels. Tables (16 pages)
have also been computed in which the entering arguments are decibels and
the corresponding tabular values are nepers (A), 6/—\, €~A, sinh A, cosh A
and tanh A. These latter tables are, among other things, useful in the
design of attenuators or pads, etc.

Photo offset copies of any of the above tables may be obtained gratis
from the Director of Publication of the Bell Telephone Laboratories, Inc.,
463 West Street, New York 14, N. Y.

Techsﬁou Dejcalrt])lejlaryl b\lame for the Transmission Unit”, by W. H. Martin, Bell Sys.
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Abstracts of Technical Articles by Bell System Authors

Network Analysis and Feedback Amplifier Design.l H. w. Bode. The
material for this book was originally prepared as a text for an informal
course at Bell Telephone Laboratories. It is the outgrowth of a research
directed at the problem of designing degenerative feedback amplifiers to
provide substantial feedback without instability. The solution of the
feedback problem is, however, dependent upon certain propositions in
general network theory which are applicable also to other situations. With
the addition of other logically related material, this has made the book
primarily a text on general network theory.

Earlier texts on networks have been concerned primarily with trans-
mission line and filter theory. The present book emphasizes the broad-
hand aspects of network theory. In other words, it is concerned with the
problem of providing characteristics which vary smoothly, and in some
prescribed manner over a broad frequency range. This aspect of network
theory is stressed because it is the one which best fits the feedback problem.
It also has applications, however, to the many broad-band problems which
arise in television, frequency modulation, multi-channel carrier telephone
and other modern communication systems.

fhe emphasis on broad-band problems has a number of consequences.

01 example, it gives special importance to networks including resistances
as \vcll as reactances, since it is frequently only by the use of controlled
dissipation that network characteristics can be made to vary smoothly

er broad ranges. The emphasis on broad-band applications also requires
special attention to the effects of parasitic elements, and several sections of
the book are devoted to the development of design methods for networks
mcluding prescribed parasites. A final consequence is the importance
which is assumed by the limitations on the characteristics which can be
obtained from physical networks. Over very narrow bands only very mild
mutations exist, but as the band becomes broader the available charac-
teristics become more and more restricted.

fhe other principal point of emphasis of the book is on the use of net-
works in association with vacuum tubes, rather than as purely passive
structures. The primaiy theoretical development of the book is stated in
terms of general active circuits. Otherwise the effort to extend network

1Published by D. Van Nostrand Company, Inc., New York, N. Y., 1945,
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theory to vacuum tube circuits consists chiefly in giving special emphasis
to network design problems ordinarily found as part of vacuum tube am-
plifier design. The design of an over-all feedback loop is, of course, an
outstanding example. In addition, special attention is also given to the
design of such individual network units as input and output circuits, inter-
stage networks, and local feedback circuits, especially when they appear &
constituents of a broad-band amplifier.

Judging Mica Quality Electrically.2 k. . Coutlee. A threatened
mica shortage resulting from an unprecedented wartime demand for mica
capacitors used in electronic communication equipment by the Armed
Forces was forestalled by rigid conservation measures, use of alternate
materials, and the use of electrically selected mica from types previously
considered unsuitable for capacitor use. By employing two electrical
tests, developed by Bell Telephone Laboratories, Inc. for the War Produc-
tion Board, in combination with visual and physical requirements, mica wes
selected from plentiful stocks of lower visual quality types of mica, effec-
tively increasing the supply of capacitor mica by 60 per cent. This method
of electrically judging the quality of raw mica was given a thorough com-
mercial trial and found both practicable and reliable.

A Simple Optical Method for the Synthesis and Evaluation of Television
Images) R. E. Graham and F. w. Reynolds. A combination of a 3
millimeter motion-picture projector and a line screen enables the projection
of still or motion pictures closely similar in appearance to those produced by
television. This similarity of appearance is checked theoreticallly by an
analysis of the type previously reported by Mertz and Gray in a discussion
of the theory of scanning. From the analysis it is shown that five para-
meters of the optical-simulation system may be varied to obtain the equiva-
lent of variations in television factors such as number of scanning lines,
size and configuration of scanning apertures, and width of frequency band.

Photographs of simulated television pictures projected by this method are
presented. These pictures include subject matter of general interest as
well as as selected subjects to illustrate the spurious detail components in-
troduced by the television scanning process. These components produce
moire patterns, “steps” on diagonal lines, and impairment of vertical
resolution. Simulation pictures projected by this method have been com-
pared with those produced by a television system and the expected agree-
ment observed.

