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PRACTICAL CONSIDERATIONS IN THE USE OF
TELEVISION SUPER TURNSTILE AND
SUPER-GAIN ANTENNAS*

By
H. E. GIHRING

Engineering Products Department, RCA Victor Division.
Camden, N

Summary—Some general considerations with respect to gain, patterns,
diplexing and bandwidth of television broadcasting antemnas are presented.
Applications of the Super Turnstile and Super-Gain antennas are discussed.
A special application of the Super-Gain antenna as used in the new Empire
State antenna is presented in detail.

INTRODUCTION

industry-wide basis and since the effective radiated power re-

quired by different stations varies widely depending on a number
of factors, the antenna system must in many cases be tailored to fit
the specific requirements of a given installation. Some of the factors
that influence the choice of a television antenna system are:

1. The effective radiated power (ERP) required.

2. The shape of the service area to be covered.

The ERP required depends upon the size of the area to be covered
and the height above average terrain that can be achieved by means
of towers or mountain top locations. Tower heights in turn depend
upon the location of airways, the availability of land for a tall guyed
structure, and cost. The shape of the service area is determined by its
geography, including the proximity of large bodies of water, and
sometimes by the presence of an existing transmitter plant which
may dictate a directional pattern for best coverage.

While it is usually desirable, from a cost angle, to use available
standard types of antennas, such an investment is a poor one if
coverage requirements are not fulfilled. It is the purpose of this
article to present some of the possibilities that exist and some of the
more recent trends in television antennas.

SINCE the power level of transmitters usually is established on an

THEORY

A review of some of the fundamental theory involved in television

* Decimal Classification: R326.6.
159
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antennas may be helpful. Some of the factors involved are discussed
below.

A. Gain

The gain of omnidirectional linear arrays which are uniformly
illuminated by a continuous current sheet can be reduced to a fairly
simple expression.! For sufliciently tall antennas, the gain approaches
the asymptotic expression, G = 1.22 ), where D is the aperture in
wavelengths and gain is expressed relative to a half-wave dipole.
When N equal, properly designed, discrete elements are evenly spaced
at intervals of S wavelengths, the same formula becomes G — 1.22 SN.

Since these formulas are asymptotic expressions, the calculated
gains can be only approached in practice. The closest approach is
for current sheet type of radiators many wavelengths high. Variations
below the values given can be attributed to non-uniform illumination
and practical tolerances due to mechanical dissymmetries which affect
current distribution and phasing.

While the above expression will give a maximum value for a
given aperture, actual values must be computed taking non-uniform
illumination into account. In practical antennas constructed to date
like the Pylon, the Super Turnstile and the Super-Gain, fairly uniform
illumination has been possible so that the practical values are within
5 to 10 per cent of the asymptotic expression: G — 1.22D. These
computations can be checked against the actual antenna or a scale
model by various methods, as follows:

1. Absolute field strength determination—This is the least satis-
factory method since field strengths in the television band cannot
usually be determined closer than +20 per cent because of calibration
errors and local effects. This will result in a power-gain determination
which is accurate by about 2:1. An additional disadvantage is that a
normal field must be calculated from FCC curves or by some other
method which can be done with reasonable accuracy only for smooth
terrain with no obstructions. Hence, this method, in general, is not
very satisfactory for the determination of power gain.

2. Standard dipole comparison—In this method, a calibrated
dipole is placed at the center of the antenna and power is fed alternately
into the antenna and the dipole while comparative readings are taken.
This method is better than the first method, but unless a number of
radials are carefully taken in a number of directions for each condi-
tion, results are likely to be inaccurate, especially if the local terrain is
rough or if there are many obstructions. A complete survey with both

'R. W. Masters, “Special Antenna Considerations”, unpublished report,
October 13, 1948,
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the dipole and the complete antenna is necessary to obtain a fair
degree of accuracy.

3. Vertical pattern determination—Since gain is really a function
of the vertical directivity of the antenna, determination of the vertical
pattern is the best method of determining gain. This can be accom-
plished either by the use of a complete antenna or a scale model,
since pattern work can usually be scaled quite accurately. In this
method, the antenna is mounted on its side and pivoted about its
mid point. The antenna is then energized at the frequency at which
the pattern is desired. A receiving point is located far enough away
so that the length of the antenna is negligible compared to the distance
to the receiving point. The antenna is then rotated and a determina-
tion of the amplitude and angle of all the lobes is made. This informa-
tion can be plotted and a gain determination made by means of a
planimeter. This method has the additional advantage that the location
and amplitude of the lobes are known which is often a factor in
determining the value of the antenna for a given application.

Obviously, this method cannot be applied after the antenna is
installed. In many cases, it cannot even be applied on the actual
antenna since the rotation of a Super-Gain antenna 200 feet in length
becomes a major engineering feat. Hence, such work is usually done
by means of scale models. There is under construction a huge turn-
table which will make it possible to rotate antennas up to 140 feet in
length.

The gain measurement obtained by this method is known as the
directivity gain and takes no losses of any kind into account. Antenna
gain has not been too strictly defined. However, here it has been taken
to mean that figure by which the transmitter power can be multiplied
to obtain the ERP of the station, taking only the main transmission
line losses into account. All other losses must be reflected in the
antenna gain figure. Some of these losses are:

1. Feedline losses, which are the losses between the junction box
and the radiators themselves.

2. Diplexer losses.

3. Power equalizer losses.

As a typical example, suppose that the directivity gain is 12.5 as
determined by actual calculations. The asymptotic gain as determined
from G = 1.22 A in this particular case was 13.2 indicating that uniform
illumination was achieved within a few per cent. If the feedline losses
are 10 per cent, the power equalizer loss 2 per cent, and the diplexer
loss 2 per cent, the net gain would be 11.1. This is the figure quoted
in the specifications.
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B. Horizontal Pattern

As will become apparent when diplexing and power equalizing are
discussed, the use of quadrature feed, or turnstiling, is a highly de-
sirable feature. In this arrangement, the north-south and east-west
radiators are fed with currents phased 90 degrees apart. If the field is
unity in the north-south and east-west directions, the value of the
field from each radiator at 45 degrees from the normal to the tower
will be .707. Hence, at 45 degrees there will be two values of .707 from
the two adjacent faces added in quadrature which will give a value of
unity. This is true at all angles at which radiation is received from
both sets of radiators since the resultant field of two fields having
cosine distribution added in quadrature is unity. This consideration is
true for point sources. In a practical case, radiation usually does not
emanate from point sources and hence the horizontal pattern is circular
within +1.5 decibels for the Super Turnstile type of antenna and
+2 decibels for the Super-Gain antenna. Advantage can be taken of
these slight variations in orienting the antenna to obtain better
coverage in certain directions.

C. Vertical Pattern

The vertical pattern was discussed above. The angle between the
half-power points of the main beam can be determined from the formula

61
&

where a is the total angle between half-power points, and G is the
directivity gain of the antenna (not net gain). This formula, again,
assumes uniform current distribution although values obtained with
ordinary antennas are accurate enough for the usual type of calculation.
In mountain top locations where coverage is desired close to the base of
the mountain, this vertical angle must be taken into account in specify-
ing an antenna. Where the angle required is quite broad thus limiting
the gain, it is possible to tilt the vertical beam downward by small
amounts which will help this situation. This beam tipping can be
accomplished by feeding the upper and lower parts of the antenna
separately. The phasing of one of these groups can be arranged to
provide a slight change in vertical angle without any material sacrifice
in gain.

D. Bandwidth
In order to avoid reflections from the antenna, a voltage-standing-
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wave ratio measured at the input should not exceed 1.1 over the visual
band. There are two basic methods of obtaining bandwidth.

1. The use of inherently broad-band radiators which depend upon
complementary reactance slopes. For instance, a combination of a
parallel resonant and series resonant circuit will give a reactance slope
which tends to remain constant over a fairly wide frequency band.
See Figure 1. A dipole with a stub is such a device. The reactance
slope of the dipole is similar to a series resonant circuit while the
stub behaves like a parallel resonant circuit.

2. When the radiator itself has been made as wide as possible by
the above means, power equalizing? is a means of obtaining even
greater bandwidths, or of using antennas whose bandwidth is other-
wise too narrow. The action of the power equalizer can be seen from
Figure 2. This figure depicts two basic systems which may be employed
in feeding an antenna. Figure 2a makes use of a bridge type diplexer
and a notch type power equalizer.

— ST
. éb .
Fig. 1—Parallel resonant circuit

and series resonant circuit adjust-
ed to obtain complementary im-
pedances to increase bandwidth.

SERIES CIRCUIT

| NET / FREQUENCY

REACTANCE
o

PARALLEL
CIRCUIT

Power equalizing makes use of the fact that the N-S and E-W
elements of an antenna can usually be made symmetrical. Hence, the
reflection from both halves of the antenna will be equal. However,
the reflected components on the righthand side of Figure 2a will pass
through the 90-degree phasing loop twice and thus be retarded 180
degrees. Since the reflected components are now out of phase because
of the 180 degrees phase difference, they will not re-enter the picture
transmitter but pass on down the sound line. Due to the frequency
difference between the picture and sound transmitters, the refiected
energy can be trapped out by a suitable notch power equalizer. Figure
2a is the system normally employed with a two-line feed. Figure 2b
shows how the same principle can be applied to a single-line feed. In
this case, picture and sound carriers are combined by means of a
notch-type diplexer and transmitted over one line to the antenna. At

2R. W. Masters, “A Power Equalizing Network for Antennas”, Proc.
I.R.E. Vol. 37, No. 7, p. 7135, July 1949.
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this point, a bridge-type power equalizer is inserted which functions
In the same fashion in that reflections are delayed 180 degrees and
enter the resistor instead of traveling back down the line.

While it may seem that the loss of this reflected energy is un-
desirable, the effect is negligible when the standing-wave ratios are
of a reasonable value. The power dissipated in the resistor is propor-
tional to the square of the reflection coefficient. For instance, if the

90 PHASING
LOOP

NS Ew

]

&
w
M
E3

Z
=]
N

BRIDGE TYPE
FOWER EQUALIZER ¢~

,90 PHASING
LOOP

| visuaL S
VISUAL 'ULJ“J

% %

BRIDGE
TYPE DIPLE XER

NOTCH POWER NOTCH TYPE
I EQUALIZER DIPLE XER AURAL

AURAL VISUAL

Figs. 2a (left) and 2b (right)—Two methods of “power equalizing” an
antenna using double-line or single-line feed.

standing wave ratio is 1.22, the reflection coefficient is 10 per cent,
and only 1 per cent of the power is lost in the power equalizing resistor.

An additional advantage of power equalizing is the fact that it
forces equal power into the north-south and east-west elements thus
maintaining a circular pattern. For instance, if the standing wave
ratio were 1.2 on the north-south radiators, it would be .8 on the east-
west radiators. By reason of the phase delay in the 90-degree section,
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this difference in voltage-standing-wave ratio would cause a difference
in pattern of over 2.1 in the north-south and east-west directions if
it were not corrected by the power equalizer.

E. Diplexing

As shown above, two methods of introducing picture and sound
carriers on one antenna are possible. The first is known as bridge
diplexing and the second as notch diplexing. Bridge diplexing is so
called because it has the characteristics of a Wheatstone bridge which
is obvious from an inspection of Figure 2a. The isolation between
picture and sound is a function of the similarity between the north-
south and east-west antenna elements. An isolation of 20 to 30 decibels
usually can be achieved. This has been shown in practice to be more
than adequate.

In order to combine picture and sound carriers and feed them to
the antenna by means of a single transmission line, a notch diplexer
is required. In this method, a notch is placed in the picture bass band
centered about the sound carrier and the elements of the filter are so
constructed that there is negligible mutual interaction between pic-
ture and sound carriers. A new type of notch diplexer has been de-

veloped which presents a constant impedance to the transmitter over
the entire television band.

The above principles constitute the theoretical background of the
more important principles used in our antenna designs and are valu-
able in understanding the applications of the antennas.

TELEVISION ANTENNAS

Both Super Turnstile and Super-Gain antennas have been used
commercially. The present television spectrum can be covered with
three Super Turnstile types; namely, 54-66 megacycles, 66-88 mega-
cycles, and 174-216 megacycles. The low-band types (54-88 mega-
cycles) have been built using 3, 4, and 5 bays. 6-bay antennas are con-
templated and can be built. In the high band (174-216 megacycles)
about 30 of the 6-bay antennas are in use commercially. An additional
feature of the low-band antennas in the 66-88 megacycle band is that
they can be triplexed with a frequency-modulation (FM) carrier with
up to 10 kilowatts of power. This requires an additional unit known

as a triplexer. The present units are suitable for only 5 kilowatts of
television power.

For the range of sizes listed, it is felt that the Super Turnstile
antenna provides the most gain for the minimum cost. As the height
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of the antenna increases, however, other types may become more
desirable. In order to permit much higher gain and other special
applications, the Super-Gain antenna was developed. The Super-Gain
antenna has been described in the literature.?

It consists basically of a dipole in front of a screen Y5 wavelength
wide. The dipole is spaced in front of the screen for maximum band-
width considerations. Four of these screens can be fastened on the
four faces of the tower to obtain an omnidirectional pattern. The
advantage of this arrangement is that a tower type structure can be
used with a cross-sectional area great enough so that fairly high strue-
tures can be accommodated. Super-Gain antennas do not materially
extend coverage if the lowest bay is too close to the ground since the
center of radiation is thus lowered. As a general rule, the center of
the antenna should be above ground by twice the aperture of the
antenna.

The Super-Gain antenna also has other important advantages. One
of these is its ability to give a variety of directional patterns. While
the Super Turnstile antenna is limited basically to figure-of-eight,
or peanut-shaped patterns, a wide variety of patterns can be obtained
from the Super-Gain antenna by energizing 1, 2, 8 or 4 faces of the
tower with currents of various phases and amplitudes. Figuves 3 and
4 show some practical patterns that have been calculated for installa-
tions requiring directional patterns. In both cases, the antennas were
situated adjacent to a large body of water. The service area extended
along this body of water and inland. Hence a specially shaped pattern
was indicated to obtain the maximum results from the power used.

The Super-Gain antenna is the only commercially available tele-
vision antenna which can give directional patterns. The antenna can
be installed with an omnidirectional pattern and later changed to a
directional pattern if that should become desirable.

It is felt that one of the most important features of the Super-Gain
antenna is the fact that a number of antennas may be stacked at g
single location. An excellent example of this is the Empire State
multiple antenna system which will be discussed in more detail below.
Because of the relatively large cross-section required for the Super-
Gain antenna, substantial towers can be built which can accommodate
five antennas or even more if desired. In the case of the Empire State
antenna, a Super Turnstile antenna was combined with the Super-
Gain. In other cases, FM antennas such as the Pylon can be placed on

L. J. Wolf, “High Gain and Directional Antennas for TV Broad-
casting,” Broadecast News, Vol. 58, March-April, 1950.
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top of such a stack, or the FM antennas can be worked into the Super-

Gain array. The system is extremely flexible.

The importance of a single television center in metropolitan dis-
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Fig. 3—Directional pattern employed to obtain optimum results with avail-

able power when station is adjacent to large body of water.

tricts is fast becoming apparent.

It has many advantages, but the

greatest is that all of the receiving antennas in the service area can
be oriented in one direction. In an area where there is no single tele-
vision center, compromises are often necessary in the orientation of
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receiving antennas. If two or more stations start broadcasting from a
central location, the probability is that most of the receiving antennas
will be oriented in that direction. Hence, the service rendered by sta-
tions not in this central location may be degraded at a sizeable number
of receiver locations.

EMPIRE STATE ANTENNA

Formerly, only one television antenna was located atop the Empire
State Building. Six other stations were located in various parts of the
metropolitan area. All except two were located in Manhattan. Most
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Fig. 4—Directional pattern—same problem as Figure 3.

of these latter stations gave poor signals in certain areas, either be-
cause of ghosts from some of the larger buildings such as Empire State
and Radio City or because of shadows. Hence, consideration was given
to locating other stations on the Empire State Building. At the present
time, provision is being made for a Super Turnstile antenna on Chan-
nel 4, and four stacked Super-Gain antennas on Channels 11, 7, 5 and 2.
Besides these main television antennas, a number of emergency and
FM antennas are contemplated.

Specifications included a voltage-standing-wave ratio (VSWR) of
1.1 over the visual band and 1.5 over the aural band; a circularity of
*2 decibels, a power handling capacity of 100 kilowatts ERP; a di-
rectivity gain of 4 for the low band stations and 5 for the high band
stations; and a decoupling between antennas of 26 decibels. The first
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two requirements are those normally encountered in any Super-Gain
antenna design. The third requirement necessitated the design of a
special feed system utilizing RG-385/U cable. This turned out to be a
much larger job than had been anticipated because of the problems in-
volved in the connectors. The junction boxes required a design which
would receive these special connectors and also maintain the proper
impedance without discontinuities. Considerable experimental work
was necessary to accomplish this requirement. Figure 5 depicts a
junction box and feed cable. The order of gain required for the Em-
pire State installation is normally covered by the Super Turnstile an-

Fig. 5—Junction box and feedline for Empire State antennas.

tenna. Hence, some special work was necessary to determine the maxi-
mum amount of gain that could be achieved in the aperture permitted
on top of the building. It was determined by the structural people,
after considerable calculation, that 217 feet was the limit to which
the tower could be safely built. Hence, this limited the aperture for
each antenna. Determination of gains was done on Channel 7 by ob-
taining the vertical patterns as described above. Since gain informa-
tion can be readily scaled, this information was scaled to the other
antennas involved. It was found that the specifications for gain could
be met.

Since little previous experience was available with reference to
coupling between antennas, considerable thought was given to this
aspect of the problem. Coupling between stations was broken down into
antenna to antenna, antenna to transmitter, and transmitter to trans-
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A| Az

Fig. 6—Possible types of interfer-

A5 ence in multiple antenna systems.

.
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mitter types as shown on Figure 6. Obviously the antenna design
cannot take account of the first or last types since these are the funec-
tion of shielding the transmitter or transmitter room. Neither can the
antenna design take account of harmonies since harmonies are gen-
erated in the transmitter and must be attenuated to a non-interfering
level at that point. Hence, the only type of interference considered was
antenna to antenna interference between carriers.

In order to approach the coupling problem, single screens and
dipoles were placed adjacent to each other as shown in Figure 7. A
signal was fed from an oscillator into A in series with the measuring
line. The product of the maximum and minimum voltage readings
established a relative power level which was held constant throughout
the measurement. At first, the output of the measuring line was fed
directly into the field intensity meter for calibration purposes as
shown by the dotted line. Then, the output was connected back into

8
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Fig. 7—Method of making coup- «| ™ an
ling tests. 23c:
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antenna A, and the field intensity meter to antenna B, and the drop,
in decibels, between these two readings was determined. This value
must be reduced by two additional values which represent the mis-
match loss as a result of VSWR 1 and 2 as shown on the diagram. In
this way, the worst condition is assumed; namely, that the receiving
impedance (which would normally consist of a transmitter) is the
conjugate of the sending impedance.

The result of these tests with single screens indicated that the
proper order of decoupling could be achieved. Accordingly, plans were

Fig. 8—Tests of Channel 5 Empire State antenna on ground to determine
VSWR over the band.

made to proceed with the balance of the work. The final antennas,
screens and feed systems were obtained and were first tested on the
ground (see Figure 8) to determine that impedances over the band
were within the specifications. Meanwhile, four towers were erected
for each adjacent pair of antennas. Thus, there is one tower for
Channels 4 and 11, one for 11 and 7, one for 7 and 5, and one for 5
and 2 (see Figures 9 and 10). Adjacent antennas were placed on
these towers and tests were repeated for standing-wave ratio over the
band to determine any discrepancies between these tests and the
ground tests. After this, the coupling measurements were made by
the same method as described above. The actual assembly on the tower
was also a mechanical assembly and weathering test intended to weed
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out as many problems as possible in advance of the actual installation
on the Empire State Building.

Since each of the broadcasters owns his own antenna, as much
flexibility as possible was permitted in determining his particular
system. Figures 11 and 12 are systems diagrams for a low- and high-
band antenna showing the various components used. Two of the low-
band stations chose to split up the bays into 2 and 3 bays respectively,
thus creating substantially two separate antennas which are fed sepa-
rately from the transmitter room. At the transmitter room, a wye
connector 1s used which consists of three transformers in a branch
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Fig. 9—General view of test towers used for Empire State antennas. Each
tower accommodates two adjacent antennas.

circuit so that each antenna receives its proper amount of power and
so that the impendance presented to the transmitter is 51.5 ohms. The
purpose of this split feed is to provide for an emergency antenna since
the likelihood that both halves will fail at the same time is very re-
mote. A simple manual switching arrangement permits either one or
the other antenna to be used. It will be noted that the other stations
elected not to use this arrangement since they have other emergency
provisions.

It will also be noted that Channels 2 and 5 use the notch diplexing
arrangement, while the high-band stations use bridge diplexing. When
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the bridge diplexer is used, a notch power equalizer is required in the
sound transmitter line in order to prevent reflected energy from radiat-
ing and also to stay within a pattern circularity of =2 decibels.

Fig. 10—View of Channel 5 and 7 antennas mounted on test tower.

In all of these installations, much of the operation with respect to
power equalizing and diplexing depends on the inherent symmetry on
the north-south and east-west sides which includes the transmission
line when bridge diplexing is used. Hence, extreme care must be ex-
ercised in making a symmetrical installation all the way into the sta-
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tion. Much thought and care were given to this phase of the planning.
Since mechanical requirements inside the tower and electrical require-
ments usually are not compatible, considerable liaison and successive
approximations were necessary to arrive at a suitable plan. As nearly
as possible, all of the line runs are kept absolutely straight down the

SCHEMATIC OF R-F TRANSMISSION SYSTEM
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Fig. 11—Systems diagram showing components and connections for low-
band Empire State stations.
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middle of the tower. A multiplicity of elbows, especially near the an-
tenna will introduce minor reflections and if the effect is cumulative,
may cause difficulty. Hence, careful attention to detail is necessary in

this part of the layout.

