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CATHODOLUMINESCENCE AS APPLIED IN
TELEVISION*

By
H. W. LEVERENZ

RCA Manufacturing Company. Ine.. Research and Kngineering Departinent.
Harrison, New Jerscy

Summary—The cathodoluminescent art is reviewed and some new data
are presented not only as general information but also to correct some cur-
rent misconceptions regarding solid luminescent materials (phosphors).

Synthetic lwminescent materials have been known for 337 years, but
most of the polychromatic efficient phosphors were painstakingly evolved
during rescarch of the past ten years, especially in television research
laboratories. Luminescence research is becoming a valuable means of sup-
plying and interpreting nmew information regarding the physies and chew-
istry of crystalline matter.

The constitutions and syntheses of the better phosphors are outlined
and a simplified theoretical mechanism of phosphor luminescence is discussed
in order to provide better understanding of phosphor properties and capa-
bilities. There are eight important qualities, each of which must be possessed
in superior degree by phosphors intended for television Kinescope use.

Unjustified restriction or over-emphasis of any one phosphor quality,
such as phosphorescence (also known as persistence, retentivity, “after glow”
or time-lag), would automatically ecliminate most of the phosphors which
are excellent in all eight. The choice of 30 frames/second and 60 fields/second
i8 shown to be a minimum repetition rate, below which serious disadvantages
are suffered by televiewers. The speculation of using unknown phosphors
having concave-downward persistence characteristics to decrease frame and
field frequencies, is demonstrated to be untenable.

I. INTRODUCTION

HIS article on the subject of cathodoluminescence is offered so

that those in the radio and television art may have an outline

of the historical, theoretical and practical features of the “last

act” in television’s complicated task of seeing at a distance. The “last

act” comprises converting modulated electrical impulses and electron

currents into visible images which give the sense of uninterrupted

continuity and motion. The performers in the “last act” are tiny crys-

tals of specially synthesized luminescent materials which have the

unique property of being able to transform electron energy into light.

Certain foibles and fallacies have persisted in the luminescent art,

largely due to its alchemical birth and upbringing, and it is hoped that

cor * A review, including hitherto unpublished data from the RCA Labora-
oriles.
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the ensuing factual presentation will assist in dispelling some of the
prevalent, inaccurate notions.

The generic term “luminescence’ connotes the act of energy absorp-
tion with subsequent re-emission as visible and near-visible radiation
while the luminescing material maintains a temperature below that
required for incandescence. In this respect, the term ‘“cold light” is
concisely descriptive. In its original usage, “luminescence” applied to
visible radiation only, but for convenience its use has expanded to
include the near-visible regions.

Luminescence has been sub-classified according to the types of
energy used for excitation. Cathodoluminescence, for example, is light
emission occasioned by cathode rays, i.e., electrons, impinging on
matter.’

A further distinction is made with respect to duration of light
emission after cessation of excitation. When the emission is completed
within approximately 10— second, which is the normal interval for
isolated excited atoms or ions to return to their ground states, the
process is fluorescence. Emission continuing for a longer time than
fluorescence is termed phosphorescence. Concomitance of fluorescence
and phosphorescence in all but the gaseous state of matter requires the
use of the more precise word “luminescence”.

The first reported crystalline, inorganic luminescent materials,
also called “phosphors”, were accidentally prepared over 337 years ago,
in 1603.2 For 283 years subsequent to 1603, the alchemists synthesized
phosphors by c¢rude methods such as by heating oyster shells with
sulphur to give feebly violet-phosphorescing alkaline-earth sulphide
phosphors which were socially ostracised because they decomposed in
moist air, evolving hydrogen sulphide. The first efficient (and, inci-
dentally, non-odorous) synthetic phosphor was blue-green luminescing
copper-activated zinc sulphide, prepared by Sidot in 1886.%> Zinc sul-
phide was used extensively in the first practical application of phos-
phors as detectors of invisible radiations such as ultraviolet, cathode
ray, and X-ray as these new energy manifestations were discovered
during the course of the 19th century. Radioactivity’s discovery was
an accidental by-product of Becquerel’s work in unsuccessfully testing
a theory of Poincaire who had postulated an intimate connection
between X-rays and luminescence.?