Calculations are given of the diffraction effects in optical systems of this
type and it is shown that the departure from geometrical theory is small in
the arrangements described.

Elec. Engg., Trans. Sec., November 1945,
2Proc g{gE Eares and Eiectrons January 1946 (pp. 18W-30W).
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A Coil-Neutralized, Vacuum-Tube Amplifier at Very Tligh FrequenciesA

R.J.Kircher. This paper describes a two-stage single-side coil-neutralized
amplifier employing an experimental triode operating in the vicinity of 140
megacycles. Circuit features are described and typical operating conditions
are indicated. Typical distortion characteristics at low-power levels are
also included.

Fundamental Theory of Servomechanisms.s LeRoy A. MacColl. 1he
use of servomechanisms and related devices for automatic control and
regulation is very old, dating back to the latter part of the eighteenth
century. However, it is only recently, approximately since the beginning
of the war, that it has been recognized that these devices are essentially
feedback amplifiers in a mechanical, or partly mechanical, form, hrom
the recognition of this fact it follows that the highly developed theory of
electrical feedback amplifiers can be applied at once to servomechanisms
and similar devices.

This book, which was originally intended to be a National Defense Re-
search Committee report, is an introduction to the theory of linear servo-
mechanisms, considered as a special application of the general theory of
feedback amplifiers. The steady-state theory of the systems is taken as
fundamental, and the various problems concerning the stability and per-
formance of the systems are discussed in terms of it. In the several chap-
ters a variety of types of linear servomechanisms are considered. A brief
discussion of one simple non-linear servomechanism is given in the Ap-
pendix.

Corrosion Protection for Transcontinental Cable 11 est of Salt Lake City,
Utah.6 T. 3. Maitland. This paper discusses the problems involved in
maintaining the effectiveness of the thermoplastic covering provided on
buried toll cables for installation in areas where corrosion is anticipated.
It also describes the method used to obtain the required supplemental
electrical drainage for the Transcontinental Cables across the Great Salt
Desert west of Salt Lake City where the low earth resistivity and high
concentration of alkali salts preclude the use of rectifiers connected between
cable sheath and a made ground generally employed for drainage purposes.
Such installations would result in negative potentials between cable and
earth of sufficient magnitude to create conditions conducive to cathodic
corrosion of the lead sheath in the presence of an alkali salt electrolyte.

To provide electrical drainage without incurring these excessive negative
Potentials a method was developed utilizing the normal potential difference
between zinc and lead as the source of drainage current. Twenty-four
Pound zinc bars of commercially available zinc, 99 per cent pure, were in-
stalled directly in the ground a short distance from the cables at 12-mile

'bu@l’l e%ﬂ% DDVWH%SIPI%& Company, Inc., New York, N. Y., 1940.

Corrosion, June 1945.
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intervals, making connection between the zinc anodes and the cable sheaths
by buried wire. The cable-to-earth potentials were appreciably affected
throughout the entire 120 route miles across the Great Salt Desert by this
procedure.

During the year these anodes have been in place, the cables have re-
mained at a satisfactory negative potential to earth (.20 to .50 volt) with
a small current being constantly drained to the zinc anodes. It is con-
sidered from the results to date that for similar areas the use of metallic
anodes offers an economical and satisfactory means for protecting buried
cables against corrosion.

Transmission Networks for Frequency Modulation and Television.l Har-
old s. Osborne. Looking forward to a great post war expansion in the
arts of frequency modulation and television this paper discusses plans of the
Bell System for providing transmission networks required for the inter-
connection of broadcast stations. A review of cable and open-wire car-
rier systems shows how developments for purely message telephone business
have at the same time put the Bell System in a position of being able at the
present time to meet such network transmission requirements for frequency
modulation as the broadcasters may select as desirable. Coaxial develop-
ments are reviewed briefly, including the application of these developments
to television transmission. Future developments, together with the coaxial
construction plans now under way, are expected to provide by about 1950
a fairly comprehensive nationwide network of facilities capable of providing
for such transmission requirements as may be desired by the television
industry. The important features involved in the operation of such net-
works are discussed, indicating a requirement for a highly trained nation-
wide organization and much equipment—a requirement which the Tele-
phone Companies can face with confidence because of their experience in
handling nationwide communications.