SCHEMATIC OF SUPERGAIN ANTENNA SYSTEM
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Fig. 12—Systems diagram showing components and connections for high-

band Empire State antennas.
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CONCLUSIONS

The Super Turnstile and Super-Gain antennas each have impor-
tant features which render them suitable for given applications. The
Super-Gain antenna especially can be used for a multiplicity of pur-
poses including high gain, directional antennas, and stacking. Stack-
ing of antennas exemplified by the Empire State antenna may be an
important factor in new television areas.
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A DIVERSITY RECEIVING SYSTEM FOR
RADIO FREQUENCY CARRIER SHIFT
RADIOPHOTO SIGNALS*

By

JOHN B. ATWO0O0OD

Research Department, RCA Laboratories Division,
Riverhead, N. Y

Summary—A diversity receiving system for radiophoto signals trans-
mitted by the radio frequency carrier shift (RFCS) method is described
and the results of tests made on the system are presented. Included in the
tests was a comparison between the RFCS method and the subcarrier fre-
quency modulation (SCFM) method. A further test of the diversity-
combining equipment was made by applying it to two single-sideband (SSB)
receivers to form an SSB diversity receiving system for radiophoto signals
transmitted by the SCFM method on an SSB transmatter.

The tests showed:

1. The RFCS system used in these tests gave an improved signal-to-
noise ratio over SCFM.

2. RFCS signals having a shift of 800 cycles could be received using
an intermediate-frequency amplifier bandwidth of 1.3 kilocycles with practi-
cally no loss of picture detail. The narrow bandwidth provided a marked
reduction of interference.

3. A definite improvement was obtained on RFCS by using space
diversity.

4. The SSB system of receiving SCFM showed a definite improvement
when space diversity was added.

5. A common high-frequency oscillator was not necessary when two
SSB receivers were used in diversity with the RFCS combining equipment.

6. Operating experience in receiving one sideband of SCFM signals
as an RFCS signal has shown a marked reduction in interference and noise
and an indication that there may be a reduction in stagger.

INTRODUCTION

system for radiophoto signals transmitted by the radio fre-

quency carrier shift (RFCS) method. Preliminary tests on the
system were conducted over a short path from Rocky Point to River-
head, New York. More extensive tests on the system were conducted
over a longer path from Bolinas, California to Riverhead from July 8
to July 21, 1948. Included in the latter tests was a comparison between
the RFCS method and the subcarrier frequency modulation (SCFM)
method. A further test of the diversity-combining equipment was
made by applying it to two single-sideband (SSB) receivers to form

THE purpose of this paper is to describe a diversity receiving

* Decimal Classification: R 581.
177
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an SSB diversity receiving system for radiophoto signals transmitted
by the SCFM method on an SSB transmitter. This system was tested
on September 16 and 17, 1948 between Bolinas and Riverhead.

REQUIREMENTS OF SYSTEM

The requirements of a receiving system for the reception of radio-
photo signals transmitted by the RFCS method may be summarized
as follows:

1. The SCFM method is in common use at the present time with
standardization taking place for 2300 cycles as the black frequency
and 1500 cycles as the white frequency. This is a shift of 800 cycles.
It would be desirable to use as much of the central office equipment as
possible for the new system and hence the receiver should supply these
same frequencies for a shift on the received signal of 800 cycles.

2. There should be no controls or adjustments on the receiver
which could cause the signal shift on the output of the receiver to
differ from the shift on the received signal. Practically, this means a
heterodyne system.

3. A maximum drift of 50 cycles in the black frequency can be
tolerated provided that it is spread out uniformly over the whole
picture and that the black frequency is within plus or minus 25 cycles
of the correct frequency at the beginning and end of the picture.
Small frequency drifts should not occur at a rate exceeding about
1 cycle per second. This imposes a high order of frequency stability
on the receiver and requires the use of automatic frequency control
(AFC).

4. The top keying speed will be about 850 cycles.

5. Provision should be made to obtain the benefits of space
diversity.

DESCRIPTION OF RECEIVING SYSTEM

A block diagram of the receiving system is shown in Figure 1. It
consists of two radio-frequency (r-f) amplifiers having a common
high-frequency oscillator which is used to convert the received signal
to the first intermediate frequency (i-f). The r-f amplifiers are
followed by two i-f amplifiers having a common oscillator which is
used to convert to the second intermediate frequency of 50 kilocycles.
This oscillator is operated on by the AFC so as to maintain the black
frequency at its correct value of 2300 cycles at the audio output of
the receiver.

The two 50-kilocycle outputs from the i-f amplifiers are then
separately amplified, limited, converted to 10 kilocycles and fed through
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a series of multipliers whose purpose will be described later. At this
point (gates), the receiver automatically selects the stronger of the
two signals and passes it on to the rest of the circuit.

The automatic selector (gate control) consists of a pair of differ-
entially connected diodes which rectify the amplified 50-kilocycle out-
puts from the two i-f amplifiers. The differential voltage developed is
used to trip a double trigger which in turn operates the gating circuit.
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The gate control will switch the gates from one signal to the other
with a difference in level of about 3 decibels. The actual switching
time is about 0.2 microsecond, but the decision to switch takes about
150 microseconds.

Following the gates, the selected signal goes through a frequency
divider which brings the frequency back down to 10 kilocycles. It is
then heterodyned down to a center frequency of 1900 cycles. The
frequency-modulated audio tones are then converted by the demodu-
lator to amplitude modulation and fed to the facsimile transceiver.
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An automatic frequency control is provided to maintain the black
frequency in the audio output at its proper value of 2300 cycles. A
tuning meter is also incorporated as a part of the AFC circuit,

The complications in the system just outlined are caused by the
desirability of providing space diversity. For a single receiver, it
would only be necessary to heterodyne the received signal to the proper
audio frequency, provide limiting to maintain the output at constant
level, and supply AFC.

With two receivers, it is essential that each oscillator in the system
be common to the two receivers to prevent sudden frequency changes
in the output when diversity switching occurs. Even with common
oscillators, this switching cannot take place directly at the output of
the i-f amplifiers since the two outputs may be out of phase. A sudden
phase change produces a transient whose size is proportional to the
amount of the phase change and which reaches a maximum at 180
degrees. The sudden phase change is equivalent to a momentary fre-
quency change and hence shows up in the picture as either a black or
white dot depending upon the direction of phase reversal. The density
of these dots is proportional to the phase change.

If the two signals are fed through frequency multipliers and then
switched, the maximum transient-producing phase change that can
take place due to switching is still 180 degrees. If the switched signal
is now fed through a series of frequency dividers, any phase change
will be reduced by a factor equal to the amount of frequency division
employed. Thus, if a factor of 16 is used, a 180 degree phase change
will be reduced to 11.25 degrees. The amount of multiplication used
should be the same as the amount of division; otherwise, the shift on
the output signal will differ from the shift on the received signal. It
should be pointed out that a maximum 180 degree phase change is not
encountered at every switchover, but large phase changes are en-
countered frequently enough that the above steps are necessary. One
burpose of the tests which were made on the system was to determine
the amount of frequency division required to reduce the density of
the switching transients to a point where they would not be visible
in the picture.

The time required for the switching to take place should be short
compared to the time of one cycle of the frequency to be switched or
phase shifts in excess of 180 degrees can occur and neutralize the
benefits obtained from the frequency division. In this system, the
frequency which is switched is 160 kilocycles so that the length of one
cycle is 6.25 microseconds. The switching time of 0.2 microsecond is
12 degrees at this frequency and, if a division factor of 16 is used,
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it is reduced to only 0.75 degree. Adding this to the 11.25 degrees
resulting from a 18Q degree change of phase gives a maximum phase
change in the output of 12 degrees.

DESCRIPTION OF THE TEST CIRCUITS

Bolinas-Riwerhead Circuit

A block diagram of the transmitting end of this circuit is shown
in Figure 2. The facsimile transceiver and modulator were located at
San Francisco, the output of the modulator being fed over about 30
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miles of cable to the transmitter at Bolinas. The facsimile transceiver
produced an audio-frequency carrier amplitude modulated in accord-
ance with the shading of the picture on its drum. The picture used
was a portion of a facsimile test sheet. The transceiver was followed
by a modulator which converted the amplitude-modulated carrier to a
frequency-modulated (FM) audio signal. The percentage modulation
from the transceiver was adjusted so that the modulator would produce
a 2300-cycle tone for black and a 1500-cycle tone for white. At Bolinas,
these FM tones were fed to a tone signal converter which converted
the tones to a variable amplitude dc voltage. The dc voltage was
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then used to control a reactance tube in the frequency shift keying
unit to produce the frequency-shifted r-f carrier. The frequency shift
of the r-f carrier was adjusted to be the same as that of the output
of the modulator. The output of the frequency shift keying unit was
fed to a transmitter which was connected to a rhombic antenna having
a power gain of about 10 decibels. The transmitter operated on a
frequency of 13,720 kilocycles with a power input to the final amplifier
of 703 watts.

The transmitter could also be switched over rapidly to transmit
pictures by the SCFM method. This was accomplished by means of
switches operated from a motor driven timing unit. An oil switch was
used to insert an amplitude modulator in series with the final amplifier
plate supply and an additional switch transferred the FM radiophoto
tones from the tone signal converter to the input of the amplitude
modulator. In this condition, the power input to the final amplifier
was 462 watts using 85 per cent modulation.

Various arrangements were used at the receiver which was located
at Riverhead, a distance of 2644 miles from Bolinas. In one arrange-
ment, the receiver was as shown in Figure 1 using rhombic antennas.

A second arrangement was used for receiving SCFM. This is not
shown as it was merely a two-receiver diversity system arranged for
the reception of double-sideband audio signals in the normal manner.
The changeover from RFCS to SCFM was easily made by means of
switches on the receiver control panel.

One hundred and three pictures were received over the Bolinas-
Riverhead circuit during the period from July 8 to July 21, 1948.

Some time later, a further test of the diversity-combining equip-
ment was made by applying it to two SSB receivers to form an SSB
diversity receiving system for radiophoto signals transmitted by the
SCEFM method on an SSB transmitter.

For this test, the FM radiophoto tones were used to modulate a
type D-156000 single-sideband transmitter which was connected to a
rhombic antenna having a power gain of about 10 decibels. The trans-
mitter operated on a frequency of 13,720 kilocycles with a signal-on
power input to the final amplifier of 2728 watts. The carrier suppres-
sion was 10 decibels.

A block diagram of the receiving system is shown in Figure 3.
Two radio telephone receivers, type D-99945, were connected to rhombic
antennas. These are single-sideband receivers, each having its own
high-frequency oscillator and its own AFC system. The FM radio-
photo signals from the audio outputs of the two receivers were con-
verted to a center frequency of 50 kiloeycles by means of two converters
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having a common oscillator. Each of these converters contained a 50-
kilocycle band-pass filter having a bandwidth of approximately 1300
cycles.

The outputs from the two converters were fed to a signal selector.
This signal selector was the same equipment shown in Figure 1 follow-
ing the i-f amplifiers except that the AFC was not used. The output
of the selector circuit was fed through a demodulator to a facsimile
transceiver located in the darkroom. Also located in the darkroom
was a headset connected to the audio output of one of the receivers.
This was for the purpose of monitoring the voice transmissions at the
commencement of each picture since these would not pass through the
narrow-band portion of the system.

A short test of this system was conducted on September 16 and 17,

1948.
Y T
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Fig. 3 — Block dia-
gram of receiving CONVERTER 48.1 RC CONVERTER
equipment for SSB 1.9 RKC TO 50 KC OSCILLATOR 1.9 KC TO 50 KC
diversity tests. l - — L -
SIGNAL SELECTOR

DEMODULATOR PACSTMILE ((\ )
™ TO AM L:RANSCKI’VKR v E

Rocky Point-Riverhead Circuit

The preliminary testing of the RFCS system was done over a 15
mile path from Rocky Point to Riverhead. The transmitting arrange-
ment was essentially the same as that of Figure 2 except that the
equipment was all at one location and there was no provision for
amplitude modulating the transmitter. The transmitter operated on a
frequency of 6425 kilocycles with a power input to the final amplifier
of about 500 watts. The transmitter was connected to a doublet an-
tenna located about a quarter wavelength above ground to provide
high-angle radiation.

The receiving equipment was as shown in Figure 1 using half-wave
doublets located about a quarter wavelength above ground. The object
of accentuating the high-angle radiation was to provide as much multi-
path as possible over the short distance.
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Twenty-four pictures were sent over this circuit from March 31
to June 17, 1948.

TEST PROCEDURE

No special procedure was followed for the tests over the Rocky
Point-Riverhead circuit since both ends of the circuit were under local
control. However, these tests showed the desirability of following a
fixed procedure for the Bolinas-Riverhead tests which came later since
no cue circuit was available.

The AFC on the receiver is designed to maintain the black fre-
quency of 2300 cycles. Accordingly, it is necessary that black fre-
quency be transmitted continuously if the transmitting picture drum
is not rotating, and at least once each drum revolution while the drum
is rotating.

The actual procedure used for the Bolinas-Riverhead RFCS tests
was as follows:

1. The drum on the transmitting radiophoto machine was modi-
fied by having a strip of non-reflecting black material attached to the
gripper bar and an additional black strip attached around the raised
left hand side of the drum. These black strips were cut from the
black paper which comes with the recording film and they were held
in place with rubber cement.

2. A picture transmission was started every 15 minutes from
1830 to 2100 inclusive, Greenwich Mean Time. The transmitting drum
was allowed to rotate in the idle position at the extreme left until time
to start the picture. The drum was then moved over, so that steady
black was transmitted from the black strip around the raised left hand
side of the drum, and the clutch engaged. The steady black provided
notice at the receiver that the picture was about to start. At the
receiving end, the drum on the receiving machine was started when
the steady black tone was received and synchronized as soon as the
gripper bar pulses were received from the picture. At the end of the
picture, the transmitting drum was allowed to rotate in the idle posi-
tion until time for the next transmission. A pulse of black frequency
was thus transmitted each drum revolution from the gripper bar.

3. While the picture was being transmitted, the receiver was
alternated between two test conditions with about one minute being
allowed for each condition. Where this could not be done, as was the
case when comparing RFCS and SCFM, the test conditions at the
receiver were alternated each picture.

4. For the SSB-SCFM test, it was not necessary to leave the
drum rotating at the end of the picture because the AFC was obtained
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from the suppressed SSB carrier and not from the black frequency.
Voice announcements were used just before the start of each picture
to indicate the beginning of the phasing pulses and the engagement
of the clutch on the lead screw.

5. All transmissions were recorded using Kodak Tvpe A Trans-
mission film. The film was developed in Dektol developer diluted 1:2
and the developing time was varied with the temperature of the devel-
oper. After a water rinse, the films were fixed in an F-5 fixing bath.

Fig. 4-3X enlarge-
ment of a portion of
a picture showing
transients resulting
from i-f switching
when frequency divi-
sion is not used.

RESULTS

1. Switching Transients, RFCS

One of the objects of the tests made on the system was to find out
how much division (and corresponding multiplication) would be re-
quired to reduce the switching transients to a point where they would
not be visible in the picture. Division factors of 1, 2, 4, 8, 16, and 32
were tried and it was found that a factor of 16 was sufficient.

Figure 4 is a 3X enlargement of a portion of a picture showing
how the switching transients record as black and white dots if division
is not used. This picture was received from Rocky Point using a
division factor of 1 (direct i-f switching) at the receiver. These
transients cannot be detected on the negative if the division factor
is increased to 16.
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Picture Detail versus Intrr.uerliate-Frequency Bandwidth, RFCS

The normal bandwidth which would be used to receive pictures by
the RFCS method would be the shift plus twice the maximum keying
speed, or 2.5 kilocyveles. The i-f amplifiers which were used did not
have this bandwidth available. Comparisons were made between i-f
bandwidths of 4 kiloeyvcles and 1.3 kilocycles and it was found that
there was very little loss of detail when using the narrower bandwidth.

3. Noise versus Intermediate-Frequency Bandwidth, RFCS

The improvement which can be obtained on noise in the picture
by reducing the i-f bandwidth is shown in Figure 5. The left hand

Fig. 5 — Noise im-
provement obtained
by reducing band-
width. Left and
right portions 1.3-
kilocycle i-f band-
width, center portion
4-kilocycle i-f band-
width.

portion of the picture was recorded using a 1.3-k’locycle bandw dth,
the center portion using a 4-kilocycle bandwidth, and the right hand
portion using a 1.3-kilocycle bandwidth. This is a small section of the
complete picture slightly enlarged. The vertical black stripes were
introduced at the receiver to blank out the picture while the band-
width was being changed. This and the following tests were made
over the Bolinas-Riverhead circuit.

4. Interference versus Intermediate-Frequency Bandwidth, RFCS

The improvement in the picture which can be obtained by reducing
the bandwidth of the i-f amplifier when interference is present is
shown in Figure 6. In this picture, diathermy was present while both
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sections were being received. The left hand portion of the picture was
recorded using an i-f bandwidth of 1.3 kilocycles and the right hand
portion using an i-f bandwidth of 4 kilocycles.

5. Ome Receiver versus Two Receivers, RFCS

The improvement obtained by using space diversity cannot be
evaluated by a single illustration. An examination of over forty pic-
tures, each of which was alternated each minute between one receiver

Fig. 6—Interference
reduction obtained
by reducing band-
width. Left portion
1.3-kilocycle i-f band-
width; right portion,
showing diathermy
interference, 4-kilo-
cyele i-f bandwidth.

and two receivers, showed noise present in nearly every case when
one receiver was used. When two receivers were used, no noise was
visible except for some isolated spots on a few pictures. The conclusion
was reached that space diversity was definitely worth while.

6. RFCS versus SCFM
At the present time, it is general practice to modulate an SCFM
transmitter 60 per cent with the picture tones. A higher percentage
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is not used since the circuit may be modulated with voice between
pictures. On this basis, the power in one sideband is 10.4 decibels
below that in the carrier. The carrier power in a class B telephone
transmitter is about 5.7 decibels lower than the same transmitter
operated class C telegraph, as would be the case for RFCS. This makes
a difference of 16.1 decibels between the RFCS carrier power and the
power in one sideband of an SCFM signal from the same transmitter.

At the receiver, both sidebands of the SCFM signal would be
utilized; and, if they were always received in phase, a 6-decibel im-
provement would result. However, propagation over most circuits will
change the phase relations so that the average improvement obtained
will be more nearly 3 decibels. To offset this, the bandwidth of an
RFCS receiver needs to be only 40 per cent of that for an SCFM
double-sideband receiver and this narrower bandwidth gives a 4-decibel
improvement in signal-to-noise ratio. These two effects approximately
cancel each other.

If the SCFM transmitter is modulated 90 per cent instead of 60
per cent, the 16.1-decibel difference between RFCS and SCFM is
reduced 3.5 decibels leaving 12.6 decibels as the theoretical advantage
of the RFCS system over the SCFM system with 90 per cent modula-
tion.

To compare the two systems, pictures were transmitted alternately
by the RFCS and SCFM method. The transmitter at Bolinas had a
power input to the final amplifier of 703 watts in the RFCS condition
and 462 watts in the SCFM condition with a percentage modulation
of 85 per cent. This gave a figure of 10.6 decibels for the ratio of the
carrier power in the RFCS condition to the power in one sideband of
the SCFM condition. Two-receiver diversity was used for each.

Figures 7 and 8 are consecutive pictures received during a period
of high noise caused by a storm in the vicinity. Pictures received
preceding and following these showed the same difference. They pro-
vide a good illustration of the advantage of RFCS over SCFM. The
i-f bandwidths of 9 kilocycles used for SCFM and 4 kilocycles used
for RFCS were both wider than necessary by about the same propor-
tion so that Figures 7 and 8 should give a fair comparison of the two
systems.

7. SSB Diversity, SCFM
For this test, the receiving conditions were alternated between one
receiver and a two-receiver diversity. The improvement obtained from
diversity was about the same as that described for the RFCS system.
From an examination of the received pictures, it would appear that
the separate AFC’s on the receivers held closely enough so that it
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Fig. 17— SCFM pic-
ture received during
period of high noise
level, 9-kilocycle i-f
bandwidth.

would not be necessary to provide a common high-frequency oscillator
when the receivers are used in diversity with the RFCS combining
equipment.

RESULTS OF OPERATING EXPERIENCE

The experimental RFCS diversity equipment was installed at the
Riverhead receiving station of RCA Communications, Inc. in March,

Fig. 8 — RFCS piec-
ture received imme-
diately following
Figure 7, 4-kilocycle
i-f bandwidth.
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1950. Since that time, only one radiophoto has been received which
was transmitted by the RFCS method owing to the lack of transmitting
facilities. However, it has been used extensively for the reception of
radiophoto signals transmitted by the SCFM method. The narrow
bandwidth of the receiver permitted either sideband to be used as an
RFCS signal and a great deal of interference was avoided in this
manner. It has also been used for the reception of radiophoto signals
transmitted as frequency-modulated tones by SSB transmitters.

The results have shown a marked reduction in interference and
noise as a result of the narrow bandwidth. While no tests have been
made on the subject, a comparison of the pictures received prior to
the installation of the RFCS equipment with those received since
indicates that there may be a reduction in stagger with the RFCS
equipment.
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RAPID DETERMINATION OF GAS DISCHARGE
CONSTANTS FROM PROBE DATA*

By

L. MALTER AND W. M. WEBSTER

Research Department, RCA Laboratories Division,
Princeton, N. J

Summary—A series of nomograms is presented which make possible the
rapid determination of gas discharge constants from double probe data.
These constants include plasma density, wall potential, random electron and
ion currents. An analysis based upon theory and experiment indicates that
the Child-Langmuir space-charge equation i3 applicable to sheaths with
inappreciable error except for the lightest gases and least dense plasmas.

I. INTRODUCTION

mining the constants of a gas discharge plasma by means of

a single probe. More recently Johnson and Malter? have shown
that by the use of two probes in a floating circuit one can overcome
some of the difficulties and disadvantages of single probes.

In the single-probe method, such quantities as random electron and
ion currents, floating potential and plasma potential, as well as electron
temperature, are determined quite readily from the probe data. From
these quantities one can then compute the plasma density and wall
potential directly.

I[;NGMUIR AND MOTT-SMITH!® have described means for deter-

Reference 2 describes the determination of electron temperature
directly from double-probe data. However, because of the fact that
saturated electron currents cannot be drawn to the probe in the double-
probe method, it turns out that there is no simple, direct method for
obtaining random currents, plasma density and wall potential in this
case. By laborious methods, largely trial and error, these quantities
have been obtained in the case of the double-probe method.”" It is the

* Decimal Classification: R337.1.