L H. Pender and K. Mcllwain, Electrical Engineers Handbook, Vol. V,
Communications, 2-(49-53), J. Wiley, 1936.

2W. Wien and F. Harms, Handbuch der Experimentalphysik, XXIII,
Part 1, page 1, Akademische Verlag., Leipzig, 1928.

3T, Sidot, “Sur les proprietes de la blende hexagonale”, Comptes rendus,
63, 188-189, 1886.

¢ T. A. Boyd, “Research—The Pathfinder of Science and Industry”, p.
164, D. Appleton-Century Co., 1935,
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Despite accelerated research on luminescence during the past half-
century, phosphor applications remained chiefly of the detector variety
and phosphors were usually associated with very low brilliancy values,
requiring scotopic or dark-adapted vision for observation of the well-
known radium watch dials, X-ray fluoroscope screens and theatrical
“black magic”.

With the vigorous inception of electronic television, approximately
eleven years ago, an urgent need was felt for greatly increasing the
capabilities of luminescent materials used in Kinescopes (television
cathode-ray [TCR] tubes). The first researchers had but two phos-
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Fig. 1—Emission spectrum of a copper-activated zine sulphide phosphor,
showing the spectral variation with different excitation densities.

phors sufficiently efficient for television purposes: (1) the previously
mentioned zinc sulphide, and (2) willemite, a zinc silicate mineral con-
taining about one per cent of manganese silicate. Willemite was first
discovered in 1830 and named after King Willem I of the Netherlands.?
Both phosphors emitted preponderantly green light, giving early tele-
vision viewers considerable aesthetic dissatisfaction with the repro-
duced images.

Figure 1 shows the emission spectrum of a commercial luminescent
zine sulphide such as was used in early TCR tubes. The two curves
are for the same material under different electron beam current densi-
ties, and show the spectral variation which caused an undesirable color

. W.‘ Mellor, “A Comprehensive Treatise on Inorganic and Theoretical
Chemistry”, Vol. VI, p. 438, Longmans, Green & Co. Ltd., London, 1930.
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change from green to blue as the current density increased. Such a
color change is most annoying in television pictures, since the brighter
portions of the image show one color and the less brilliant portions
another color.

Figure 2 shows performance results for natural vs. synthetic wille-
mite, and indicates the low efficiency of the mineral product compared
with a good present-day zinc silicate phosphor.
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Fig. 2—Emission speectra of natural and synthetic willemite (manganese-
activated a-zine orthosilicate).

There were many more objectionable features about the phosphors
known at the outset of electronic television; serious disadvantages such
as poor secondary emission, further reduction of initially low efficien-
cies when the materials were ground and processed for Kinescope
application, and a restricted choice of green colors. However, since
better phosphors were vital to electronic television, which has the
inherent advantage of practically inertialess picture scanning, exten-
sive research was instigated in the RCA Manufacturing Co., Inc., under
the sponsorship of Dr. V. K. Zworykin., Director of Electronics
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Research, to determine the possibilities of improving phosphors for use
in Kinescopes,

An intensive search of the literature on the subject of luminescence
disclosed a plethora of phosphor recipes, which, as Dr. Saul Dushma:n
said.,” "read just like a cook book”, but unfortunately most of the
recipes were like matches: they worked but once. It appeared certain
that the strong green luminescence of zinc silicate phosphor (i.e.,
willemite) required about one per cent of manganese activator “impur-
ity and that of zinc sulphide required about one one-thousandth per
cent of copper, but reproduction of results was an apparent impossi-
bility unless extraordinary precautions were taken to purify all ingredi-
entls to a degree better than “spectroscopic purity”

- ‘ li

Fig. 3—View of part of the RCA chemico-physics laboratories in which
luminescence research is condueted.

Accordingly. air-conditioned laboratories were designed and con-
structed in the engineering buildings of the RCA Manufacturing
Company’s Camden, New Jersey plant. Improved laboratories were
constructed in the Harrison, New Jersey plant when the chemico-
physics research group was transferred to Harrison in 1939, Figure 3
gives a view of one of the Camden laboratories, showing the “hospital
operating room” type of simple construction which facilitated thorough
cleaning of linoleum walls and floors, glass bench tops, etc.