Visible Patterns of Sound.3 Ralph K. Potter. New ways of trans-
lating sounds into pictures are described. These methods of sound por-
trayal are unique because what may be seen in the sound patterns is con-
sistent with what is heard in the original sound. The pictures display the
three basic dimensions of sound-pitch, loudness and time—in a form some-
what analogous to a musical score. Experimental training has shown that
with practice one may learn to read such patterns of speech so that the
development offers the ultimate possibility of aid to the severely deafened in
learning to speak correctly and to use the telephone by seeing rather than
hearing the voice of the distant speaker. The patterns will also be of
considerable interest in the fields of speech science and music.

lec. Engg., Noyember 1945,
;Ec?ence, %;ovem er 8 1354%; Bell Tel. Sys. Monograph B-1368.
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General Formulas for “T™- and «ui~- Network Equivalents,9 M ykil B.
Reed. This paper presents the development of two sets of general formulas
which determine a set of “T” or “I11” impedances equivalent to any linear,

lumped-constant, four-terminal network.

Concerning Halien’s Integral Equation for Cylindrical AnlennasN s. A.
Schelkunoff. The main purpose of this paper is to explain the substantial
quantitative discrepancy between Hallen’s formula for the impedance of
cylindrical antennas, and ours. |Ilallen’s first approximation involves a
tacit assumption that the antenna is short compared with the wavelength.
Since the subsequent approximations depend on the first, they are degraded
by this initial assumption.

The approximations involved in his integral equation itself are justified;
and, if properly handled, the equation yields results in much better agree-
ment with ours. The last section of the paper is devoted to infinitely long
antennas. Such antennas can be treated by at least three very different
methods and a comparison is instructive. In practice, the solution for this
case is an approximation to a long antenna designed to carry progressive
waves.

Principal and Complementary Waves in Antennas.u S. A. Schelkunoff.
In response to an increased interest in mathematical aspects of antenna
theory, this paper presents details of analysis of cylindrical and other non-
comcal antennas as a supplement to a previous paper containing the outline
of the method and the main results. In the course of the present discussion
the theory of principal waves on cylindrical conductors isextended to include
the case in which the diameter is not small compared with the wavelength.

Research Revolutionizes Materials.t J. R. Townsend. A technological
lesson to be drawn from defeated Germany is that whereas Germans had
been noted for their fundamental contributions to science, they were unable
to compete with the United Nations in the field of applied science and
particularly in high-speed production methods. Their defeat was due more
to the overwhelming number than to the individual superiority of the arms
brought against then. The miracle of American production is based on a
design related to obtaining the most from the process used, materials of
uniform quality, and high-speed production methods using high-power
automatic machinery. Germany’s failure was due to standardizing too
early and too inflexibly and this meant that they could not compete with the
steady improvements in the art. The usual procedure is the development
of methods of test followed by collection of data and the formulation of
specific requirements controlling the useful quality of the material. Modem

A.S.T.M. Bulletin, December, 1945.
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industry is based upon such specifications because materials must be so con-
trolled since the action of the machine is unvarying. Modern statistical
methods can be applied to provide the tolerances and allowances necessary
to achieve a uniform product. The work of the American Society for
Testing Materials broadly covers the field of research in materials, methods
of test, and quality control. The benefits of this work extend to vast im-
provement in process methods, more uniform and higher-quality material
and result in economic gains of extensive character. Three examples were
cited illustrating extensive projects of great use to the war effort. These
were the development of requirements for sheet brass, which was applied
specifically to production of cartridge cases, high-quality die-casting speci-
fications resulting in the production of many parts used incommunication
and aviation equipment, and the development of a method of test for in-
specting mica by an electrical rather than a visual test. This last resulted in
a large economic saving of this scarce material.

Infantry Combat Communications.8 Ralph E. Willey. Communica-
tions within an infantry division during combat involve not only the efficient
installation, operation and maintenance of all means of communication
normally provided and adopted for specific functions but also the use of
standard equipment in improvised methods adapated to the needs of the
particular situation. The paper covers a brief description of the major
items of signal equipment issued to an infantry division together with their
normal use. In addition, there is discussed the solution to many field
problems based on the combat experience of the writer in Belgium, Holland
and Germany.

Interesting information is given on the signal supply problem and combat
losses over a six-month period of combat. Improvised field radio-link in-
stallations and remote controls for the protection of operating personnel are
discussed briefly. Photographs included with the paper show pictorially
the majority of the items of equipment described.

BElcc. Engg., January, 1946. '
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