11. Langmuir and H. M. Mott-Smith, “Studies of Electric Discharges
in Gases at Low Pressures’”, General Electric Review, Vol. 27, pp. 538, 616,
762, 810, 1924.

2 E. O. Johnson and L. Malter, “A Floating Double Probe Method for
Measurements in Gas Discharges’”, The Physical Review, Vol. 80, No. 1,
p. 58, Oectober 1, 1950.

i It is assumed that the reader is familiar with the fundamentals of
probe data interpretation.

it In Reference 2, a sample plasma density determination is carried out.
The process there outlined is laborious and quite approximate.

191

www americanradiohistorv com


www.americanradiohistory.com

192 RCA REVIEW June 1951

PLASMA [ EITHER OF DISCHARGE on)
\ AFTERGLOW PERIOD

CURRENT MEASURING
DEVICE. MILLIAMMETER
FOR DISCHARGE PERIOD,
RESISTOR CONNECTED
ACROSS DIFFERENTIAL
AMPLIFIER OF OSCILLO-
SCOPE FOR AFTERGLOW
PERIOD.

/SMALL VARIABLE VOLTAGE
SOURCE REVERSIBLE IN POLARITY

DC VOLTMETER

Fig. 1—Double-probe measurement cireuit.

prime purpose of this paper to develop a rapid nomographic method
for accomplishing this. While the methods here developed find their
greatest utility for double probes, they can also be used with single
probes. In most cases, however, the Langmuir techniques are better
suited for single probes.

II. REVIEW OF DOUBLE-PROBE PROPERTIES

The manner of using a double probe is illustrated in Figure 1. The
form of current-voltage characteristic is shown in Figure 2. Several
methods for obtaining the electron temperature, T., from Figure 2 are
described in Reference 2. One of them will be outlined here.

The regions of positive jon saturation (EC and FI)) are extended
back to the current axis. The probe currents at points C and D (where
the probes begin to collect electron current) are denoted by tp and 4y,
respectively. 7., is then determined from Figure 2. G is computed from

Fig. 2-Typical dou-

ble-probe voltage-

current characteris-
tic.
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lg2
the expression G Figure 3 then yields the quantity
iy + Tpg
AV,
8, =-——. Then from point B (directly above C in Figure 2) A is
AV,
1.0

0.9 \

0.8
Fig. 3 — Graph for
use in determination
of probe current
when probe is at =] o
floating potential. > | >
4l \
0.7+ "
w
0.6
) .2 A 6 .8 1.0 lez
le2
G= 5~
Imtie,
BA )
determined such that — =8,. From A drop a perpendicular to EC
BO

extended. This determines «. The current (i,,0) corresponding to «a
is the electron current (and also the positive ion current) to probe No.
2 when it is at floating potential. In the same fashion one can determine
the electron and ion current (i,,;) to probe No. 1 when it is at floating
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potential. The electron temperature is then obtained from the relation

av
T. 11,600 G (1 G):"-'wpl: :|
4t |y, =0,

where = twp

-—

§

“10pl wp2

dV
and . is the slope of the double-probe
did _J V 0

characteristic at the point V, — 0.

If the currents to the two probes do not differ by more than about
30 per cent, one can set G (1 — G) — 0.25, and & — 0.85.

III. DETERMINATION OF PLASMA DENSITY, SHEATH Rapius, AND

WALL POTENTIAL FROM DOUBLE-PROBE DATA

Since at no point on the characteristic of Figure 2 is the electron

Fig. 4-— Expanded

portion of typical

double-probe charac-
teristic.

C

current to the probe saturated, the straightforward single-probe method
cannot be employed to determine plasma density. One proceeds in the
manner outlined below.

In Figure 4 is shown an expanded presentation of the left-hand
portion of Figure 2. It is seen that over a certain region the charac-
teristic is sensibly linear, but then breaks away toward A as high-
velocity electrons get to the probe. It is seen further, that CD is not
parallel to the voltage axis, indicating that as the probe goes increas-
ingly negative in voltage, its current increases. This arises from the
expansion of the sheath surrounding the probe. Since the sheath
diameter is not known, it has been customary (in the single-probe
method) to extend CD to the point directly below 4 and compute the
random ion current from the extrapolated current value at that point,
and from the probe area. This method is reasonably aceurate only when
the plasma density is so high that the sheath and probe diameters are
not appreciably different. For many cases which occur in practice, the

www . americanradiohistorv. com


www.americanradiohistory.com

GAS DISCHARGE CONSTANTS 195

plasma densities are so low that sheath diameter may be considerabiy
larger than that of the probe, even when the probe is at floating poten-
tial. It is essential that the sheath diameter be determined in order to
permit a determination of the plasma density.

It would appear desirable to attempt the computation for a point
on the double-probe characteristic for which saturated positive ion
current flows to only one of the probes (such as at point F of Figure 4).
This is not feasible, however, since the differential probe voltage at
such a point is different from the probe-to-plasma potential difference
by an amount which is almost equal to wall potential. The latter (which
is as yet unknown) may amount to several volts and thus cannot be
neglected without introducing serious error. It appears then that the
computations must first be carried through for the case where the
probes are at floating potential.

If the sheath thickness is known for this case (and as will be seen
it can be determined), then from this and the value of the ion current
(1,p), the random ion current in the plasma can be computed. From
the latter, and from the value of the ion temperature, the plasma
density, and wall potential can then be determined.

Determination of positive ion temperature is a difficult matter.
Fortunately, from the mechanics of collision processes, it is apparent
that under certain conditions the ion temperature must be close to
that of the gas. These conditions include one or both of the following:

1. short mean free path.
2. small plasma field.

When these conditions are not satisfied, the ion temperature can greatly
exceed that of the gas.>* It may even be the case that a “temperature”
cannot be assigned to the positive ions. This paper will be restricted
to the case in which equality of ion and gas temperature can be assumed.
In the case of decaying plasmas, for which the double probe is particu-
larly suited, the ion temperature can be set equal to that of the gas,
regardless of mean free path.

Treatment is restricted to the case of cylindrical probes. Consider
the case illustrated in Figure 5 in which the cylindrical cathode (ion
source in this case) is external to the collecting anode. The cathode is
the boundary between sheath and plasma through which ions diffuse.
The anode is the probe. Then, the space-charge-limited ion current per

$R. L. F. Boyd, “The Collection of Positive Ions by a Probe in an
Electrical Discharge”, Proceedings of the Royal Society of London, Vol. 201,
Series A, No. 1066, p. 329, April 26, 1950.

1 L. Sena, “The Motion of Positive Ions in the Electric Field in a Gas”,
Journal of Physics USSR, Vol. X, No. 2, p. 179, 1946.
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unit length to one of the probes may be taken as (see Section V)

| Ot g 5
Tp — 3.43 X 107 | J amperes per centimeter,
1’018"' l__ M] (1 )

where V., is the wall potential (since for the present only the
case wherein the probe is at floating potential is
being considered),

7, 1s the probe radius in centimeters,
M, is the ion molecular weight (oxygen = 16),

B2%is a function of cathode to anode radius given by
Langmuir and Blodgett®.

Since consideration is restricted for the present to the wall potential
case,

e = Twpr (2)

~PLASMA SHEATH BOUNDARY

-

Fig. 5—Probe-
sheath - plasma con-
T figuration.

PROBE

where i, is the electron current to the probe per centimeter length,
when the probe is at wall potential.

From kinetic theory,

' Nop € C),
fiop = — (27 71,), (3)
4
ev,
e = Jeo © kT, (27 T4)) 4)

where N,p is the plasma density,
€, is the mean ion velocity in plasma,
7T, is the sheath radius,

7, 18 the probe radius,

°I. Langmuir and Katherine B. Blodgett, “Currents Limited by Space
Charge between Coaxial Cylinders”, The Physical Review, Vol. 22, p. 347,
October 1923.
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T, is the electron temperature,

Jeo s the random electron current in the plasma in the
vicinity of the probe.

Tp 1/2
, 1.87X108|: :| , 5
M
where T, is the positive ion temperature,
and M is the ion mass, in grams.
Similarly for electrons,
Nop €€ Mop € T, /2
Jeo — 1.87 < 108 [ , (6)
4 4 m
where m is the electron mass, in grams.
Combining (2), (3), (4), (5), and (6) and solving for V , gives
kT, ry [ TeMN\1/2 T r. fT.M\1?
Vw —In 5 I - In ( ) . (7)
e r, \ Tym 11,600 re \ Tpm
Subsitution of (7) in (1) yields
: 3.43 X 10-7T23/2 e (T MN\'V27]3/2
Liop B S In )
(11,600)53/2 . \T,m
(8)
B2 r, M2
r, (TM 1/2 - 3/2
In—| ——
r, \Tpym 11,600 \3/2 i, 7, M, 1/?
Let = <— > — ¥ 9)
B2 T, 3.43 X 107

a. Determination of Sheath Radius

In (9) the only unknown quantity is r,. It is possible to solve for
r,, the sheath thickness, by a tedious series of approximations. To
obviate this, a nomogram, as presented in Figure 6 has been prepared,
from which the value of 7, can be readily determined.

Draw a line joining 4,, and T, and find its intersection with line A.

11,600\ /2
The quantity A is proportional to | — Twpe Similarly, find

(4
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the intersection of line B with the line joining the probe radius, r,,
and the gas. B is proportional to r, M2, Find the intersection of
line f with the line joining the points already located on A and B.
This quantity is the f of (9).

A
Te M
35.000
. ( fy fc r »
ua 30,000 T = s
Lup pa [ milsT ¢m milsT cm r,
25.000 + 0 002 o0 002 d
' E T
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2 20.000 ! -
1970004 Vs
: E i & L) 2--0 008
2 15,000 f |
. s fa K3 o007
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Fig. 6—Nomogram for determination of sheath radius, r., from double-
probe data when probe is at floating potential.

Instructions: Find intersection on line A of line joining T. and twp. Find
intersection on B of line joining gas and r.. Find intersection on f of line
joining A and B. Obtain b from Figure ?. Pass line through b from f to
ro/Ta. Transfer r./ra to (r./r.)*. Find intersection on r, of line joiming 7,
and (r./r.)*.

From the graph of Figure 7 the quantity b can be obtained from
T,/T, and the nature of the gas. b is proportional to

T, M —1/2

T, m

’
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a quantity contained in the left-hand term of (9). One now has a

value for
T, M 8/3
ln
T, M ™12
and for b o _
T, m

A knowledge of f and b should yield a value for »./r, (since B2
is a function of »_7,). Such is the case. A line drawn from f through
b in Figure 6, when extended to the r 7, scale, yields the desired value
of »./r,. The value of the sheath radius can now be computed from
the known values of 7, and r,/r,. To simplify this step, r./7, has been

replotted on the logarithmic scale (ro/r)*. A line joining (r./r,)*
and 7, vields the sheath radius r, on the scale so designated.

b. Determination of Plasma Density

From the value of 1, just obtained and the other known data, the
plasma density n,, (in the neighborhood of the probe) can now be
determined.

By combining (3) and (5),

M

.;"10
Nop = 2.14 X 1026 ! [T :I ions per cubic centimeter. 10)
r

P

In Figure 8, draw a line joining T, and the gas. This yields on

M
line D) a quantity proportional to I:— ] . In the same figure join
TP
. 3 . . . iwp
twp With 7. On line C this yields a quantity proportional to —. The
r

line joining C and D then yields n,, on its scale. ’

¢. Determination of Wall Potential

Sufficient information is now available to enable the wall potential
V., to be determined from 7. Again, a nomographic approach yields
a rapid solution.

In Figure 9, find the intersection on L with the line joining b and
7./7,. Transfer L to L*. Find the intersection on V., of the line
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Fig. 8— Nomogram

for determination of

plasma density, m.,

from double-probe
data.
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Joining L* and T,. This is the desired value of V. and constitutes a
solution of (7).

d. Determination of Random Electron Current

Equation (6) is a relation between plasma density, Nop, random
electron current, j,, and electron temperature, T,. Figure 10 is a
nomogram based on (6) which enables one to go directly from the
already determined values of n,, and T, to the random electron cur-
rent, 7.,

Now that wall potential has been determined it becomes possible
to compute plasma density, etc., for points on the double probe char-
acteristic removed from the floating potential case. This discussion
will be given following an illustrative series of computations applicable
to the floating potential case.

AMPS
108 Tlo Je cuz
’.5 T L]
2 - '°~4 eK
5 > 300
Q i 400 —
10 — 2 500
2 ‘2'° 700
3 1000 . .
2 = Fig. 10-—Nomogram for determi-
10° 3 —102 1 ;
5 ATdoLl nation of plasma random electron
2 e current, j..,, from plasma density,
s [° o PoE~ 7., and electron temperature.
- — 10 4,000
10 — Lo 5000 —
2 " 7,000
5 = ) 10,000
Iolz__‘ 2
ad L s 20,000
.
] 1o 30,000
o’ d Ls

IV. APPLICATION TO ACTUAL CASE—
DOUBLE PROBES AT FLOATING POTENTIAL

For purposes of illustration, the methods of the preceding section
are now applied to an actual case.

Measurements were made in a form of discharge in which a tem-
perature value could be assigned to the positive ions. A cylindrical
diode with inner tungsten cathode, containing helium at 500 microns
was operated at very low anode current. Under these conditions studies
show that the potential distribution between cathode and anode is of
the form shown in Figure 11.f In this form of discharge the plasma
is of low density and has an electron temperature close to that of the
cathode. This form of discharge was employed for two reasons:

+ This is similar to distribution ITI shown by M. J. Druyvestyn and
F. M. Penning, Rev. Mod. Phys., Vol. 12, p. 148, December 1940 (Figure 61),
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1. A temperature value can be assigned to the positive ions.

2. The low plasma density results in large values of »,/7,. This
is a case in which the determination of plasma density is more diflicult
than when 7./7, = 1, and will thus more forcibly illustrate the eflicacy
of the method here developed. Double probe data were taken and are
presented in Figure 12. The probes were cylindrical rods 0.025 centi-
meter in diameter and 1 centimeter long. As a consequence, the meas-
ured probe currents are also the values of probe current per centimeter
length. It is seen that the saturated positive ion regions have con-
siderable slope indicating not only an appreciable change in sheath
thickness with differential probe voltage, but that the sheath radius
must be considerably larger than that of the probe.

pe———ANODE
/ POTENTIAL

-
e
Fig. 11 — Potential =
distribution through I~
test diode. [
a

!

CATHODE |

| ANODE
|
et [ ————————]

The electron temperature was first determined from the data of
Figure 12 by the equivalent resistance method described above in
section II. It turned out that 7,— 3400° K. It was further assumed
that T, is the same as the gas temperature, in this case 325° K. Thus,
T,/T,=8.0.

Attention is now fixed upon the point for which I, in Figure 12 is
zero. At this point the probes are at floating potential. The method
of section II above is applied to yield the value of positive ion probe
current when I, = 0. For the right-hand side of the characteristic it
turns out that 4,, = 7.0 X 10~ ¢ ampere per centimeter.

The use of Figures 6 and 7 yields »,/7, — 2.46. Since in this case
r, = 0.025 centimeter, r, = 0.061 centimeter. Using this value of 7,
Figure 8 gives n,, — 3.4 X 10° ions per cubic centimeter. Figure 9
gives the wall potential, V,, = 1.4 volts. Finally from Figure 10, the
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random electron current in the plasma, j,, — 5.1 X 10-* ampere per
square centimeter.

V. CONSIDERATIONS REGARDING SHEATH THICKNESS

Equation (1) is a solution of Poisson’s Equation for the case of
an infinitely copious cylindrical source emitting only ions with zero
velocity towards an inner (or outer) cylindrical collector. The idealized
plasma-sheath boundary does not satisfy the above in at least three
respects:

1. The source is not infinitely copious but is limited by the random
currents in the plasma.

2. The ions are “emitted” with appreciable velocities.

3. Electrons as well as positive ions are “emitted” by the plasma.

The effects of points 1 and 2 above are treated in Appendix 1 (for
the plane case). The plasma-sheath solution turns out to be one in
which the sheath thickness adjusts itself so that (1) is still satisfied.
If the velocity of the ions is zero, the solution is identical with (1).
An application of this more exact solution to the problem at hand, with
subsequent corrections, indicates that except for the lightest of gases
and rarest of plasmas, corrections to Equation (1) are not significant.
For the case just treated, the correction is about 10 per cent for
sheath thickness and for plasma density. Further experiments, to be
described below, indicate that even this estimated correction is ex-
cessive.

Attempts to take into account the fact that the plasma also “emits”
electrons have not been rewarding. Certain inferences can be drawn
from a treatment of Langmuir.® He has considered the case of the
plasma-sheath combination for zero emission velocity of ions. If one
neglects his solution near the origin, which appears to be physically
unacceptable, based very likely on his assumption that the gradient at
the origin is zero, one obtains corrections for sheath thickness of
about the same magnitude as those for the above computed case. These
are not sufficiently significant in most cases to justify their considera-
tion.

As will be seen in the next section, experiment bears this out.

VI. PLASMA PARAMETER DETERMINATION
WHEN PROBES ARE NOT AT FLOATING POTENTIAL

Computations will now be carried out for a point at which one of

6 Irving Langmuir, “The Interaction of Electron and Positive Ion Space
Charges in Cathode Sheaths”, The Physical Review, Vol. 33, No. 6, p. 954,
June 1929.
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the probes is far removed from plasma potential. The potential con-
figuration for such a case is shown in Figure 13. It is seen that

Vpp Vd + Vw ’ (11'

where V,, = difference of potential between plasma and probe No. 2,

V4 = differential probe voltage,

v = the change in the potential of probe No. 1 required
to permit its electron current to change by an amount equal to the
change in the ion current to probe No. 2 as the differential probe
voltage changes from zero to V,. This change in ion current is given
by ¢,, — 7., where ¢,, is the positive ion current to probe No. 2 when

PLASMA
/POTENTlAL

Y _ [VW"" Fig. 13 — Potential

distribution through

double probes when

@ one of probes is col-

va £8 lecting saturated

positive ion current

only.
A (I
PROBE PROBE
) H2
V.# 0. Then from the Boltzmann relation

kT ?'pp

v In s (12)
e l")p

In many cases v will be negligibly small. Equation (1) can be rewritten

3.43 X 10-7V ,3/2
fon ——te (13)
o B2 MyV/2
V,p is given by (11); V, is determined by the method of Section IV; v
is determined from (13). From Equation (13) one can determine »,/r,
f (B%). To make unnecessary the solution of (13), a nomogram
(Figure 14) has been prepared which yields »,/r, from Vopr Tppr the
nature of the gas, and the probe geometry. Then from Figures 6, 7,
and 8 one obtains the plasma density, Mope

The above will now be applied to the illustrative case of Section IV.
At V,=2 volts, 7,, =10 microamperes. Since 1yp = T microamperes,
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(13) yields v = 0.1 volt. Then, since V, = 1.4 volts (see section IV),
V (2+1.4—0.1) volts = 3.3 volts. Using the values of V,, and
i, in Figure 14, r./r, = 3.40, n,, — 3.5 X 10° ions per cubic centimeter.

Similar computations were carried out at other values of V,; The

124
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Fig. 14—Nomogram for determination of sheath radius, »., from probe
data when probe is not at floating potential.

Instructions: (V,, is probe to plasma potential). Find intersection on X of
line joining gas and r.. Find intersection on Y of line joining V,, and 1,,.
Find intersection on r./v. of line joining X and Y. Transfer 7r./7v. to
(vo/7.)*. Find intersection on r. of line joining (v./7.)* and r..

results, together with those for the floating potential case, are given
in Table I.

Table 1
Vd ,"nl ‘,pp nop Yo/ Ta 182 Te (C7n. )
0 7.0 X 10-¢ 14 3.4 X 109 2.4
2 10.0 X 106 3.3 3.5 X 109 3.40 4.12 0.0524
4 13.4 %} 106 5.2 3.9 x 10? 4.02 5.16 0.0782
6 16.3 X 106 7.2 4.3 X 109 4.57 8.15 0.114
8 17.9 < 106 9.1 3.9 x 100 5.18 10.58 0.130
10 20.9 < 10-—¢ 111 4.1 x 109 5.53 12.2 0.140
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From section V it would appear that the determined values for Nop
should increase with increasing values of Vi Actually, for V, equal
to 4 volts, or greater, the values of n,, have a range of only * 5 per cent.
Even if the value of V,=0 is included (for which the determination
of i, involves an extrapolation), the range is less than + 12 per cent.
It appears reasonable to believe that if the values of r./T, Were appre-
ciably in error over the range of 0 to 10 volts for Va the range of n,,
would be considerable. Thus, experiment too suggests that the .tccurdcy
of the determinations of plasma density based upon the simple space-
charge equation (1) is adequate for the type of experiment involved.

VII. SINGLE PROBE CONSIDERATIONS

As a rule, plasma density can best be determined in the single-probe
method by the measurement of saturated electron probe current. Under
certain conditions, e.g., if drawing saturated plasma current to the
probe disturbs the discharge, it may be desirable to make the density
determination from positive ion probe currents. This is possible only
when temperature values can be assigned to the ions. Such can be
done for many types of discharge, particularly of the hot-cathode type
where pressures are not too low or plasma gradients high.

T, is determined from the lower portions of the ascending probe
characteristic where electron flow to the probe starts. (In this region
the electron probe currents will not unduly disturb the discharge.) If
the positive ion probe current, i,, is measured for the case wherein
the probe is highly negative with respect to the plasma, then for the
plasma to probe potential one can use, as a first approximation, the
difference between the potential at which the probe draws positive ion
current, ¢,,, and the potential at which it draws zero current. This
potential difference is designated V,. If a better approximation is
desired, an approximate value for wall potential, V,*, can be obtained
from Equation (7) by setting r,/r, =1. Since the conditions of the
experiment require that V,, « V,,, it follows that the error introduced
by neglecting the fact that r./r, ¢ 1, will be small.

Setting V,,—=V,,+ V,* the plasma parameters can then be
determined from Figures 14, 6, 7 and 8 as indicated m section VI. If
greater precision is required, one can then use the value of 7, /7,
obtained to recompute V,* and V,, and then proceed as before. The
process can be repeated if necessary.

VIII. CONCLUSION

Direct and simple methods have previously been described for ob-
taining electron temperature by means of double probes. Determination
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of other gas discharge parameters such as plasma density, random
currents in the plasma, and wall potential, from double probe data
requires tedious trial and error solution of transcendental equations.
Methods are described whereby these quantities can be determined
very rapidly by means of a family of nomograms.

It is shown how the nomograms may also be applied to single probe
data, thus permitting the use of single probes in a manner less dis-
turbing to a discharge than the methods conventionally employed.

NOTE: A limited number of large scale reproductions of the nomograms

shown in Figures 6, 8, 9, 10 and 14 are available and may be obtained from
the authors.

APPENDIX+t

SPACE-CHARGE EQUATION FOR FINITE CURRENT SOURCE
AND FINITE EMISSION VELOCITIES

Consider a planar source of positive ions of current density j,. Let

the ions be emitted with a uniform velocity v, /t 2 V. toward
m

a parallel plane anode at potential V, at a distance b from the ion
source. This can be considered as simulating a positive ion sheath in
which the velocity v, with which the ions enter the sheath is given by
their mean Maxwellian velocity in the plasma.

Poisson’s Equation for this case is

a2V dre ], T
— . ; 14

dx? e 172
l:z (V+V,) :‘
m

where V is the potential at point « in the sheath. The solution of (14),
dv

subject to the conditions V=0 at 2 =0, - =0atax=0; V=V, at
dx

2 = b, has the form

3/4 pdp
b=— ; (15)
1/2 [ 3/2/ [u——n(l-HL)]“il
[=+() 1
V 1/2 Vb
where ,u=[ ],and ,ub=‘:
VO VO

+ This analysis is due to E. O. Johnson of this laboratory.
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If the ions enter the sheath with zero velocity, then u — o and the
quantity in the bracket of (15) is equal to unity. Then

V.,3/4

0

b I1Vo=0 'bw ’ (16)
m 1/2 1/2
I i, -

where b, is the conventional expression for the spacing between
cathode and anode for the case of zero emission velocities. Thus

b 1.5 “Hy pdp
5 (17)
b mo Joo [e—In (14 p)|172

2.6

AN

Y

oo

14 \ S
\\
1.0
[} V3 4 10 20 40 100 200 400 1000
v,
V.

Fig. 15—Corrections to sheath thickness resulting from initial
velocity of ions (plane case).

is a measure of the effect of the initial velocity of the ions upon the

1y

sheath thickness. Figure 15 is a plot of b/b, as a function of —— — "
P'bz Vb

If the ion temperature is 350° K, then V,=0.038 volt. If V,=10

1%
volts, then gt 300. In that case b/b, =~ 1.2. For cylindrical probes

b
the sheath expansion due to initial velocity of the ions will be Jess
than in the case of a plane probe. This results from the concentration
of field at the cylindrical probe,
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A NEW TELEVISION STUDIO AUDIO CONSOLE*
By

ROBERT W. BYLOFF

Engineering Department, National Broadcasting Company, Inc.,
New York, \N. Y.

Summary—A new audio console, equally useful in television and radio
studios, has been built. It combines a large number of operating facilities,
exceptional flexibility, and compactness. Specific attention was given to the
layout of controls to achieve operational convenience. Among the features
are a twelve position mixer split three ways, a built-in sound effects filter,
microphone equalization, lighted controls, sound effects switching, and video
monitoring. This article describes the mechanical features of the console as
well as the reasoning underlying its design. A description of the circuit
configuration and of an unusual mixing circwit is included. Performance
data of the system is also given.

INTRODUCTION

grown, it has become obvious that a studio audio system spe-

cifically designed for television was needed. Such a system had
to incorporate not only the special facilities demanded by television but,
at the same time, in the interests of standardization, it was necessary
that it be equally usable for radio production. This last requirement
was given added importance when it became the practice to use the
same program simultaneously for television and sound radio.

g- S THE SIZE and complexity of television studio productions have
A

An investigation of the requirements of such a studio audio system
disclosed that it must be more flexible and larger than one to be used
for sound broadcasting alone. Specifically, the investigation showed
that the system must include more fader positions, more facilities for
combining or mastering these faders, a simple way of handling program
sources (nemos) outside the studio, special equalization to compensate
for unavoidably poor microphone placement, a switching system for
special effects filters, special control lighting and indexing, automatic
gain control, and provision for built-in video monitoring.

A system, designed from these requirements and described herein,
has actually been built and is installed in several new television studios.
Among these are the world’s largest dramatic studio and the world’s
largest television theater.

* Decimal Classification: R610.
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MECHANICAL FEATURES

The principles used in the mechanical design of the console were
as follows:

1. The console to be as small as possible in all dimensions to allow
its use in the normally crowded spaces allotted to television
control rooms, and to allow good visibility over the console.

2. All controls to be within easy reach.

Space to be provided for a script or cue sheet.

4. Primary operating controls to be on the front panel and properly
indexed, and secondary and preset controls to be on the side
panels.

5. Space to be provided for five video monitors in the console, since
video monitoring for the audio operator is essential in keeping
the microphone boom out of the picture.

6. The video monitor portion to be attachable as a separate item
to allow use of the console in radio studios or any locations not
requiring picture monitoring.

7. The console equipment to be accessible for maintenance from
the front of the console to the extent necessary to provide maxi-
mum flexibility of console location in the control booth.

8. All equipment, not requiring manipulation by the operator, to
be mounted elsewhere to save operating space and to permit easy
maintenance.

Figure 1 is a view of the console. The unit as shown is 66 inches
long, 36 inches deep, and 41 inches high. Without the video monitoring
portion, the depth is reduced to 23 inches and the height toward the
front to 36 inches. The distance from the center of one side panel to
the other is 45 inches, which permits easy reach to either side. The
desk top is wide enough to allow legal size sheets of paper, which is
normal script size, to be placed on it without overhang. The sloping
portions of the top allow the panels to be set down and thus reduce
overall height. This feature also allows the operator’s hands to reach
the top controls on the front panel more comfortably. On the right side
of the desk top is a sliding panel which covers a well in which the
microphone preamplifier inputs appear on drop cords. These drop cords
(similar to telephone switchboard cords) are used for microphone
selection, and can be patched into the microphone receptacle jacks in
the jackfield directly above the well.

The front panel, sloped at 20 degrees from vertical for maximum
operating ease, has in its top row of controls 12 microphone faders.
The center group of controls in the lower row are the red, white, and
green submaster faders, a studio master fader and a remote master
fader. These submaster faders are color coded to provide a convenient

o
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visual tie-in with fader assignments as described below. The controls
on the ends of the panel are for studio playback and reverberation. All
faders on the front panel have dials, which are illuminated when they
are in use. Each dial is calibrated and, in addition, contains an illumi-
nated pointer enabling the operator to tell at a glance the position of
the fader. Above each microphone fader is a translucent window which
lights up red, white, or green depending on whether the fader is as-
signed to be mastered by the red, white, or green submaster. The
window is dark when the fader is unassigned. The surface of the
window is roughened to allow the operator to pencil and erase any

Fig. 1—The studio console shown in position with video monitor housing
attached.

supplementary information he wishes on it. He may, for example,
write “orchestra” or “cast” or “boom” on these windows, and the light
behind the window makes his writing show up in the darkened control
room. Thus these windows indicate to the operator whether or not the
fader is connected, the submaster to which it is connected, and any
other information about that channel he may wish to indicate. Lever
keys on the front panel select remote programs, sound preview remote
programs, control sound effects filter, and do auxiliary switching. An
illuminated volume indicator in the center of the panel shows the
volume level on the output of the system.
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The right side panel contains a jackfield for patching up effects,
equalizers, microphones, and other program sources, and for emergen-
cies. This panel also contains equalizer controls for microphone
equalization, and a control for the selection of limiting or compression
in the program amplifier.

The left side panel at the top contains four microphone faders in a
separate four position auxiliary mixer which is used for audience
reaction and is normally preset.
Controls for monitoring and sound
effects filter frequency response and
gain are contained at the bottom of
the panel. In the center of the panel
are push buttons, for assigning fad-
ers to submasters. There are four
buttons for each fader: a red, a
white, a green, and a black one for
“oftf”. Pressing the red button for
fader 1, for example, connects it to
the red submaster and lights up the
indicator window above fader 1 in
red. Another set of push buttons on
this panel is used for effects switch-
ing as described below.

The housing attached to the back
of the console allows five 10-inch
video monitors, set on dollies with
their kinescope faces up, to be
placed in the console. These kine-
scopes are viewed by reflection from
a front surfaced mirror set in the
housing. These monitors enable the
audio operator on a television pro-
gram to observe the outputs of all
of the cameras and also the pro-
gram leaving the studio. This is
Fig. 2—Racks containing all neces-  particularly important to him from
sarg'eflan;,xs)liffzerrsghléo‘:s(riiiuggl;&srf"d the standpoiflt of keeping the. milfe

out of the picture. The housing is
completely independent of the rest of the console and may be removed
if not required.

The three panels inside the kneehole of the console are removable
for maintenance of the equipment. The front panel is hinged and drops
forward; the side panels are removable with thumb screws.
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Figure 2 shows the rack equipment required for the console. The
jackfield is used primarily for maintenance checking. The racks contain
preamplifiers, boosters, power supplies, relays, and monitoring ampli-
fiers for the system.

ELECTRICAL FEATURES

Figure 3 shows a simplified block diagram of the over-all system.
No attempt has been made in this drawing to show specific circuit
components, which are known to anyone familiar with audio practices.

Twenty-four microphone outlets are available at the console, and
may be connected to the twelve preamplifier inputs by drop cords.
These sources are then normalled through preamplifiers to the twelve
regular faders. A push button control system as described previously
at the fader outputs enables each fader to be connected to any of three
mixers. The reason for having three mixers is to permit mastering
in three groups. This grouping reduces the need for individual fader
manipulation and confines much of the operator’s attention to three
controls. The outputs of these mixers, following amplification are
connected to the three submaster faders. The outputs of the submasters
are then mixed and routed to the studio master fader. The studio
master fader output is mixed with a nemo (or remote) master output
which in turn goes to the studio amplifier to bring the program level
to studio bus level, or to line level if the output is to feed telephone
lines. The studio amplifier is a special automatic gain control amplifier
with selection of either limiting or compression characteristics. The
characteristic to be used is selected by the audio operator by means of
a key at the console. One of the advantages of an amplifier of this type
in the system is that it permits greater latitude in gain settings and
thus assists the operator in that respect on a program.

The input of the nemo master fader comes from selector relays,
which choose one of two remote program inputs which are sent to the
studio by the transmission section of the studio plant. Selection of the
proper nemo program is made either by the audio engirfeer with a key
at his position or, if he desires, it may be accomplished by the picture
switcher. When this set-up is used, audio and video switching to remote
programs is done together automatically. Having the nemo master
fader and studio master in parallel enables the audio operator to fade
out his studio program and fade in the remote program with these
two knobs alone. This feature is desirable particularly for commercial
film insertions in a studio program.

Bridges are taken off the remote lines as they enter the studio sys-
tem and are brought to a key for selection. The selected program is
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then amplified and sent to a small loudspeaker so that the audio man
may listen to the remote program on a preview speaker before he puts
it on the air.

Two turntables are usually provided in television studios for bridge
music, themes, and actions where a voice intending to portray the
thoughts of the actor is heard. These bits must be played back to the
studio so that the actors may better know what is happening. In the
console the turntable outputs are normalled to the input of a studio
loudspeaker volume control which goes to a loudspeaker amplifier, the
output of which is sent to outlets in the studio. A portable loudspeaker
may be placed near the scene of the action and plugged into the nearest
outlet. This placement enables low volume level on the loudspeaker and
avoids excessive echo in the studio. Actual program from the turn-
tables is connected to a program fader for transmission and control.

The auxiliary four-position mixer has four input jacks going to four
faders. These fader outputs are combined and appear on a jack which
may be used to patch this system to any console input. This mixer
allows applause control of four microphones using only one regular
fader position.

Monitoring feeds from the studio bus or line go to the console vol-
ume indicator, to the video and audio booth speaker amplifiers, and to
a headset monitoring amplifier. The booth speaker amplifiers have
cutoff relays on their inputs to avoid feedbacks when the studio address
system in the control booth is used. The headset monitor amplifier out-
put is fed to studio receptacles for the use of sound effects technicians,
orchestra leaders, and stage managers.

All equalizers and sound effects filters in the system are arranged
for zero insertion loss by providing amplification in these circuits to
compensate for filter losses. The three microphone equalizers have low-
and high-frequency control and are on jacks, so that they may be con-
nected to any microphone channel desired. The sound effects filter has
a by-pass switch around it, so that it may be inserted on cue, and a gain
control to compensate for diflerent settings of the filter.

The effects switching system is shown in Figure 4. This is a relay
switching system with three inputs and three outputs. If three micro-
phone channels are connected through this system, they may each be
connected, through operation of appropriate relays, to any effect re-
quired such as a sound effects filter, an echo chamber, or simply a
volume control. This switching then allows an echo chamber, for ex-
ample, to be inserted in different microphone channels during a pro-
gram without repatching. In television audio work this facility is
important because a special filter or echo microphone cannot be assigned
for use by the actors as the program demands, and so these effects
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must be available on several microphones. The system is also useful in
telephone conversation effects where both ends of the conversation are
shown with first one party on filter, and in the next instant, the other
party on filter. Control of these relays is provided at the console. This
control may be done either by the engineer at the console with simple
on-off buttons or he may elect to tie the system to camera switching.
It so, the filter switching is caused by the switching of cameras. A tally
panel in the console shows the audio operator which camera is on the ajr.

In addition to the above facilities, the system contains contrast
controls on the console for the video monitors, rack to console tie trunks,
Jack multiple strips, auxiliary isolation coils, talkback facilities to the
studio address speaker and to the headphones of the boom operator,
telephone facilities to other studios and to master control, and telephone
facilities to other audio operators in the same studio. Multiple jacks on
microphone channels are provided for connecting to an auxiliary public

558 A;‘ 8 NI L ] 1
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address system if the console is used in an audience studio. This pro-
vision allows for individual microphone public address, which has been
found to be essential for television studio public address systems.

An unusual feature of the console is the microphone channel mixer.
In the past when a split mixer was provided, it was necessary to have
switching keys of complex configuration for connecting the microphone
channel to one or the other mixer. This complexity was required be-
cause the mixer was a matched impedance system and whenever a fader
was removed, a resistor of the same impedance had to be substituted
for the fader in order to keep the same loss through the mixer. If the
mixer must be split three ways, the complexity of the switching key
becomes so great as to be impractical. Therefore, a bridging mixer was
employed. In this system, the series resistors going to the faders are
large enough to keep the mixer from knowing whether a fader is con-
nected or not. Terminating resistors are provided at each of the twelve
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inputs to terminate the faders properly. Some compromise must be
made in this system to prevent excessive loss of level. The compromise
agreed on was to allow a 2-decibel variation in mixer loss between the
extremes of having one or twelve faders connected to the same mixer.
With this compromise it was possible to design a mixing system with
approximately 7 decibels more loss than in a conventional matched
impedence mixer. This loss is easily made up in modern high-gain
amplifiers. The mixing system employed is shown in Figure 5.
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PERFORMANCE DATA

The performance of the overall system is of considerable interest.
The frequency response is essentially flat from 30 to 15,000 cycles per
second. Distortion at 10 decibels higher than normal level through the
system is less than 0.5 per cent and the signal-to-noise ratio is. 77 deci-
bels below the level at which the distortion measurements were made.
These performance figures far exceed the FCC requirements for sound
or television broadcasting.
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A STORAGE OSCILLOSCOPE?*
By

L. E. FLory, J. E. DILLEY, W. S. PIKE AND R. W. SMITH

Research Department, RCA Laboratories Division,
Princeton, N. J.

Summary—With the continued increase in operational speed of elec-
tronic devices, visual observation of the consequent short duration and often
non-repetitive phenomena produced has become inereasingly difficult. Long
persistence phosphors or photography may be used, but they have obvious
disadvantages. This paper describes a storage oscilloscope built around a
Graphechon electronic storage tube which may be used for viewing such
transients. Such a device is shown to offer certain advantages in con-
venience, speed, flexibility and viewing time over more conventional methods.

INTRODUCTION
\ ITH the continued increase in the speed of operation of
electronic devices, the problem of observation of phenomena

) of extremely short duration has become increasingly difficult.

This is especially true of events which occur at a very low repetition
rate or perhaps singly as do many transient phenomena. For example,
in microwave radar applications, pulses of .1 microsecond or shorter
often must be studied, frequently at very low duty cycles. Also, dis-
turbances generated by various nuclear disintegration processes may
occur at a random rate or only once and frequently last no longer than
109 second. Since the information is to be received in an extremely
short time and studied for a relatively long period, it is obvious that
some storage system is required and preferably one more flexible than
photography.

Two methods for the observation of nonrecurrent phenomena are
generally used. For direct observation, a long-persistence phosphor
may be used or the trace on a phosphor may be photographed for later
study. Both methods have many disadvantages. The long-persistence
phosphor has a long persistence in a relative sense only, the decay
being quite rapid, especially during the first part of the curve. Pho-
tography has the obvious disadvantage of inconvenience and delay,
particularly important where circuit adjustment depends upon con-
tinuous observation of successive traces.

A number of electronic storage devices have been developed which

* Decimal Classification: R371.5.
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Fig. 1—Development model Graphechon tube.

can accept electrical information, retain it for a period and then re-
produce it once or many times as desired. One such tube described
recently is the Graphechon.! In this tube, a surface capable of accept-
ing and retaining a charge pattern is scanned by an electron beam,
for instance in a television raster. As the beam scans the surface, a
secondary emission picture of the entire scanned area is produced in
much the same manner that the signal is generated in a television
pickup tube. By this means, any charge distribution over the surface
can be reproduced on a television monitor. If the wave form to be
observed is written as a charge trace on the storage surface, it will
then be reproduced for viewing.

Figure 1 shows a schematic diagram of a development model of the
Graphechon storage tube, and a photograph of the tube is shown in
Figure 2. The target or storage element consists of a fine mesh screen
supporting a very thin layer of aluminum on which in turn is deposited
a thin layer of insulating material. An electron beam which is called
the reading beam, scans over the insulating surface and establishes a
condition of potential equilibrium. Once this equilibrium is established,
further scanning with no signal applied produces no signal output.
If now a second beam from the opposite side of the target and of

Fig. 2—Developmental Graphechon used in the storage oscilloscope.

1 L. Pensak, “The Graphechon — A Picture Storage Tube”, RCA
Review, Vol. IX, No. 1, p. 59, March 1949,
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sufficient energy to penetrate the aluminum and insulating film is
caused to strike the target and scan some pattern over the surface,
it will upset this equilibrium condition by depositing or removing
charge from the insulator. This beam is called the writing beam. This
condition must then be corrected by the reading beam and the process
of restoring equilibrium generates the reading signal. If the amount
of charge removed or deposited by the writing beam in one scan is
large compared to the amount which can be restored by the reading
beam in one sean, then many scans of the reading beam will be neces-
sary to restore the original conditions, and thus many reproductions
of the written signal will be obtained. This process provides the
mechanism of storage utilized in the instrument to be described.

100 L A Figure 3 shows the discharge
50 ; i . N characteristic of a typical Graphe-

\Q chon storage tube for different
20 1 —Ir . values of reading current. The

curves shown were taken at tele-
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Fig. 3 — Discharge characteristic ¢an be obtained as shown by these

of typical Graphechon read at 30 cyrves.

frames per second for different bt !
- gf reading-beam current. In order to utilize a tube of this

type as an oscilloscope, it is neces-
sary to provide means for scanning the storage surface, amplify-
ing the secondary emission picture, and displaying it on a monitor.
Further, a means of sweeping the writing beam over the surface at
high speeds in response to the transient to be studied is required.
Figure 4 shows in block form the complete storage oscilloscope with
reading means in conventional television fashion and sweep circuit
amplifiers and unblanking pulse for the writing beam. Since the read-
ing equipment can be of conventional design, including a video am-
plifier, deflecting circuits and’ monitor tube with necessary power
supplies, it is not necessary to go into detail on this part of the equip-
ment. One point which might be mentioned is that of modulating the

RELATIVE SIGNAL {PERCENT)
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reading beam class C with a frequency of the order of 25 megacycles,
permitting the use of standard television intermediate-frequency am-
plifiers for the video, and at the same time reducing the trouble which
would have been encountered with hum, microphonics, etc. in an am-
plifier designed to pass low frequencies. This type of operation also
serves to separate writing signals from reading signals.

Since the main use of the storage oscilloscope is for the observation
of high speed transients, it follows that a high speed triggered sweep is
necessary. Shown in Figure 5 is the simplified schematic of the sweep
circuit used in the present instrument. The incoming trigger pulse is
amplified and used to trigger a biased-off blocking oscillator which gen-
erates a very sharp pulse. This pulse is in turn, used to trigger a single-
shot cathode coupled multivibrator which generates a pulse whose width
depends upon the time constant of the cathode coupling circuit. Differ-
ent lengths of sweep can thus be obtained by changing the time con-
stant in this circuit. This pulse is then applied to a saw-tooth gener-
ating tube which generates in its plate circuit a linearly varying
current signal during the charging of the plate capacitor. The size of

+300 +1000
oy |
6SN7 & E = 6J6  6AG T 6AGT | 2% ot
e eyt 1 | ,5:'“‘:__;- S 'L%’ Fig. 5—Basic sweep
1 %‘?‘mg : 1 ) 1 circuit used in the
' : U oscilloscope.
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this capacitor is matched to the time constant of the multivibrator in
order that the same amplitude of linear deflection will be obtained at
all speeds. The output of this tube is used to drive an 807 output tube.
In order to keep the plate dissipation of the output tube at a reasonable
value, the tube is operated in a partially biased-off condition, since the
grid signal is always in a positive direction, and since for most appli-
cations the duty cycle is extremely low. About 700 volts of deflection
are generated with a steady plate curvent of 20 milliamperes. The
shortest sweep time is about 0.15 microsecond. For shorter sweep times
a line-type pulser may be used.

A pulse taken from the multivibrator is also used to generate an
unblanking pulse which is applied to the grid of the writing gun and
serves to turn on the writing beam only during the sweep time. Since
this pulse comes from the same source as the sweep signal, it auto-
matically comes out the proper length.

1
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While the operation of the instrument is such that it is difficult to
assign a value to deflection sensitivity in the usual sense, as will be
apparent as the operation of the instrument is further described, 50
to 100 volts of signal are necessary to obtain usable deflections. For
a great many applications therefore, some amplification is necessary.
Since the objective of the development was aimed toward a resolving
time of 108 second or better, it is obvious that conventional video
amplifiers would not be satisfactory. There has recently been consider-
able work done on a type of amplifier known as a distributed amplifier
or travelling wave amplifier.2 A schematic of such an amplifier is shown
in Figure 6.

In this amplifier, the input signal travels down the transmission
line in the plate and grid at the same rate so that plate signals from
successive tubes add to produce a larger signal across the output ter-
mination. By this means, the tubes are essentially in parallel as far

2E. L. Ginzton, W. R. Hewlett, J. H. Jasberg and J. D. Noe, “Dis-
tributed Amphﬁcatlon”, Proc. I.LR.E., Vol. 36, No. 8, p. 956, August 1948.
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as signal is concerned but the capacities of the tubes are isolated by
the sections of the line. Approximately one half the sum of the plate
currents of the tubes is effective, the other half being lost in the
termination at the opposite end of the plate line. Useful gains with
bandwidths up to 200 megacycles have been obtained in this manner.
The tubes shown in this amplifier are 5763’s which have a mutual
conductance of 7000 micromhos and a plate current of 50 milliamperes
or more each at 100 volts plate voltage. This permits an output of
about 50 volts peak-to-peak across the lines which are about 160 ohms
impedance. Two such amplifiers are used in push-pull and may be
driven by a third similar stage through a phase inverter. This arrange-
ment is shown in Figure 7. If it is desired to trip the sweep directly
from the signal to be observed, a delay line may be placed between
the sweep sync input and the input of the deflection amplifiers to
permit the sweep to start ahead of the signal deflection.
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Fig. 7 — Push-pull DS = o oUTPUT
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The over-all voltage gain of the arrangement shown in Figure 7 is
about 15. Additional amplifier stages may of course be added as de-
sired, depending upon the application. Front and back views of the
complete instrument are shown in Figures 8 and 9.

The method of reproducing the traces by television scanning tech-
niques permits flexibilities not otherwise possible. For instance, by
scanning a small area on the storage target while maintaining full
deflection on the monitor, it is possible to realize a scanning magnifica-
tion. It is for this reason that conventional sensitivity figures of volts
per inch deflection are meaningless. A more accurate realization of
the sensitivity may be gained in terms of volts per line width of the
trace. Stated in this manner, about 10 volts signal per line width of
deflection is required.

To carry the scanning magnification principle further, it is obvi-
ously possible to enlarge the trace by television projection to a theatre
size screen. The amount of additional information which can be ob-
tained by such magnification is of course limited by the resolution of
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the scanning beams. Aside from this, however, the enlarged picture
is of advantage where a large number of people wish to view the
display, as in classroom instruction. In this regard, it is also possible
to take advantage of television transmission techniques for transfer-
ring the display information to one or more remote locations where it
may be viewed for instruction purposes on standard television receivers.
Since the output signal can be complete with sync pulses, it may be
transmitted over the usual coaxial cable and introduced into the video
section of a receiver with no modi-
fication.

w - | O {

Fig. 8 — Front view of completed Fig. 9—Rear view of storage
storage oscilloscope. oscilloscope.

The extreme speed of response of the storage tube, combined with
the flexibility of the monitoring method, permits the observation of
phenomena which would otherwise be difficult. Figure 10 shows a .05-
microsecond pulse recorded in a single sweep and photographed from
the monitor screen. The trace in this case was visible for about a
minute. The rise time is 108 second.

In cases where a photographic record of a trace is desired, the
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Fig. 10—.05-microsecond pulse recorded in a single sweep. Rise time 108
second.

feature of being able to view the trace before photographing is of great
assistance. It enables the operator to make sure that a satisfactory
trace has been obtained before a photograph is actually taken. The
long viewing time permits the use of ordinary snap shot techniques
with only minor precautions in eliminating strayv light.

Figure 11 shows a portion of the build-up of a pulsed 50-megacycle
oscillator. The sweep time was of the order of 0.5 microsecond. The
separate loops of the 50-megacycle signal are plainly visible at the
start of the build-up. Again this trace was recorded in one single
sweep of the writing beam.

One of the more interesting applications of the instrument, as was
mentioned earlier, is in the observation of nuclear phenomena. Figure
12 shows three traces taken of the output of a scintillation type counter.
The traces are one microsecond in length and were recorded in suc-
cession on the storage tube and photpgraphed simultaneously. This is
an illustration of an additional flexibility of the instrument, in that

Fig. 11—Build-up of pulsed 50-megacycle oscillator.
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Fig. 12—Output of scintillation counter viewed on storage oscilloscope. All
traces are 1.0 microsecond long.

several traces may be recorded in sequence on the target simply by
shifting the position of the beam between traces. All the traces may
then be viewed together for comparison or photography. The last trace
is of particular interest, since it represents a burst of particles result-
ing in a Jagged pulse. The rise times in the sharp changes in amplitude
are of the order of 108 second.

A further application to nuclear processes is shown in Figure 13.
The upper trace was made with a sweep time of about .15 microsecond
and represents again the output of a scintillation counter in response
to a single electron at its input. The rise time shown here is of the
order of 10—9 second. The second trace is a similar reaction with a
sweep of one microsecond.

While the high speed operation of the device has been emphasized
because of its more spectacular nature, it should also be recognized

Fig. 13—Output of scintillation counter in response to a single electron at
the input. Upper trace sweep time 0.15 microsecond. Lower trace, a similar
reaction with sweep time 1.0 microsecond.
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that there are many transient phenomena occurring at much slower
speeds than those illustrated here, but which still require storage for
their satisfactory observation. For example, the study of spark dis-
charges in automobile ignition systems, the transients occurring when
a circuit breaker opens, or any of hundreds of phenomena now observ-
able only by photography, might be more conveniently observed by
electronic storage.

Also, it should be emphasized that this instrument is not necessarily
limited to the observation of single traces, but may be used to great
advantage in the study of low speed repetitive waves where even
though repetitive, the duty cycle may be so low as to make observation
difficult, as anyone who has tried to observe pulses shorter than .1
microsecond at a sixty-cycle repetition rate can testify.

The instrument described is an experimental model built to study
the possibilities of such a device. It is still in a state of development
and its possibilities have not been fully explored. The purpose of this
paper is to present the principle of electronic storage in oscillography
as a new tool in the hopes that it may prove a useful device to facilitate
the study of transient phenomena.
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GRAPHECHON WRITING CHARACTERISTICS*
By

A. H. BENNER AND L. M. SEEBERGER

Engineering Products Department, RCA Victor Division,
Canuden, N..J.

Summary—The results of experimental imvestigations of small-area
writing on ¢ Graphechon are presented. The study was conducted to ascer-
tain the practical limits of small-area writing, and to provide evidence for
the further understanding of phenomena occuwrring on the target. Sample
caleulations are presented to illustrate how the performance of Graphechon
systems may be predicted.

INTRODUCTION

HE Graphechon tube is a storage device used primarily as a
scan converter. An outgrowth of the Teleran system require-
ments, the Graphechon finds its widest application in convert-
ing a radar plan position indicator (PPI) presentation into a television
tvpe of scan for transmission and subsequent display at high intensity.
Lixperience has shown the need for more precise information on
the. writing behavior of the Graphechon storage tube. The construc-
tion and fundamental theory of operation have been discussed else-
where.'* Also a great deal of experimental data has already been
taken with the tube under conditions of “saturated’” writing. (By -
“saturated” writing is meant a signal of such an amplitude that an
increase in the writing level will cause no further increase in the
storage time as observed in the reading circuit.) Qualitative predic-
tions of the Graphechon’s performance in the region of “unsaturated”
writing could be made, but exact knowledge of the output to be ex-
pected from the tube at the lower limit of writing energy had not
vet been obtained. It is, therefore, the purpose of this paper to de-
scribe the writing characteristics of the Graphechon in detail, espe-
cially in regard to small areas.
Measurements were made to establish the relationship between
spot size and beam current, as it was known that the upper limit of
video drive was set by resolution requirements. It was considered

* Decimal Classification: R583.15.

1 L. Pensak, “Picture Storage Tube”, Kl ctronics, Vol. 22, pp. 84-88,
July 1949.

* L. Pensak, “The Graphechon — A Picture Storage Tube”, RCA Re-
view, Vol. X, No. 1, pp. 59-73, March 1949.
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desirable to use the surface potential of the target insulator (reading
side) as a measure of the degree of target discharge. However, early
experiments soon indicated that such measurements would be very
difficult to make, if not altogether impossible, with a conventional
Graphechon. Consequently, an indirect approach to the determination
of the degree of discharge was adopted.

To make the information as fundamental as possible, and inde-
pendent of the geometry of the writing-scanning process, it was
decided to bombard the target with an undeflected beam of known
amplitude, size, and time duration, and to deflect the reading beam in
a standard television scan. The status of the charge so produced on
the insulator’s surface was determined by recording such measurable
items as initial amplitude of the video signal in the reading circuit,
and the length of time necessary for the charge pattern to be com-
pletely removed by the reading beam (storage time). Useful data was
also obtained by noting the behavior of the amplitude of the reading
signal, caused by a given amount of writing excitation, as a function
of time.

From this data one may calculate the expected performance of any
Graphechon svstem. Once the time-rate of the writing scan is known,
the desired storage time, or reading signal-to-noise ratio, may bhe
determined in terms of the remaining parameters which are held
constant.

PRESENTATION OF RESULTS

In this section of the paper, measurements of the Graphechon
target circuit voltages resulting from one or more writing pulses are
presented.

Residual Writing Beam. Early in the experiment, it was discovered
that with the undetlected writing beam biased to or beyvond cutoff
without excitation, in which case no actual writing beam was expected
to be present, a spot on the target was discharged to saturation after
a period of a few seconds. This condition was especially noticeable
when the reading beam was removed for a period of about ten seconds
and then restored to normal. The static-target and writing-collector
currents were obtained for several tubes near the region of cutoff as
the writing-grid bias was varied. Two classes of tubes were examined;
the normal-thickness (1% micron) insulating film tube, and a thin
(1g micron) insulating film tube. Unless otherwise specified, the dis-
cussions and figures refer to the normal-target tube.

A plot of writing-collector and target current from an undeflected
beam with the reading gun biased below cutoff, is shown in Figure 1.
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The relative amplitude of the amount of target discharge produced by
the writing beam, as seen by momentarily activating the reading beam,
is also shown in Figure 1. This latter curve shows that even if the
undeflected writing beam is biased to twice the cutoff value the target
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Fig. 1—Static target and writing collector current versus writing-grid bias
with the reading beam biased far below cutoff for an undeflected writing
beam, and the amplitude of the written spot, as seen by activating the
reading beam, versus the writing-grid bias. (See appendix for legend of
symbols for all figures.)
For the amplitude reading, the reading-grid bias is changed from —100
volts to —30 volts. The amplitude shown by the curve is attained in a
writing time of about 5 seconds.

is still, to a large degree, discharged in a short period of time (about
5 seconds). The current curves of Figure 1 were obtained in the
presumed absence of the reading beam; if this beam is activated to
its normal value, the target current is shifted by a constant value of 3.0
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microamperes in the negative current direction. Hence, below writing-
gun cutoff it appears that most of the target current comes from the
reading gun, even though the reading gun is also biased below cutoft.
The reading and writing beams cause opposite current flow in the
target because the writing beam is operated beyond the second cross-
over in the secondary emission curve and the reading beam is operated
between the first and second crossovers. The existence of a target
current below writing cutoff may be the result of grid emission. That
is, the electron beam from the cathode of either gun or from both
guns may be completely blocked by its respective control grid, but the
grid itself may be emitting electrons. A second possible source of
this spurious current might be photoemission. Illumination from
external or internal sources such as the filaments may be sufticient to
release electrons from gun elements or getter materials. Whatever
the source of this residual current, it has a detrimental effect as it
results in a rise in the noise level in general application, and masks
further application of writing current in the desired experiments. To
overcome this difficulty in the experiments, a system of deflecting the
writing beam was devised and is described in the Appendix.

Writing-Beam Current. The total writing-beam current as a function
of writing-grid drive was determined by operating the target at a
high enough positive potential to assure that the target collected all
released secondary electrons. A known capacitance was inserted in the
target circuit and the writing beam was activated by the writing-grid
voltage, e,,. The rate of change of voltage across the capacitance was
noted and the current found from i — C Av/At. The results of these
measurements are illustrated in Figure 2. This curve is helpful in
explaining some later results where multiple-pulse signals are applied
to the target, because of its nonlinear character.

Storage Time. One of the most important characteristics of the
Graphechon is its storage time. The storage time of a tube with normal
target was studied as a function of three different variables: writing-
grid drive, duration of writing excitation, and number of pulses applied.
The first of these is shown in Figure 3. These curves show the be-
havior of storage time as a function of writing-grid drive for a single
pulse of four different pulse durations. It is evident that a condition
of storage saturation is reached in all cases, but below 80 volts, the
storage time drops off rapidly. A different family of curves is shown
in Figure 4. Here the duration of writing excitation is varied from
0.5 microsecond to 45 microseconds at three diffevent amplitude levels.
For each amplitude a saturation condition is reached, but below a
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duration of about 15 microseconds the storage time diminishes rapidly.
If the reading-current bias in cases portrayed by either Figures 3
or 4 is increased, the storage time is also increased. A cross plot
between these two curves shows that the data is consistent, though
not equal in absolute value. A third type of storage curve is shown
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Fig. 2—Writing-beam current from a single spot written dynamically in
volts from writing-grid cuteff.

in Figure 5. In this case a varying number of 1.0-microsecond pulses
of three different amplitudes is written on the target sequentially;
then the reading gun is activated and the storage time noted. It is
at once evident that » pulses of amplitude a do not have the same
storage time as n/2 pulses of amplitude 2a. This is explainable with
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reference to Figure 2. From this figure it can be seen that because
of the high degree of nonlinearity, the total charge deposited on the
target for the conditions stated above may differ considerably, and,
hence, the storage times differ.

In an effort to understand more clearly the operation of the tube,
all of the data from Figures 3, 4 and 5 was examined as a function of
total beam charge and also of beam-charge density. The total beam
charge was considered as equal to the beam current, as determined
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Fig. 3—Storage time versus writing-grid drive (peak pulse amplitude above

cutoff). Each curve represents a single pulse of duration as labeled. The

storage time is measured from the commencement of reading until the
signal disappears into the noise.

from Figure 2, multiplied by the duration of the writing-grid excita-
tion. The beam-charge density was taken as the beam charge divided
by the spot area. There existed no logical relationship between either
of these two quantities and storage time. This tends to indicate that
the storage time is not alone a function of beam charge or charge
density but is influenced to a considerable extent by other parameters,
in particular, the secondary emission behavior.
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Several curves with abscissas the same as in Figures 3, 4 and 5
were obtained with the amplitude of the read signal as the ordinate.
In Figures 6, 7 and 8, comparisons of the curves can be made in a
slightly limited manner. Because of the time lapse between experi-
ments and the inability to reset controls precisely, reference among
the curves was established by referring to a given noise level. Thus,
the absolute value of the ordinate among the three curves is subject
to error in the ability to reset to the noise level.
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Fig. 4—Storage time versus duration of writing excitation. Each curve
represents a single pulse of amplitude above cutoff as labeled.

Figure 6 gives the relative amplitude of the output signal from
the spot on the target in arbitrary units at the instant the reading
process begins. Figure 7 shows the variation of amplitude with dura-
tion of writing excitation and, Figure 8, the amplitude as a function
of multiple pulse input.

Beam Size. A final set of curves for the normal-target tube must be
presented prior to explaining any unusual characteristics of the pre-
vious figures. This last set shows the behavior of the spot size or
resolution with writing-grid excitation. These curves are presented
in Figures 9 and 10. From a study of these, it is apparent that the
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resolution becomes increasingly poor with increased amplitude of
writing excitation, while a condition of saturation is reached as the
duration of writing excitation is increased. This is a logical conse-
quence of a broadened beam at larger writing excitation, while the
length of time the beam is on does not influence the beam width. In
this test the target was circumscribed by the reading raster, so that
the time of traverse across the target diameter was approximately 53

7
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n 4
o o -
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=
-
w
g 3 /
<}
5 "
2t e
| / Epy = 9:28Kv Eg'-47v
Egor = ~60v Egp -30v
Eg = 15v Individual puise duration 1.0 usec,
-] 10 15 20 25 30 35 40

NUMBER OF PULSES ON WRITING GRID

Fig. 5—Storage time versus number of pulses on writing grid. Then pulses

are written in a time of about # X 0.5 seconds. The amplitude of the

writing excitation for each pulse is as labeled on each curve in peak volts
above writing-grid cutoff.

microseconds. The spot size was measured at one-half amplitude im-
mediately on reading.

The resolution in lines as used for one ordinate scale requires a
note of explanation. In the definition of resolution, some distinction
should be made of the degree of contrast. In the limiting resolution
the contrast is a very small value. The conversion from spot size to
number of lines of limiting resolution in Figures 9 and 10 is based
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on the following assumptions. First, it is assumed for simplicity that
overlapping charges from two adjacent spots add linearly. Further-
more, it is assumed that there is approximately zero contrast between
two spots which are adjacent at their normal half-amplitude points,
by virtue of the charge additions and their initial shapes. This condi-
tion is assumed in computing the limiting resolution. For example,
in Figure 9, a spot 0.3 microsecond wide, the smallest discernible spot
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Fig. 6—Output signal amplitude versus writing excitation.

in a 53-microsecond scan, indicates a resolution equivalent to 177
black lines or a total of 354 black and white lines. It should be noted
that this resolution was computed on the basis of zero writing speed;
that is, no account was taken of the spot broadening due to the move-
ment of the writing beam.

Rising-Amplitude Effect. A phenomenon which has been previously
noted and which was observed carefully in these tests was the rising-
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amplitude (video) effect. This effect is characterized by a signal from
the Graphechon whose amplitude, as reading progresses, increases
above its initial value to a maximum and then decays to zero.

L. Pensakt has explained this action in the following manner:
Under writing action the target surface is driven negative only be-
hind the holes in the mesh, where, shadowed by the mesh wires, the

16
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Fig. 7—Output signal amplitude versus duration of writing excitation.

target is less negative. On reading, the secondaries released from the
bombarded areas do not all travel to the collector, but some fall into
the shadowed areas. As this process continues, the bombarded areas
approach the potential of the shadowed areas and full secondary
emission may occur. This results in an increased current flow and,

1 RCA Laboratories Division.
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hence, an increase in the video amplitude. The decay then proceeds
in the conventional manner.

In the experiments covered by this report, the video amplitude was
noted at initiation of reading and at its maximum. The rising char-
acteristic did not occur for low writing excitation of short duration,
although no lower limit of either parameter may be cited alone. In
terms of total writing beam charge, a reasonably well defined lower
limit of about 900 X 10 '2 coulomb may be given, below which the
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I | | |
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Fig. 8—Output signal amplitude versus number of one-microsecond pulses
on writing grid.

rising characteristic was not observed under conditions as cited for
Figure 3.

The following theory may also be offered to explain why, in the
saturation region, the curves in Figure 7 are separated in amplitude
while those in Figure 6 are not. Referring to the spot size diagrams,
where Figure 9 has the same abscissa as Figure 6, and 10 as 7, it is
seen that spot size, as shown in the family of curves with writing
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excitation as the independent variable, is very similar over the satura-
tion range. However, Figure 10 demonstrates that the spot size is
considerably different for the curves of the family. This, then, would
lead one to believe that in the larger spot sizes associated with higher

t.0 ’ ‘ T ;
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Fig. 9—Spot size on the target as a function of the writing-grid excitation.
On this test the target was circumscribed by the reading raster, so that
the time of traverse across the target diameter was approximately 53 micro-
seconds. The spot size was measured at one-half amplitude immediately on
reading.
levels of amplitude saturation, the spot is large enough to repel some
secondary electrons which tend to fall back to the target, thus, raising
the amplitude over a small spot where redistribution of the secondaries

1S possible.
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The improvement of resolution with viewing time, noticed in pre-
vious operations, was not perceived to a large degree in these tests.
In the small amount of quantitative data taken on this subject, no
improvement greater than 15 per cent was recognized. It is, however,
easy to explain why the resolution should improve. The charge distri-
bution laid down on the target by the writing beam is spread into a
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Fig. 10—Spot size on the target as a function of the duration of the writing
excitation,
near normal shape. This means that maximum charge occurs at the
center of the spot and that the charge decreases to the edges. It has
been shown previously in Figure 4 that the storage time is shorter
for smaller beam charge, hence, the spot narrows as it decays.

Signal-to-Noise Ratio. Another interesting observation to be noted
is the signal-to-noise ratio which may be quickly seen from Figures
6, 7 or 8. This noise, of course, originates primarily in the input
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circuit of the reading intermediate-frequency strip, and it is probably
less than that which would be introduced by the radar itself.

In a radar with the fictitious parameters noted below, the storage
time and signal-to-internal-noise ratio may be determined from the
curves. Let the radar have a one-microsecond pulse length, 15 revolu-
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Fig. 11—Storage time versus number of pulses on thin-target tube.

tions per minute scan rotation rate, and an expected 20 pulses per hit.
From Figuve 9, if about 364-line limiting resolution iz required, the
wrlting excitation must be limited to about 20 volts; so from Figures
8 and b the signal-to-noise ratio is 8 and the storage time is 6 seconds.
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Two Graphechons with thin targets were also examined. The
storage time and amplitude versus number of pulses were determined
for these tubes. Both tubes behaved similarly, and the results of one
are shown in Figures 11 and 12. Comparing these curves with those
of a normal-target tube in Figures 5 and 8, it can be seen that the
storage time for the thin-target tube is approximately five times that
of the normal tube even with a lower target voltage on the latter.
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Fig. 12—Output amplitude in arbitrary units versus the number of pulses
for the thin-target tube.

However, comparison of the amplitude curves reveals that the signal-
to-noise ratio of the thin-target tube is in general about 3 times as
bad as that of the normal-target tube.

During the course of the experiment, it was noticed that when the
rising amplitude characteristic was absent, the amplitude of the signal
decayed continuously with increasing time. This result was contrary
to previous observations and, therefore, was examined further. Figure
13 shows such decay characteristics for the normal-target tube, and
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Figure 14 gives the same information for the thin-target tube. In
the former, it is apparent that the amplitude starts to drop immedi-
ately on reading and does not exhibit a concave downward curve as
was previously expected for the single-pulse situation. Where 10

lG ‘ ‘

Epy = 9:25Kv  Eg = -47v

/ Etar = -60v Eqgr = -30v
E.¢ = 15V

(1 (2)

AMPLITUDE ARBITRARY UNITS

2 4 6 8 10
TIME SECONDS

Fig. 13—Decay characteristics of the normal-target Graphechon (ampli-
tude versus time). Curve (1): 1 — l-microsecond 70-volt pulse; curve (2):
10 — 1-microsecond 70-volt sequentially applied pulses.
pulses are applied in rapid succession, the amplitude does display a
partially concave downward configuration. This, however, is not a
true amplitude memory, but is actually due to the rising amplitude

characteristic which has been discussed above.
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The thin-target Graphechon decay characteristic shows neither
amplitude plateau nor rising amplitude effect for either condition of
operation. It also has an abnormally long tail. This long decay char-
acteristic of this thin-target tube is believed to be due to the plre-
nomenon of trapped electrons in the center of the target insulator.
During bombardment some electrons may be trapped in potential wells
in the interior of the target. These electrons migrate toward the sur-
face of the target, but at a rate which is too slow to allow them to
appear on the surface of a normal target tube in a normal reading
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Fig. 14—Decay characteristics of thin-target Graphechon (amplitude
versus time). Curve (1): 1— I-microsecond 70-volt pulse; curve (2): 10
I-microsecond 70-volt sequentially applied pulses.

time. They may arrive at the surface hours later, and in fact, such
an effect has been noticed. In the thin-target tube, however, the path
over which the electrons must migrate is shorter and the potential
gradient is larger, hence, these electrons may arrive at the target dur-
ing the latter part of the decay process and account for the long tail
of Figure 14.

CONCLUSIONS

Increase of Stynal-to-Noise Ratio by Integration of Siygnals of High
Pulse Repetition Frequency. Several of the curves which have been
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presented reveal interesting information dealing with possible enhance-
ment of the detectibility of signals through integration. In most prior
practice, it was necessary to operate with strong signals that “saturate”
the target in both storage time and amplitude in a single application.
A study of Figure 8 shows that small pulses add linearly up to about 10
pulses. If a number of echoes are returned on one azimuth scan of a
radar at such a rate that they are written on the same spot of the
Graphechon, the well known signal-to-noise advantage by integration
may be obtained. It is valid to use the data of Figure 8 where the pulses
were written on the target in rapid succession in the absence of the read-
ing beam, or if the pulse repetition frequency of the radar is high
compared to the reading field rate. For example, if the reading beam
scans at a standard RMA television rate, any small area is partially
scanned by the reading beam every 1,30 of a second. If, however, the
radar has a pulse repetition frequency of 2000 and has 10 echoes
from a target on one azimuth scan, the time needed Ior this integra-
tion is only 10,/2000th or 1,200th of a second and, therefore, will
probably not be partially erased by the reading beam during the
writing period.

Demonstration of Usefulness of Curves. To demonstrate the useful-
ness of the curves presented in this paper, consider the following
example: It is desired to determine the storage time, necessary signal
amplitude and signal-to-noise ratio (considering noise from Graphe-
chon circuits only) of a single 0.5-microsecond pulse with the stipula-
tion that resolution is equal to or greater than 100 lines at 50 per cent
contrast. From Figure 9, 100-line resolution is approximately equiva-
lent to a spot size of 0.53 microsecond on a 53-microsecond base and
a 50 per cent contrast, so the signal amplitude must be equal to or less
than 45 volts above writing-grid cutoff. From Figure 6, this yields a
signal-to-noise ratio of 7.3 or less; and from Figure 3, the storage
time is approximately 2.7 seconds or less. Other cases using specific
radar parameters may be examined in a similar manner.
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APPENDIX

Experimental Techniques

The equipment used in the data runs consisted primarily of the
Graphechon test set with modifications that were necessary to pro-
duce the single, undeflected writing spot. Figure 15 is a block
diagram of the apparatus as set up in the laboratory and Figure 16
is a detailed block diagram of the Graphechon test set.

Initial experiments were made by removing the output tubes from
the writing deflection circuits of the Graphechon test set to produce
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Fig. 15—Block diagram of laboratory apparatus.

a single undeflected spot on the target. The writing deflection coil
and centering circuits were undisturbed and provided a means for
locating the spot on some clear portion of the target. Experiments
performed with this writing method were not satisfactory because
of the residual gun current remaining after cutoff. It was observed
that the static writing collector current would drop to a very low
value (about .002 microampere) at cutoff and then remain constant as
the grid bias was increased to large negative values. This residual
current, thought to be caused by control-grid emission (considerable

www americanradiohistorv. com



www.americanradiohistory.com

GRAPHECHON WRITING CHARACTERISTICS 249

variation was seen from tube to tube), was well focussed at the target
and, in the absence of the reading beam, was sufficient to cause complete
target discharge in 10 to 15 seconds. This condition made it impossible
to obtain consistent results as the time interval between interruption
of the reading beam and the application of the writing pulse was a
variable over which little control was had. It was, therefore, necessary
to change the technique to ocne where the residual gun current could
not influence the data.
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Fig. 16—Block diagram of the Graphechon test set.

The spot-deflection method was developed to overcome the effects
of residual gun-current and still provide data from a single stationary
spot. The writing spot is deflected to the edge of the target where it
remains until data is desired. An initiating trigger pulse trips the
monostable deflection gate which permits the spot to move into posi-
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tion on the target. A few microseconds after the trigger, the spot
comes to rest at its new position on the target at which time the video
pulser causes the beam to write a known amount of charge on the
target. A short time later, the beam returns to its resting position
as the monostable deflection gate completes its cycle. The system is
now ready for the next initiating pulse which may come at any time
set by the operator. The spot deflection method does not allow the
beam to remain at the measuring position on the target long enough
for the residual gun current to appreciably affect the results.

Legend of Symnbols

b The zero-to-peak value of the radio-frequency modulation as
measured between the control grid and cathode of the reading
gun.

E, — The d-c¢ voltage present between the control grid and cathode
(a negative voltage) of the reading gun.
k), — Negative potential on cathode of writing gun,

“1ar — The target voltage with respect to the collector.

E,,— The d-c voltage between the control grid and cathode of the
writing gun.

I.,— Writing collector current.

e,, — The peak amplitude of the video modulation present between

the control grid and cathode of the writing gun.
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METHODS TO EXTEND THE FREQUENCY RANGE
OF UNTUNED DIODE NOISE GENERATORS*

By

HARWICK JOHNSON

Research Department. RCA Laboratories Division.
I’rinceton, N. J

Summary—The use of a peaking inductance to compensate for Lhe effects
of diode capacitance at high frequencies 1s shown to substantially double th
usable frequency range of untuned broad-band diode noise generators. A
similar extension of frequency range is possible through the use of a sym-
metrical diode arrangement. This latter circuit is of particular interest for
balanced line very-high-frequency operation since it may be constructed
without the meed of specialized alignment equipment. The two methods
may he combined to secure the advantages of each, giving an extended usable
frequency range about four times that of a single-tube generator.

INTRODUCTION

NTUNED broad-band noise generators, which consist of a
l l temperature-limited diode shunted by a terminating resistance,
possess an upper usable frequency limit determined by the
diode self-capacitance, which alters the source impedance of the gen-
erator at high frequencies. Diode noise sources have been used above
this limit, in the past, by resonating the diode capacitance with an
inductance. This leads to a narrow band generator requiring a tuning
adjustment if a reasonable frequency range is to be covered by the
generator. Two methods of substantially extending the frequency
range of untuned generators will be discussed here. The first of these
methods involves the introduction of an inductance in series with the
terminating resistance after the manner of the peaking inductance in
video circuits. It should be pointed out, however, that, although the
physical arrangement is similar to that of a compensating inductance
in video circuits, the usual video circuit equations do not apply to the
noise generator case. The calculation for the performance of the noise
generator is somewhat more involved. The second method to be dis-
cussed below involves a symmetrical arrangement of two diodes and
offers important practical advantages for balanced line generators.
The two methods may be combined without loss of the advantages of
either one.

* Decimal Classification: R355.913.21.
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GENERATOR WITH COMPENSATING INDUCTANCE

Consider the equivalent circuit of Figure 1, which shows a noise
generator connected to a receiver through a transmission line of char-
acteristic impedance Z,. The performance of the noise generator may
be evaluated by computing the ratio of the direct-current (de¢) diode
current of the generator of Figure 1 to the dec diode current in an
ideal generator, where L, ~ L, C —0, to produce a given receiver
response. Since the generated noise power is proportional to the dc
diode current, this is a power ratio which may be expressed in decibels
to give the error in the measurement of receiver noise factor. The
general relation! expressing this ratio involves, in addition to the source
impedance of the generator, the length of transmission line connecting
the noise generator to the receiver and the absolute magnitude of the
reflection coefficient of the receiver input.

COMPENSATING INDUCTANCE
DIODE LEAD INDUCTANCE

R IVER
TERMINATION EcRva

RESISTANCE

oUTPUT

l

- ]
DIODE CAPACITANCE | / b e ]
NOISE IODE NOISE CURRENT

GENERATOR (% :2eld ¥

Fig. 1-—Equivalent circuit of a diode noise generator.

For the present evaluation, it will suffice to compute the maximum
and minimum values of this ratio (maximum errors). That is, as the
source impedance of the generator is varied, the line length will be
adjusted so that this ratio is either a maximum or minimum. If the
absolute value of the reflection coefficient of the receiver input is taken
4s unity, the extreme values to these maxima and minima will be ob-
tained. Under these conditions, the maximum and minimum values of
the power ratio may be expressed as

1
M:T{r(a+1)2+B2]!:r(G -1)2 + B2]#)2, (1)

where (G is the normalized source conductance of the generator and B
is the normalized source susceptance of the generator. These admit-

1L J. Melman, ‘“Noise Generators and Measuring Technics”, Tele.-
Tech., Vol. 9, p. 36, July 1950,
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tances are normalized with respect to the characteristic admittance
(Y 1/Z,) of the transmission line connecting the noise generator
to the receiver.

If the normalized conductance and susceptance of the generator
of Figure 1 are computed and inserted in Equation (1), it is found,
after some manipulation, that the power ratio is given by

1 r i 1 : 1 a AR
M= (1 — b2x2) { — 4+ 1)+ a2 - - }
4 l L (\1 + a2x2 > <1 b2x2 14 a2m2>
( 1 2 1 a 2y ¢ 1 2
:J(- - 1> +xf‘-< - > } :ll,,
[\ 1+ a222 1—b2x2 1-—a2x2] | J

where 2 =wCZ, a—~L,/CZ? and b=L,/CZ.
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Fig. 2—Typical calculated curves showing maximum errers for
conventional and compensated noise generators.

c:2x0"%4d

MAXIMUM ERROR
1

This power ratio (in decibels) is plotted in Figure 2 as a function
of wCZ,. For a typical selection of parameters corresponding to diodes
of glass envelope construction, it was assumed that the diode capaci-
tance, C = 2 X 1012 farad, the diode lead inductance, L, — 10—8 henry,
and the characteristic impedance of the line, Z, =300 ohms. The
parameter @ was taken as 0.5 (this value is commonly used in the
design of video peaking circuits) for which the compensating induct-
ance, in this case, is 10—7 henry. The solid curves showing the greatest
positive and negative errors are for the circuit without the compen-
sating inductance (L, — 0). This is the conventional broad-band noise
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generator circuit. The tube lead inductance, L,, has a negligible effect
upon the computations for this case so that the solid curves apply
whether or not the tube lead inductance is included in the calculation.
It perhaps should be pointed out that these curves give the maximum
positive and negative errors and that the error in an actual measure-
ment may lie anywhere between these limits depending upon the length
of transmission line and the reflection coefficient of the receiver.

The dotted curves show how the above errors are reduced and/or
the frequency range extended by the use of a compensating inductance,
L, in series with the terminating resistance. It is seen that, for a
given maximum error of =+ 1 decibel, the frequency range is about
twice that of the uncompensated circuit. The dotted curves do not
include the effect of the tube lead inductance, L,. The circles lying
near the dotted curves show the effect of including the tube lead induct-
ance in the calculations for the compensated circuit. It is noted that
the effect of the tube-lead inductance is appreciable but not sufficiently
significant to alter the general conclusion that, through the use of a
compensating inductance in series with the terminating resistance, the
usable frequency of untuned diode noise generators may be substan-
tially doubled.

The curves of Figure 2 are intended only to represent the results
of a typical calculation and do not exploit all the special cases which
may find application. For example, the approximate symmetry of the
curves of Figure 2 for the particular parameters selected suggest that,
if a retlectionless ‘“line stretcher” were inserted between the diode
generator and the receiver, and two noise readings made with the line
stretcher adjusted to give maximum and minimum readings, these
readings could be averaged to secure a measurement of greater accu-
racy. This situation holds only for a certain selection of the parameters.
For other selections, the error curves are not symmetrical about the
zévo error axis. The general tendency, as the parameter a is increased,
is for the curves to approach the zero line in a non-symmetrical manner
and to diverge more rapidly at the higher frequencies. This manner
of selection of parameters may be useful to obtain a reduced spread
between the positive and negative errors and to obtain increased accu-
racies. However, due to the rapid divergence of the negative error
curve, the frequency range (for allowable errors of, say, = 1 decibel)
is not significantly different from that illustrated by the parameter
selection of Figure 2.

SYMMETRICAL DIODE GENERATOR

The second method of extending the frequency range of untuned
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diode generators involves simply a symmetrical arrangement of two
diodes in order to reduce the total effective capacitance. This method
is of considerable interest because of the many practical constructional
advantages it affords in the construction of very-high-frequency bal-
anced-line generators.

The basic circuit of this symmetrical’ arrangement is shown in
Figure 3. Since the two diode capacitances are effectively connected in
series across the line, the effective diode capacitance is half that of a
single diode. In terms of the curves of Figure 2 (the solid curves for
the uncompensated case), the parameter oCZ, is reduced by one-
half or, stated in another way, the frequency, », may be doubled for
the same maximum error. It is evident that compensating inductances
may also be used with this symmetrical arrangement to extend further
the usable frequency range.

—

<«—— DIODE
R=2,/2 A
TERMINATION # of <
RESISTANCE FILAMENT
hy Bl SUPPLY
3
R:Zo/2

=-——DIODE
I

Fig. 3—Symmetrical diode noise generator circuit for
balanced-line operation.

The circuit of Figure 3 is of equal interest because of its suitability
for balanced-line operation without the many complications ordinarily
encountered in attempting to use a single diode for balanced line opera-
tion. Single diodes used in this application at very high frequencies
(30-300 megacycles) have been complicated by two factors. Fifst, it
has been necessary to resonate the diode capacitance, which otherwise
shunts a portion of the noise current produced by the diode. Second,
the circuit problem presented by the necessity of supplying heating
current to the filament, which is connected to one side of the line,
requires the use of chokes. A choke used for this purpose adds very
substantially to the effective reactance and is more important in limit-
ing the bandwidth than the diode capacitance. Hence, the frequency

2 The arrangement of Figure 3 might have been denoted as a “push-
pull” arrangement by analogy to familiar amplifier circuitry. However, the
term symmetrical is preferred here in order to avoid confusion (by implica-
tion) concerning the manner in which the noise currents produced by the
two diodes are added. The noise currents must be added in quadrature.
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coverage without switching is small. Furthermore, the alignment and
adjustment of the tuned circuits ordinarily used requires equipment
and skill in its use which may not be readily available.

It has been shown above that the circuit of Figure 3 minimizes the
first consideration, and the advantages of this circuit with respect to
the second consideration will now be pointed out. It is seen in Figure
3 that, by supplying the anode potential at the mid-tap of the termi-
nating resistance, all of the de¢ supply connections are at ground
potential. This eliminates the need for eritically tuned chokes in the
supply leads. For other reasons, it may be advisable to insert chokes
in the supply leads but these chokes, in contrast to the tuned case, are
not critical and special equipment for their adjustment is not necessary.

The familiar formula, FF = 20 /R, for the measurement of receiver
noise factor by doubling the receiver noise power output by means of
the noise source, must be revised for the present arrangement. By the
use of Thevenins’ Theorem, the equivalent noise generator for the
circuit of Figure 3 will be found by calculating the short-circuit noise
current due to the two diodes. It is readily shown that the total mean-
squared short-circuit noise current is

c=1%e (1a1+1d2) df =Y e 1, df,

where [, is the dc current of one diode, /;, is that of the second diode
and /, is the sum of the two dc currents. The current division between
the two diodes is of no consequence and only the total current need be
metered. This equivalent noise generator produces a mean-squared
current equal to one-fourth of that produced by a single diode in a
conventional arrangement (e.g., Figure 1) carrying the dc current /,.
Then, the formula for the measurement of receiver noise factor by
doubling the noise power output of the receiver becomes F =5 IR. For
R — 300 ohms, F —=1.51,,, where the current is in milliamperes.

It is seen that the symmetrical diode arrangement has achieved
untuned wide-band balanced-line very-high-frequency operation (of
extended frequency range compared with untuned single-diode circuits)
and has eliminated the switches and critically tuned circuits (as well
as the specialized alignment equipment necessary for their adjustment)
ordinarily found in balanced-line very-high-frequency generators. This
has been achieved at the cost of an additional diode, an increase in the
dec power requirement, and a loss in the available noise power per unit
current.

An experimental noise generator employing a symmetrical diode
arrangement was constructed for use in noise measurements on very-
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high-frequency television receivers. Type 5722 noise diodes were used
(without sockets) and the components were arranged with a minimum
of lead length. It should be pointed out that the burden of success in
the construction of an untuned generator for high-frequency use lies
in the care with which the circuits are assembled to avoid stray capaci-
tances and inductances. While no precise absolute determination of the
accuracy of this experimental unit was made, measurements made on
average television receivers were compared with measurements made
using a tuned-circuit type noise generator.

Up to frequencies of 186 megacycles, the readings of the two units
differed by less than 1 decibel; the differences averaging around 0.5
decibel. Above 186 megacycles, increased differences of 1 to 2 decibels
were found. Since the overall accuracy of these measurements was
probably not greater than 0.5 decibel, the performance was considered
satisfactory for many applications where precise determinations are
unnecessary. It thus appears that the symmetrical diode arrangement
offers a simple means of construction of a very-high-frequency balanced-
line noise generator which may be particularly attractive to the experi-
menter to whom the specialized alignment equipment necessary for
tuned type generators is unavailable. It should also be pointed out that
these experimental results may be improved through the addition of a
compensating inductance as described above.

CONCLUSIONS

It has been shown that the useful frequency range of untuned diode
noise generators may be substantially doubled through the use of a
peaking inductance in series with the terminating resistor to compen-
sate for the deleterious effects of the diode capacitance at high fre-
quencies. A symmetrical diode arrangement of extended frequency
range has also been described which is of particular interest in the
construction of untuned balanced-line generators for very-high-fre-
quency use. This arrangement is of particular interest for such
applications because it may be assembled without the need for spe-
cialized tuning and alignment equipment. These two methods may be
combined to obtain the advantages of each,
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HIGH-SPEED TEN-VOLT EFFECT*t
By

R. M. MATHESON AND L. S. NERGAARD

Researech Department, RCA Laboratories Division,
Princeton, N. J.

Summary—Iin 1935, H. Nelson observed that tubes with oxide-coated
cathodes operating iwnder space-charge-limited conditions show e small
deviution from the Child-Langmuiy law for anode voltages exceeding ten
volts. Recent measurements confirm his observations. The effect is stable,
and is independent of frequency for all frequencies for which the electron
transit time may be neglected. Measurements made on triodes, rotating-
anode diodes, and diodes with cathode probes indicate that the effect is not
cunsed directly by the cathode. Observations on diodes in which the anode
temperature could be varied associate the effect with the anode. It is shown
that an increase of space charge by secondary and reflected electrons from
the anode can account for the deviution. The required secondary emission
ratios are m substantial agreement with those reported for barium oxide.

electron-emitting cathode and another electrode, when current

flows under the influence of an accelerating field insufficient to
cause saturation, is well known. The exactitude of the relation for the
current 1 = PV3/2, where V is the applied voltage and P a constant
determined by the charge-to-mass ratio of the electron and the geom-
etry of the system, has been verified many times for pure metal
emitters.

In 1935 H. Nelson' observed that tubes with oxide cathodes show
a small but consistent deviation from this relation whenever the applied
voltage exceeds approximately ten volts. Recent measurements confirm
his observations.

When the voltage applied to an oxide-cathode diode is increased
beyond ten volts, the current is found to be less than predicted by the
above relation. The current-voltage relation for a typical diode is
shown in Figure 1. A two-thirds-power scale is used for the current
so that a straight line characteristic is obtained if the current is
determined solely by space charge arising from electrons emitted by

T}IE effect of space charge on the current passing between an

* Decimal Classification: R131 X R138.1.

+ Presented at the Symposium on Electron Emission sponsored by the
Division on Electron Physics of the American Physical Society in collabora-
tion with the Panel on Electron Tubes of the Research and Development
Board at New York, N. Y. on January 30-31, 1951.

1 H. Nelson, RCA Victor Division, unpublished report.
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the cathode. Below ten volts the characteristic is a straight line within
the limits of experimental error; at ten volts a marked deviation occurs
and persists to much higher voltages.

Many deviations from the normal space-charge relationship have
been observed with oxide cathodes. These deviations have almost
invariably been functions of time and of the past history of the tube.
Almost all of them are difficult to reproduce with any precision. In
contrast, the present effect is extremely stable and reproducible. Pro-
vided a tube is not operated under unusual or extreme conditions, curves
such as shown in Figure 1 can be repeated with an accuracy of one per
cent or better over a period of weeks. Even severe overheating results
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in only small ¢changes in the magnitude of the deviation from the space
charge line. The magnitude of the deviation varies slightly from tube
to tube but the point of onset, approximately ten volts, is independent
of tube geometry or materials.

Irregularities in the /-V characteristics of tubes with oxide cathodes
have frequently been attributed to the release of ions or molecules from
the anode by electron bombardment. When these particles reach the
cathode, they may cause either a change in the total emission, or a
change in the cathode impedance, or both. The effect of a change in
emission on the /-V characteristics of a tube is very slight unless the
decrease is great enough so that the current through the tube becomes
emission limited. The near parallelism of the measured /-V charac-
teristics with the 3/2 power law above ten volts indicates that emission
limitation is not a likely explanation of the effect. However, a small
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increase of cathode impedance at ten volts could readily produce the
effect observed. Since the present effect occurs only with applied volt-
ages greater than ten volts, it is conceivable that 10 electron-volts is
the energy necessary to cause ionization or the release of a particle
from the anode. The effect of ions on the cathode can be eliminated
by operating a diode under such conditions that ions cannot cross from
anode to cathode. This can be accomplished by operating a diode as
a high-frequency rectifier under class C conditions. Then positive ions
originating at the anode can be accelerated toward the cathode only
during the period when the anode is positive with respect to the
cathode. Since the time of transit of a charged particle is a function
of its charge-to-mass ratio and since this ratio for ions is much smaller
than for electrons, it is possible to choose an operating frequency such
that all ions having less than a given ratio cannot cross the inter-
electrode space but are returned to the anode during the inverse cycle.
This method was used with frequencies as high as six hundred mega-
cycles and with spacings such that no particle having a charge-to-mass
ratio less than one one-hundredth of that of an electron could cross
from anode to cathode. The ten-volt break was always observed.

In these high-frequency measurements it is impossible to observe
the /-V characteristic during each cycle. The average current is ob-
served as the amplitude of the high-frequency signal is varied. The
ten-volt break is readily detected in a plot of average current versus
peak applied voltage and this directly indicates that ions are not
responsible because none can cross from anode to cathode. The pos-
sibility of the effect being due to neutral particles may be eliminated
by computing the average current using the low-frequency I-V charac-
teristic. The exact agreement of the computed and the measured values
indicates that the characteristic observed at low frequency is valid at
the high frequency. The transit time of neutral particles is at least
equal to that of ions of equal mass as it is extremely improbable that
a neutral could be released from the anode with significantly more
energy than that possessed by the impinging electron. Hence, any
effect by neutrals would be averaged over many cycles and would result
in changing the I-V characteristic below as well as above the ten-volt
point with the result that the average current computed using the
low-frequency I-V characteristic would be in error.

To determine whether the effect originates within or at the surface
of the cathode, measurements have been made on diodes, some with
probes inside the coating and others with probes immediately outside
of the cathode coating. Measurements of probe potential indicate
whether the excess voltage drop in the tube is occurring on the anode
or cathode side of the probe. The results with a platinum probe wire
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imbedded in the oxide coating are shown by the solid lines in Figure 2.
The diode I-V characteristic is shown in the lower half of the figure.
The characteristic has been plotted as V3/2 versus I, so that a common
current scale could be used for the two parts of the figure. The solid
curve in the upper half of the figure shows the probe potential with
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Fig. 2—Variation of anode and cathode-probe potentials with current. Solid
curve—probe embedded in oxide coating. Dashed curve—probe .002 inch
from cathode surface.
respect to the cathode base metal as a function of current. This clearly
indicates that the irregularity in the /-V characteristic is occurring on

the anode side of the probe. .
The dashed curves in Figure 2 were obtained with a diode having
an emitting filamentary probe 0.001 inch in diameter located 0.002 inch
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from the cathode surface. Since these measurements were made in a
rather widely-spaced (2-millimeter) diode with low applied voltages,
the electron velocities in the vicinity of the probe were substantially
thermal and the zero-current point on the probe I-V characteristic
may be used as a measure of the space potential. The fact that the
probe potential measured with respect to cathode is a linear function
of the diode current indicates that the ten-volt break in the diode I-V
characteristic is due to an effect occurring between the probe and the
anode or at the surface of the anode, and that the cathode is not
directly responsible.

The evidence that the excess voltage drop does not occur within
or at the surface of the cathode is also supported by measurements in
a4 tube having a rotating anode constructed so that the same portion
of the anode may be used to collect electrons either from an oxide
cathode or from a tungsten filament. With the anode in its initial
position, the /-V characteristic obtained with the tungsten filament
satisfied the 3/2 power law and the characteristic with the oxide cathode
showed the ten-volt departure. Upon rotating the anode it was found
that any portion of the anode which had been exposed to the heated
oxide cathode showed the typical ten-volt break whether operated with
the oxide cathode or the tungsten filament.

Further examination of the effect was made by varying anode
temperature. With a nickel anode the magnitude of the deviation
increased by less than 5 per cent for anode temperatures up to 1600°K.
This change was completely reversible. At approximately 1600°K the
deviation increased rapidly and irreversibly by about 50 per cent and
a slight curvature of the characteristic below 10 volts appeared. No
further change was obtained below the melting point of nickel, 1725°K.
With a tantalum anode the results were similar for temperatures below
1600°K. When the anode was heated above 1600°K the effect dis-
appeared and the normal 3/2 power characteristic was observed. Allow-
ing the anode to cool resulted in the gradual reappearance of the effect,
the initial characteristic being restored in approximately 1000 seconds.
The vapor pressure of barium oxide given by Blewett? et al indicates
that this is almost exactly the period to transfer one monolayer of
barium oxide from cathode to anode.

The preceding experiments suggest that the ten-volt effect is due
to tne presence of barium oxide on the anode. If this conjecture is
correct, then the irreversible change occurring with the nickel anode

2J. P. Blewett, H. A. Leibhafsky, and E. F. Hennelly, “The Vapor
Pressure and Rate of Evaporation of Barium Oxide”, Jour. Chem. Phys.,

Vol. 7, p. 478, July 1939.
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is caused by the formation of a barium silicate layer on the anode.
These compounds are known to form gradually on nickel cathodes.®
At 1660°K, the liquid phase first appears on the BaO-SiO, phase dia-
gram, and a rapid reaction is therefore probable. The elimination of
the effect on tantalum is due to the reduction of barium oxide by the
tantalum, as in the well-known batalum getter.

It may be concluded from the foregoing that the effect is associated
with the anode and that it is probably due to a layer of barium oxide.
The high-frequency measurements require that any mechanism ex-
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Fig. 3—The computed increase in anode voltage requ_irpd to mglintailn con-
stant current in a diode as a function of secondary initial velocity with the
secondary emission ratio as a parameter.

plaining the effect have a time constant of 10—? second or less. Second-
ary emission from the anode seems the only mechanism likely to fulfill
these requirements.

The effect of secondary electrons and reflected primaries from the
anode on the space charge in a diode has been analyzed. Because of
the slight amount of data available on secondary yields at low primary
velocities and because of the obvious difficulties in handling the general
case, the treatment is restricted to secondaries having a single initial

3 A. S. Eisenstein, “Oxide Coated Cathodes”, Section of ADVANCES
IN ELECTRONICS, Vol. I, Academic Press, New York, 1948.
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velocity normal to the anode surface and making one transit. The inset
in Figure 3 shows the conditions for the analysis. The space potential
(V) 1s plotted as a function of distance (x) from the cathode. The
potential is proportional to the four-thirds power of the distance, as
shown by the solid curve in the figure. If secondaries are released by
the anode with a velocity V, (expressed in volts), they will move toward
the cathode until they reach a point having a potential V,— V, and then
veturn to the anode. If the current through the diode is to be main-
tained constant, the additional space charge due to the secondaries
must be compensated for so that the potential distribution near the
cathode is not disturbed. This can be accomplished only by increasing
the anode potential from V’, to V,. Figure 3 shows the increase of
anode potential necessary for various values of the secondary emission
ratio (8) and initial velocity (V,). It may be seen that rather modest
yields of low velocity secondaries or even smaller numbers of reflected
primaries can produce quite noticeable shifts in the I-V characteristic
of a diode. If, as is likely, secondaries produce tertiaries, even smaller
vields are suflicient to produce the observed shifts.

Since it is known that almost all secondary electrons have energies
of a few volts or less,* by choosing a reasonable secondary velocity the
measured deviations from the space charge line may be used to deter-
mine the approximate secondary yield as a function of primary velocity.
The secondary emission ratio determined in this manner is proportional
to the square root of the difference between the primary energy and
a constant and is in tolerably good agreement with the values for
barium oxide given by Bruining® over the range from ten to forty volts
primary energy.

The well-known effeet of secondary electrons in tetrodes has been
used to verify the marked increase of secondary yield as the primary
energy is raised above ten volts. A typical family of plate current
versus plate voltage curves for a tetrode is shown in Figure 4. The
effect of secondaries or reflected primaries is noticeable even at voltages
as low as two or three volts, but a marked break in plate current occurs
when the plate voltage is increased beyond ten volts, whenever the
screen is sufliciently positive to collect the secondaries from the plate.

Additional evidence of the marked increase in numbers of sec-
ondaries when the applied potential is increased beyond ten volts was
obtained by operating a tetrode with increased heater power so that

4 R. Kollath, “The Secondary Emission of Solid Bodies”, Phys. Zeits.,
Vol. 38, p. 202, 1937.

5 H. Bruining, “Secondary Emission—Part III”, Physica, Vol. 5, p. 913,
December 1938.
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the first grid emits thermionically. Figure 5 shows the plate current
as a function of plate voltage. The cathode is biased positively with
respect to the first grid so that cathode and grid currents of the same
order of magnitude are obtained. The plate current exhibits the ten-
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Fig. 4—Plate characteristics of a tetrode with screen voltage as a parameter.

volt break when the plate is struck by ten-volt electrons from either
the grid or the cathode and the effect of each velocity group is in-
dependent of the other. The difference between the onset of cathode
current and the measured cathode bias is due to contact potential
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which is large in this case because of the abnormally high cathode
temperature.

Some evidence as to the relative importance of reflected pri-
maries and true secondaries has been obtained. The circuit employed
is shown in Figure 6. In this circuit the control-grid, screen, and
anode voltages vary sinusoidally, but with fixed ratios, for any one
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Fig. 5—Ten-volt effect with electrons of two velocity classes.

experimental curve. The upper experimental curve in Figure 6 shows
the results with the plate always positive with respect to the screen.
As the plate voltage increases beyond ten volts, the plate current shows
the normal deviation. When the screen also exceeds ten volts the
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plate current rises due to collection of secondaries from the screen.
The lower curve shows the effect with the screen always positive
with respect to the plate. When the screen voltage exceeds ten volts
the plate current falls due to excess space charge caused by sec-
ondaries from the screen and when the plate voltage exceeds ten volts
the usual deviation occurs.

The curvature of the characteristic below ten volts is of partic-
ular interest. It seems likely that this is due to reflected electrons
which, having substantially primary energy, can return to the virtual
cathode. In the tetrode these electrons produce p times the effect of
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Fig. 6—Screen and anode ten-volt effect in a tetrode.

true secondaries, which are confined to the screen-plate region.
Bruining® has measured the yields of both reflected primary and
secondary electrons from barium oxide as a function of primary
velocity. As a matter of definition he considered electrons leaving
the barium oxide surface with substantially primary energy to be
reflected electrons, and those with lower energies to be true sec-
ondaries. He finds that below seven volts the number of reflected
electrons exceeds the number of true secondaries. In view of the
above considerations, it may be assumed that the curvature below
ten volts is due solely to reflected electrons. If this assumption is
correct, it should be possible to choose a straight line representing
the true perveance of the tube in the absence of reflected electrons,
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so that the discrepancy between this line and the experimental points
can be accounted for by Bruining’s data for the yield of reflected
electrons. The straight line P in Figure 6 has been so chosen. The
procedure used to check the true perveance line P below ten volts
may be applied above ten volts to ascertain the I-V characteristic of
the tube with reflected primaries, but in the absence of true sec-
ondaries. The dashed line in Figure 6 has been obtained in this
manner. It may then be concluded that the remaining deviation be-
tween the dashed line and the experimental points is due to true
secondaries. While the yield of reflected electrons becomes small
compared with the yield of secondaries at the higher primary ener-
gies, the high initial velocities of the reflected electrons permit them
to reach the potential minimum where they produce an effect com-
parable with that produced by the larger number of true secondaries,
which are confined to the screen-anode space.

In summary, the small, stable deviations from the 3/2 law found
in tubes with oxide cathodes are due to a layer of extraneous material
on the anode. Secondary electrons from this layer increase the charge
in the interelectrode space, depress the potential minimum, and reduce
the space current below that predicted by the 3/2 law. Evaporation
experiments and secondary yield data indicate that the layer con-
sists of barium oxide evaporated from the cathode. The apparent
sudden onset of the effect is then explained by the rapid rise of sec-
ondary yield of barium oxide in the neighborhood of 10 volts.
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DIRECT-READING NOISE-FACTOR
MEASURING SYSTEMS#*

By
R. W. PETER

Research Department, RCA Laboratories Division.
Princeton, N. J

Summary—For investigation and optimum adjustment of low-noise
amplifiers, it is highly desirable to have an instrument which indicates
continuously the mnoise factor of an amplifier under test. A new type of
direct-reading noise-factor measwuring system has been developed for the
ultra-high-frequency range. Its principle and construction are described
after giving a survey of earlier systems and their disadvantages.

The new moise-factor meter uses a noise source (a saturated diode or a
gas discharge tube) as a calibrated power source. The noise source is
switched on and off by a relay. The direct-current component of the rectified
amplifier output is displayed on a cathode-ray oscilloscope. Either the scope
is calibrated to read moise factor directly, or the noise source output is
adjusted by a calibrated attenuator for a certain power output ratio.
Instead of the cathode-ray oscilloscope, a current-ratio meter in conjunction
with a selector switch can be used to read the moise factor directly from a
dial.

INTRODUCTION

noise figure) traveling-wave-tube amplifiers, it was felt necessary

to have an instrument which would indicate continuously the noise
factor of an amplifier under test. This would show the effect of chang-
ing the different variables (voltages, magnetic field, radio-frequency
coupling, etc.) and permit them to be adjusted for lowest noise factor
in a short time, a procedure which is otherwise extremely time con-
suming for this type amplifier with its many variables.

I[N CONNECTION with the development of low-noise-factor (or

As no entirely satisfactory method of measuring noise factors
continuously at microwave frequencies was available, several systems
were investigated and a new one was developed which is based on a
square-wave pulsed noise source.

The meter built for the super-high-frequency (SHF) range incor-
porates a gas-discharge noise source. For lower frequencies a noise
diode would be used, e.g., the Bendix TT-1 coaxial diode up to 3000
megacycles or the 5722 diode up to several hundred megacycles.

This paper describes the principle and the design of a new direct-

* Decimal Classification: R273.1.
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reading noise-factor measuring system after giving a short survey of
the known systems.

NOISE FACTOR — DEFINITION AND STANDARD
MEASURING TECHNIQUES

The noise factor of an amplifier is 1« measure of the noise power
added to the original signal by the amplifier. It is here defined! as the
ratio between the noise-to-signal power ratio at the output, N,/S,,
and at the input, N,/S,, i.e,

Nb‘Sh

F :
Na/Sq

(1)

where the N, and S, are "‘available” noise and signal powers respec-
tively and the input noise power, N, is fixed at
N,=kT,B = 0.004 X B micromicrowatts. (2)

kT, B is the noise power delivered to an impedance matched to the
source at room temperature, T,. B is the effective frequency bandwidth,
in megacycles, k = 1.38 X 1023 joule per degree, and T,—= 290°K.

To determine the noise factor, one can measure the gain Gy = S,/S,,
at a frequency f,, and the noise-power output, N, of the amplifier. The
noise-power input, N, is computed from the integrated frequency re-
sponse of the amplifier,

1 )
B=-— / G (F) df. (3)
G: J,

An application of this method is discussed in the next paragraph. It
is difficult, however, to obtain an accurate absolute measurement of the
output noise power. G; or B may change between gain and noise
measurement. The gain measurement can be eliminated by adding a
known amount of signal power to the noise input and observing the
increase in power output.

Two different kinds of calibrated signal power are used for this
purpose:

(1) Sinusoidal, i.e., single-frequency power from a signal generator

(signal-source method).

! For the original definition of the noise factor see D. O. North, “The
Absolute Sensitivity of Radio Receivers”, RCA Review, Vol. VI, No. 3,
p. 332-343, January 1942.
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(2) Power from a noise source with a continuous frequency
spectrum of constant amplitude (“white” noise) over the con-
sidered band (noise-source method).

The noise-source method has many advantages over the signal-

rource method so that, at present, it is widely used. Its features are:

(1) Radio-frequency powers of similar spectral distribution are
compared. A determination of the effective frequency band-
width, B, therefore, is not necessary. This is an important
point because B may change during adjustment of the amplifier
for minimum noise figure.

(2) The available noise sources deliver power of such magnitude
that powers of similar amplitude are compared. Insertion of
large and calibrated attenuation and careful shielding are not
necessary.

(3) For the complete radio-frequency spectrum there exist noise
sources which are more stable than a signal generator with
attenuator.

A saturated diode works satisfactorily as a noise source? up to
several hundred megacycles. By special constructions, in which the
diode is made part of the transmission system, its frequency range
has been extended up to 3000 megacycles®*. Since Mumford® found
that a gaseous discharge represents a stable noise generator at micro-
wave frequencies, this type has replaced the diode in all frequency
bands for which waveguides are practical®.

When properly made, the gas discharge noise source exhibits prac-
tically no insertion loss when not fired, i.e., it acts as an almost perfect
transducer. The fired noise source represents a broadband termination
for the waveguide. The spectral distribution of the noise-power output
is flat over the useful waveguide band, contrary to diode arrangements
where transit time reduces the noise output with increasing frequency.

The relative noise temperature of the argon-gas noise source stand-
ard used by the author is 15.5 + 0.25 decibels above room temperature
at 6975 megacycles.! For a commercial 15-watt fluorescent lamp (T-8

?R. W. Slinkman, “Temperature-Limited Noise Diode Design”, Sylvania
Technologist, Vol. 2, No. 4, p. 6, October 1949,

*R. Kompfner, J. Hatton, E. E. Schneider and L. A. G. Dresel, “The
Transmission-Line Diode as Noise Source at Centimeter Wavelengths”, Jour.
Inst. Kloe. Eng., Vol. 93, Part IIIA, No. 9, p. 1436-1442, March-May, 1946.

“H. Johnson, “A Coaxial-Line Diode Noise Source for U-H-F”, RCA
Review, Vol. VIII, No. 1, p. 169-185, March 1947.

SW. W. Mumford, “A Broad-Band Microwave Noise Source”, Bell Sys.
Tech. Jour., Vol. 28, p. 608, October 1949,

® H. Johnson, “Gaseous Discharge Noise Sources for S-H-F”, unpub-
lished report, August 1950.

' Recent unpublished measurements by J. E. Sees and H. Corbett at the
Naval Research Laboratories.
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bulb, 18 inches long) with mercury-argon gas filling, 16.2 = 0.5 decibels
was obtained at 3000 megacvcles. Values were found to be practically
independent of temperature.®

The procedure of measuring the noise figure of an amplifier with
a calibrated noise (or signal) source consists of measuring the relative
power output of the amplifier while the noise (or signal) source is
operating (P,) and while it is shut off (N,). This measurement is

25

NOISE FIGURE VS P,/Ny

Pb ® NOISE POWER OUTPUT
WITH NOISE SOURCE OPERATING

Ny * SAME WITHOUT NOISE SOURCE

20

RELATIVE NOISE
TEMPERATURE T/ T.: 16.2db

(GE. Hg-A - LAMP,
15 WATTS, T-8, 18" TUBE)

___..
@
i

Fig. 1-—Plot of noise
figure versus N,/P,
(Equation (4)).

NOISE FIGURE F IN db
=)
|
1
|

20 25

.6 N‘:/Pb .8

made with a square-law detector which adds linearly amounts of power
of different frequencies, or with a linear detector of which the output
is proportional to the square root of the measured power.

Looking backward from the amplifier input, the noise-source im-
pedance must be the same in both measurements. The noise factor is

0

* Mercury-argon fluorescent lamps are reported to have appreciable
noise temperature versus operating temperature coefficients under normal
operating conditions. With the particular tube used in this apparatus, how-
ever, the dissipated power per unit volume can be held low enough to assure
a negligibly small change between cold and operating temperature. For other
frequency ranges and other conditions, special tubes without mercury may
be desirable (see reference 6).
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SIGNAL TEST F |DC PROP. TO 55_17 RATIO

GEN. AMPL. ampPL. 7/ METER

Fig. 2—Noise meas-  (%)}{><] @A —{ < D \/4@

uring system used by i
Herold. @_{E L* VIDEO [é og PROP|

LINEAR
DETECTOR DLEEFNEECA'IBOR

then computed from Equation (4) which follows directly from Equa-
tion (1) :

PN 1
F (4)
P,/N 1
where P,=N,+ S, total input power (noise and signal),

P,=N,+ S,, total output power.
In case of a gas discharge noise source,
P,/N,=T/T (5)

is the relative noise temperature. T represents the temperature of the
electron gas. Equation (4) is plotted for a relative noise temperature
of 16.2 decibels in Figure 1. The abscissa shows a nomographic repre-
sentation of Equation (4) which is used later.

DIRECT-READING NOISE-FACTOR METERS — EARLIER PROPOSALS

According to the foregoing, a direct-reading noise-factor meter
must continuously supply the results of two measurements. These
measurements can be made in principle either simultaneously or in
rapid repeated succession, with storage of the measured data in
between. There exist proposals for both types of noise-factor meters.
An unpublished arrangement, originated and used about 10 years ago
by E. W. Herold," is representative of the first group where the two
measurements are performed simultaneously (see Figure 2)-.

HIGH GAIN
DC AMPL. (A.G.C)

DC
ma-METER Fig. 3—Noise meas-
uring system used by
a (0 Richmond.

7 DC PROP.
T0

LINEAR LINEAR®
DETECTOR DETECTOR

SIGNAL

t RCA Laboratories Division, Princeton, N. J.
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A relatively large constant continuous-wave signal applied to the
amplifier yields a rectified current proportional to the gain, if the
output signal-to-noise ratio is chosen large enough. The noise later
is amplified separately to about the amplitude of the signal. The ratio
of the two rectified currents is proportional to the square-root of the
noise figure and may be read directly on a ratio meter. Linear detectors
are used. Figure 3 shows a modification of this circuit which incorpo-
rates an automatic gain control (AGC) to hold the total gain for the
signal constant. The noise-power output, in this case, is proportional
to the noise factor. An arrangement of this type was used by M. Rich-
mond’ but has not been published.

This method, with either variation, requires an absolute calibration
to read noise factor. Its accuracy is limited by the stability of video
amplifier, signal generator and effective bandwidth, B.

The proposal of Clayton et al” belongs to the second group, i.e., the
two measurements are performed in succession (Figure 4). The signal

SIGNAL VIDEO SIGNA
GEN. L

Fig. 4—Noise meas-
uring system used by
Clayton et al.”

PULSER
{AUDIO-FREQUENCY)

generator is pulsed at an audio frequency rate and the total video
output of the amplifier is displayed on a broadband cathode-ray
oscilloscope after detection with a square-law detector. The signal-
pulse amplitude is adjusted to equal the subjectively estimated average
noise amplitude and yields a “visual” noise figure, from which the
actual noise figure can be computed. The accuracy depends on sub-
jective quantities and is stated to be within + 1 decibel.

A NEW DIRECT-READING NOISE-FACTOR METER

As the earlier noise-factor meters basically use the signal-source

! Formerly RCA Laboratories Division, Princeton, N. J.

"R. J. Clayton, J. E. Houldin, H. R. L. Lamont and W. E. Willshaw,
“Radio Measurements in the Decimetre and Centimetre Wavebands”, Jour.
Inst. Elec. Eng., Vol. 93, Part III, No. 22, p. 97-125, March 1946.
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method, they inherently have its previously discussed disadvantages.
The new noise-factor meter is based on the noise-source method and
therefore avoids those difficulties.

Figure 5 shows one version of the system, which belongs to the
second group, where the two measurements are made in succession.
Its essential difference from Clayton’s system is that direct-current
amplitudes are compared instead of video and direct-current signals.
This makes the measurement independent of subjective judgment, and
the quantities can be measured on meters. As will be discussed later,
a possible modification (shown dotted, on Figure 5) uses a gated AGC
system to hold the peak of the pulse at constant value.

Actually, this meter simply speeds up the conventional two-step
measuring procedure explained earlier. A noise source whose impedance
is independent of whether or not it is fired, is pulsed at a slow rate

DC AMPL.
TO HOLD MAX.AMPL (R,) CONSTANT (GATED AGC)

NOISE ’"_] DC AND PULSE -
SOURCE 1 i FREQUENCY SIGNAL

—O+
/L oc
0SCILLOSCOPE

Fig. 5—Noise-factor
meter based on the
noise-source method.

SQUARE -
LAW
DETECTOR

PULSER
{t,260- 100 cyls)

(f, = 60 to 100 cycles per second), i.e., fired and switched off periodi-
cally. The output of the amplifier is rectified in a square-law detector
and fed through a low-pass filter, of which the cutoff frequency, f, is
chosen high enough to transmit the pulses undistorted, i.e.,

fe=10 X f,. (6)

It is important for the choice of f, that f, is negligible compared to the
intermediate-frequency bandwidth, B, i.e.,

10 f, = f, « B. (6a)

From the two pulse amplitudes, P, and N,, the noise figure can be
evaluated or ‘“read” in three different ways:
(1) Direct current plus pulse-frequency output are displayed on a
direct-current cathode-ray oscilloscope and the total noise-power
input, P,, is adjusted until P,/N, =2 (see Figure 5).
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In this case

F=P/N,—1=8,/N,. (7
This method, of course, is only applicable if the noise figure is
small enough, ie, F = (§,/N,) maximum. For a saturated
diode noise source, Equation (7) becomes

elR
F=8,/N 20/R, (8)
2kT,
where / is the diode current, in amperes, and R is the diode
noise-source impedance, in ohms. F' is proportional to /. If a
gas discharge noise source is used, the noise-power input must
be adjusted with a calibrated series attenuator. The relative
noise output, in decibels, of the noise source with L —=10log b
decibels series attenuation,® is

oy —
READ NOISE a NbI
FIGURE HERE ™ '© s
‘ Fig. 6 — Method of
i PaN 4§ calibration of scope
F ¥ 707"t permitting direct
20 reading of noise
28 factor.
ol 0 L. —
db
OSCILLOSCOPE IS CALIBRATED
TO READ NOISE FACTORS DIRECTLY
1
F=S8,/N, (r/T,—1) +1, 9)
b

where T/T, is the actual relative noise temperature of the
source. For the fluorescent lamp noise source with 7/T, = 41.7
(i.e., 16.2 decibels),

40.7
F=——-4d41, (10)
b

(2) A second way of measuring the noise figure is to hold the
relative input power, P,/N,, constant, and measure the ratio
of the output power, P,/N,, from the display on a cathode-ray
oscilloscope. The noise figure, then follows from Equation (4)
or Figure 1, and the screen of the scope may be calibrated to
read noise factor directly in decibels (see Figure 6). A direct-
current amplifier with a gated AGC may be used to hold the

8 . W. Herold and L. Malter, “Some Aspects of Radio Reception at

Ultra-High Frequency, Part 1117, Proc. I. R. E., Vol. 31, No. 9, p. 509, Sep-
tember 1943.
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NOISE TEST IF A i
L AW SELECTOR
SOURCE AMPL. AMPL. DETECTOR SMITC%
Fig. 7— Method of < << ]®
reading noise factor DC »
from current - ratio AMPL. ClJRZ$F°NT
meter by employing = METER
synchronous selector
switch.
JL
PULSER

(3)

f, 2 60-100 cyls.

maximum amplitude constant as indicated in Figure 5 in dotted
lines.

A third way of reading the noise factor is shown in Figure 7.
Again P,/N, is constant. The two currents proportional to P,
and N, are fed separately into the two inputs of a ratio meter
by means of a switch which is coupled to the pulser. A direct-
current amplifier multiplies the direct current and the pulse-
current output of the square-law detector up to the required
value for the meter. The meter is calibrated with the curve of
Figure 1 to read noise figure directly. It is important to note
that the amplifier instability does not affect the meter reading.

In general, it can be said that in many cases reading the noise
figure from the cathode-ray oscilloscope is preferable because it allows
one to observe any unwanted distortion of the output-signal by oscil-
lation, hum modulation, etc.

A noise-factor meter of this type was built for the 2500- to 4000-
megacycle range to measure noise figures of traveling-wave tube
amplifiers. It was operated with a direct-current scope. Most of the
time the first of the above mentioned methods was used, as the noise
figures to be measured were well below 16 decibels.

Fig. 8—Noise source with pulser and calibrated attenuator used
in noise-factor meter.

www americanradiohistorv com


www.americanradiohistory.com

278 RCA REVIEW June 1951

The system, in principle, is the one of Figure 5. A picture of the
noise source with pulser and attenuator is shown in Figure 8. The
complete direct-reading noise-factor meter is seen in Figure 9. It
consists of :

A broad-band gas discharge noise source with a 15-watt mercury-

argon lamp mounted at a 10-degree angle in an S band waveguide

and terminated on one side. Its relative noise temperature is 16.2

+ 0.5 decibels above 290°K.

A pulser to switch the noise source on and off 60 or 80 times per

second or to run it continuously.

A variable calibrated waveguide attenuator which introduces a

maximum voltage-standing-wave ratio (VSWR) of 1.1.

Fig. 9—Complete direct-reading noise-factor meter.

A broadband waveguide-to-coax transition. Total VSWR looking

towards source is below 1.2 in the operating range.

A crystal mixer, a local oscillator, and a 30-megacycle intermediate-

frequency amplifier with about 7 megacycles bandwidth. The over-

all mixer-amplifier system has an 11-decibel noise factor.

A square-law detector followed by an R-C low-pass filter with cutoff

at several kilocycles.

A sensitive direct-current cathode-ray oscilloscope.

Figure 10 shows oscillograms of the measurement of an 11.9-decibel
noise factor amplifier. It is seen that for an inserted attenuation of
L — 4.2 decibels, P,/N, = 2. According to Equation (10) this yields a
noise figure, F, of 11.9 decibels.
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Some design factors and details of this system will be discussed
in the following sections.

PULSED GAS DISCHARGE NOISE SOURCE

About 500 volts direct current are necessary to ignite the 15-watt
fluorescent lamp easily without using a heated cathode. An adjustable

NOISE VARIABLE
SOURCE ATTENUATOR

o N
pCl

6.2 db
L=0db L=2 db
L=4.2 db L=7db

Fig. 10—Output of noise-factor meter for different noise-power input, P..

resistor limits the direct current to the required 75 milliamperes. A
mechanical vibrator, the 276-E relay, was chosen to switch the lamp
on and off at a rate of either 60 or 80 cycles. The principal circuit is

shown in Figure 11.
It was found that once the discharge is established, it sets in again
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SYNC.

500
+
15 WATT
|~ G.E. FLUORESCENT ) )
& LAMP Fig. 11 — Simplified

schematie of noise-
source pulser.

WESTERN ELECTRIC
~ RELAY 276 €.

1= 75 mA ? E 20V a-c
50 TO 100 cycls.

after a short interruption, so that sharp pulses are obtained (see
oscillograms in Figure 10). To start the discharge initially, however,
may take as long as a second. A small current first sets in, which, after
a certain delay, jumps to the steady value. Under certain special con-
ditions, small plasma oscillations in the audio-frequency range have
been observed superimposed on the pulse amplitude.

The 276E relay is balanced for 60 cycles. It runs stably enough,
however, up to 90 cycles. To separate any 60-cycle hum component
from the pulsed signal output, an R-C generator was designed to drive

2K
SHAPE g *TesT”
ik wra
ol |
g‘l 6
alx] /7 e aon*n-..
2% 83 ,‘6‘-!2AU7--- 'i
] / WE
X 276 -E
'“i RELAY
4 g ol o < 1 A—rd
> 3 = 60
2% 8 T AMP. eyl { [oN 1
8eqg. .
ADJ. FOR 20V. / f
AT “TEST" POINT MOD.
¢ oy
220 . OFF
54 2w | sTancon 3500 o s
' L 13 0-100MA
a L ‘
2 40 sz
20 MF MFOT SYNG
MFD . GE
e 1S WATT
ST svs T 10 IFLuonesc.
PWR d2 ) © LAMP
oR AMP 63V TO
— HEATE RS
60~

Fig. 12-—Schematic of noise-source pulser.
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the relay at 80 cycles. The detailed noise-source pulser circuit is shown
in Figure 12.

SQUARE-LAW DETECTOR

The 6ALS diode-detector of a standard 30-megacyvcle intermediate-
frequency amplifier with 7-megacycle video bandwidth is run as a
square-law detector. The detector current output is linear to single-
frequency signal-power input up to a level of 5 microamperes. As the
maximum amplitude of random noise exceeds the peak value of the
alternating-current signal with which the detector is calibrated, the
detector current is kept below 3 microamperes for noise-power meas-
urements.

NOISE-FACTOR MEASURING CIRCUIT WITH CURRENT-RATIO METER

In cases where it is desirable to read the noise figure directly from
a meter scale, the arrangement of Figure 7 can be used.

Fig. 13—Diagram of
a selector switch.

TO DETECTOR
OUTPUT
NOISE - SOURCE ®
SWITCH SELECTOR
SWITCH RATIO- METER

Two rotating switches mounted on a common axis provide a suitable
pulser and synchronous selector (Figure 13). The minimum allowed
switching frequency is determined by the time constant of the circuit
and meter.
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tronics (February) .. ....... ... . . ..
“Ultra-Thin Sections for the Electron Microscopy of Tissues”, ..
Hillier, Transactions of the New York Academy of Sciences
(IPEDANRITY]  v2we o T fe i o e e R pL
“An Unobtrusive Dynamic Pressure Microphone”, H. F. Olson and
J. Preston, RCA Licensee Bulletin LB-818 (February 1) ......
“Use of New Low-Noise Twin Triode in Television Tuners”, R. M.
Cohen, RCA Licensee Bulletin LI-82; (March 28) ............
“Use of New Low-Noise Twin Triode in Television Tuners”, R. M.
Cohen, RCA Review (March) . ......... ... ... .. iiiiiinin...
““A Versatile Video Special Effects System”, E. M. Gore, Broadcast
News (March-April) ... .. . .. . . .
“Video Relay Switching — Part II”, C. R. Monro, TV Eng. (January)
“Video Relay Switching — Part III”, C. R. Monro, TV Eng. (Febru-
BMO) | SIS i o e 1A o s B S PR R Y e -1

Nore—-Omissions or enrors in these listings will be corrected in the yearly index.
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Correction:

Some errors have been discovered in the paper entitled “Transient Re-
sponse of Filters”, by Murlan S. Corrington, which appears in the Septem-
ber 1949 issue.

page 417 — Equation (30), first integral. The integrand is ax — B(x).
page 417 — Equation (31), first integral. The integrand is ax + B(x).
page 418 — Last line. Add a minus sign in front of the integral in the braces.
page 419 — First integral. Change the sign of the coeflicient to plus.
Following line. Change the sign of sin « to plus.
Sixth line of integrals. Change the sign of sin a to plus.
Eighth line of integrals. Change the sign of a2 to plus.

Ninth line. Change the denominator of A,a? from 2 to 2!
Tenth line. Change the sign of a3 to minus.

page 422 — Second line of Equation (50). In the second pair of brackets
change all numbers in the denominators to the corresponding
factorials.

Third line. Chamge the sign of sin a to minus.

All of the numerical tables and the curves are correct as given.
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JOHN B. ATwo0p attended Washington and .Jefferson
College in 1924-25 and transferved to Cornell University
where he obtained the M.E. degree in 1930 and the
M.S.E. degree in 1937. Previously he had been active in
amateur radio from 1922 to 1929 and also studied radio
engineering at Carnegie Institute of Technology. Before
joining the operating staff of RCA Communications, Inec.
in 1986, he was employed by the Bell Telephone Labora-
tories in the Radio Systems Department. In 1937, he
transferred to the Research and Advanced Development
of RCA Communications, Inc. and since 1942 has been

a member of the Communications Research Section of RCA Laboratories
Division. Mr. Atwood is a member of Tau Beta Pi and a Senior Member

of the Institute of Radio Engineers.

ARTHUR H. BENNER received the B.S. degree in Elec-
trical Engineering from the University of Kansas in
1944, the M.S. degree in 1948, and the Ph.D. degree in
1951 from Pennsylvania State College. From 1944 to
1946, he served as an officer in the U. S. Army Signal
Corps. From 1946 to 1949 he was a research engineer
with the Ordnance Research Laboratory, State College,
Pa., and from 1949 through 1950 he was associated with
the Radio Propagation Laboratory at Pennsylvania State
College. At present, he is a member of the Advanced
Development Engineering Section of the Engineering

Products Department. Dr. Benner is a Member of the Institute of Radio
Engineers, Sigma XI, Tau Beta Pi, and the American Institute of Electrical

Engineers.

ROBERT W. BYLOFF received the B.S. degree in Electrical
Engineering from Massachusetts Institute of Technology
in 1943. He served with the United States Marine Corps
as a radar officer in the Pacific during World War II.
In 1946 Mr. Byloff joined the Audio-Video Engineering
group of the National Broadecasting Company where he
is engaged in the design of components and systems for

radio broadcasting and. television.

JoHN E. DILLEY was graduated from Drexel Institute
of Technology in 1943 with the degree of B.S. in Elec-
trical Engineering. From 1943 to 1946 he served with
the U. S. Army Signal Corps. In 1946 he joined the staff
of RCA Laboratories Division in Princeton, N. .J. M.
Dilley is an Associate Member of the Institute of Radia
Engineers.
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L. E. FLORY received the B.S. degree in Electrical Engi-
neering from the University of Kansas in 1930. He was
a member of the Research Division of RCA Manufactur-
ing Co., Camden, N. J. from 1930 to 1942. During this
time he was engaged in research on television tubes and
related electronic problems, particularly in the develop-
ment of the iconoscope. In 1942 he transferred to the
RCA Laboratories Division at Princeton, N. J., where he
continued to work on electronic tubes and special circuit
problems, including electronic computers, infrared image
tubes and sensory devices. Since 1949 he has been in
charge of work on storage tubes and industrial television. Mr. Flory is a
Member of Sigma XI and a Senior Member of the Institute of Radio
Engineers.

Engineering from Washington University in 1926. From

1926 to 1928, he served as Electrical Assistant in the {

Signal Corps. In 1929, he joined the Technical and Test s
Department of RCA. In 1930, he was transferred to g
Camden in the newly formed Broadecast Transmitter -
Section, and from 1930 to 1935 he was assigned to propa- . L

gation and antenna work. In 1936, he was transferred b

to New York for a year to work on the Empire State A

television transmitter installation, and from 1937 to g ‘h
1940, he was engaged in television transmitter develop-

ment. In 1940, he was assigned to the supervision of the Television Trans-
mitter Group which expanded into radar activities until 1944. From 1944
to the present time, he has been engaged in television transmitter and
antenna work in a supervisory capacity. Mr. Gihring is a Senior Member
of the Institute of Radio Engineers.

H. E. GIHRING received the B.S. degree in Electrical e )

Louis MALTER received the B.S. degree from the College
of the City of New York in 1926 and the M.A. and PhD.
degrees in Physics from Cornell University in 1931 and
1936, respectively. He taught Physics at the College of
the City of New York from 1926 to 1928. He was with
the Acoustic Research and Photophone Divisions of
Radio Corporation of America from 1928 to 1930, and
during the Summer of 1931. From 1933 to 1942 he was
with RCA Manufacturing Company at Camden, N. J.,
and from 1942 to 1943 with RCA Laboratories Division
at Princeton, N. J. From 1943 to 1946, he was in charge
of the Special Development Division of RCA Manufacturing Company at
Lancaster, Pa. From May 1946 to December 1947 he was in charge of the
Vacuum Tube Research Section of the Naval Research Laboratory, Wash-
ington, D.C. In December 1947 he returned to the RCA Laboratories where
he is now engaged in research on gaseous electroniecs. Dr. Malter is a
Fellow of the American Physical Society, a Senior Member of the Institute
of Radio Engineers, a Member of the American Association for the Ad-
vancement of Science, and a Member of Sigma Xi.
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HARWICK JOHNSON received his B.S. degree in Electrical
Engineering from the Michigan College of Mining and
Technology and his M.S. and Ph.D. degrees from the
University of Wisconsin. From 1938 to 1942 he was a
research fellow and teaching assistant in the Department
of Electrical Engineering at the University of Wisconsin.
Since 1942 he has been associated with RCA Laboratories
Division at Princeton, N. J. Dr. Johnson is a Senior
Member of the Institute of Radio Engineers, a Member
of Tau Beta Pi, Gamma Alpha and Sigma Xi.

R. M. MATHESON received the A.B. degree from Cornell

year. He attended graduate school at Princeton Uni-

University in 1938 and the M.A. degree the following w

versity in 1939 and 1940, holding a research assistant-

ship during the latter year. From 1941 to 1946 he served D ) .-

in the U. S. Army Air Force, being released from active —
duty as a Captain. Prior to joining RCA in 1947, Mr. Fa—t
Matheson served as secretary to the Panel on Electron

Tubes of the Joint Research and Development Board. “

Princeton, N. J.

LEON S. NERGAARD received the B.S. degree in Electrical
Engineering from the University of Minnesota in 1927,
the M.S. degree from Union College in 1930, and the
Ph.D. degree from the University of Minnesota in 1935.
From 1927 to 1930, he was in the research laboratory
and vacuum-tube engineering department of the General
Eleetric Company; from 1930 to 1933 a teaching assist-
ant in the department of physics at the University of
Minnesota; from 1933 to 1942 in the research and devel-
opment laboratory of the RCA Manufacturing Company;
and since 1942 at the RCA Laboratories Division in
He is a Member of Sigma Xi, the American Physical

Society, the American Association for the Advancement of Science, and a
Senior Member of the Institute of Radio Engineers.

RoLr W. PETER received the M.S. degree in Electrical
Engineering in 1944, and the Ph.D. degree in Radio
Engineering in 1948 from the Swiss Federal Institute
of Technology in Zurich, Switzerland. From 1946 to 1948
he was Assistant Professor of Radio Engineering at the
Swiss Federal Institute of Technology. In 1948 he joined

the RCA Laboratories Division in Princeton, N. J., | =
where he has been engaged in research on trave‘ling-
wave tube amplifiers. Dr. Peter is a Member of Sigma

Xi and. an Associate Member of the Institute of Radio

Engineers.
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WINTHROP SEELEY PIKE received the B.A. degree in
Physices in 1941 from Williams College. He served with
U. S. Army Signal Corps during World War II as radar
officer and later as project officer in charge of the Signal
Corps Moon Radar project. In 1946 he joined the re-
search staff of RCA Laboratories Division at Princeton,
N. J., where he has worked on sensory aids for the
blind, storage tube applications, color television and in-
dustrial television. Mr. Pike is a Member of the Institute
of Radio Engineers, Sigma Xi, and the American Guild
of Organists.

Louts M. SEEBERGER received the B.S. degree in Elec-
trical Engineering from the University of California at
Berkeley in 1943. From 1942 to 1943 he was employed

by the Alameda County Sherift’s office as an operator and
maintenance engineer for KPDA. From 1943 to 1945 he
was a member of the Signal Corps, U. S. Army and was
commissioned in 1944. As a radar officer, he attended

the Harvard Graduate School and the Massachusetts
Institute of Technology from 1944 to 1945. In 1946 he
joined the Radio Corporation of America and partici- 'L
pated in the development of the Teleran System of Air
Navigation. Since 1948, he has been engaged in advanced circuit ‘develop-
ment for the Graphechon storage tube as a member of the Advanced
Development Section of the Engineering Products Department. Mr. See-
berger is an Associate Member of the Institute of Radio Engineers.

RoLanp W. SMITH received the B.S. degree from Western
Kentucky State College in 1939, and the M.S. degree in
Physies from Northwestern University in 1942, He was
with the Central Scientific Company in Chicago during
the period 1939-1940. From 1942 to 1947 he did research
in photcconductors at Northwestern for the Office of
Scientific Research and Development. In 1947 he joined
the Research Department of RCA Laboratories Division
at Princeton, N. J. Mr. Smith is a Member of the
American Physical Society and Sigma Xi.

WiLLiAM M. WEBSTER studied physics at Rensselaer Poly-
technic Institute and at Union College as a Navy V-12
student. He received a B.S. degree in physics in 1945.
He was released from active duty in 1946 and joined the
RCA Laboratories Division, Princeton, in October of
that year. He is currently enrolled in the Graduate
School of Princeton University on a part-time basis.
%\{Ir. Webster is an associate member of the Institute of
adio Engineers.
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