Thus equipped, it was practical to synthesize the two principal
phosphor systems, oxides (especially silicates) and sulphides in many
permutations of exceptionally pure substances.

t Meeting of the Optical Society of America. New York, October 1936,
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Since sulphides had been originally discovered and developed
abroad, European luminescence researchers concentrated mainly on
sulphide phosphors. American researchers, because of their use of the
naturally-occurring mineral phosphor, willemite, followed by use of
the improved synthetic willemite, favored the oxygen-containing phos-
phors, especially since oxide phosphors are inherently more rugged than
sulphides or selenides.

An important product of RCA’s television-luminescence research is
the zine beryllium silicate phosphor system which is a major component
of the light-emitting coatings used in the new highly-efficient, tubular,
luminescent lamps (usually called “fluorescent lamps” despite the need
for a considerable phosphorescence in order to minimize flicker). The
luminescent art is commencing to expand into the ultraviolet and infra-
red regions of the spectrum and should employ the unique advantages
of the high efficiencies of phosphors, and their easily controllable emis-
sion spectra in those invisible radiation ranges.

II. CONSTITUTIONS AND SYNTHESES OF PHOSPHORS

It should be mentioned that, despite unusually favorable conditions
for synthesizing luminescent materials, exact reproduction of phos-
phors is still difficult. Each phosphor sample tends to be individual-
istic, differing noticeably from identically constituted and similarly
synthesized samples in one or more of its properties such as spectral
emission characteristic, phosphorescent-time constant, secondary-emis-
sion qualities, etc. Attainment of practically identical phosphors is
possible, but requires extreme care and extraordinary skill.

Phosphors are both impurity- and structure-sensitive materials.
The addition or subtraction of as little as 0.0001 per cent (one part in a
million) of a foreign substance can alter some phosphors’ properties
by 50-100 per cent. Maintaining identical chemical composition, but
changing crystal structure by polymorphic transitions also produces
equally pronounced changes in some phosphors’ characteristics.

The best phosphors are well-crystallized, inorganic materials
(termed “base materials” or simply ‘‘bases”), usually containing a
small trace of one certain metallic salt which is called the “activator”.
Whereas minute concentrations of some foreign salts greatly enhance
the basic crystals’ luminescence, similar concentrations of other metal
salts, notably those of iron, cobalt, and nickel, “poison” luminescence.

In general, the best phosphors have a relatively colorless bulk crystal
which is of the excess-cation type of a high-temperature semi-conductor
and contains a very small concentration of a salt of some easily polar-
izable multivalent element. Table 1 lists the more important phosphor
constituents and a few of their pertinent properties.
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The dashes in the columns titled “best activator” indicate that an
efficient phosphor may be prepared from the indicated base materials
without adding an activator. The vertical connecting lines, shown in
the same columns, link cations which may be intersubstituted in the
particular base material and yet produce a good phosphor. Galliate
and selenide phosphors are not included in the table.

Synthesis of phosphors is chiefly chemical work. Obviously, the best
available analytical reagent chemicals are much too impure for use in
phosphors. Therefore, the chemist must further purify the substances
used, add the tiny quantities of activator and perhaps a flux to assist
in crystallizing the phosphor. The intimate mixture must then be
skillfully heated to produce the crystal size and modification having
greatest efficiency and ease of application in cathode-ray tubes.

It is especially remarkable and, from the chemist’s standpoint,
aggravating, that the limits of chemical purification processes coincide
with the order of magnitude of activator impurity usually necessary
in efficient phosphors or the magnitude of the “poisoning element”
detrimental to phosphors. The coincidence occurs in the range of 103
to 10— part of activator, or impurity, to one part of bulk crystal.

The syntheses of phosphors are typified by the following two
examples:

A. Synthesis of blue-emitting zinc sulphide phosphor.

Purify zinc sulphate (ZnSO,) by conventional chemical methods
until no spectrographically detectable impurities remain. Electrolyze
the aqueous zinc sulphate solution to remove any copper, manganese,
and lead which the spectrograph may not have indicated. Precipitate
pure zinc sulphide with well-washed hydrogen sulphide, and wash the
precipitate. ZuSO,; + H,S = ZnS | + H.,S80,. Add sufficient solution of
a silver salt to equal a silver concentration of 0.01 per cent of the
weight of the zine sulphide and further add sufficient sodium or potas-
sium chlorides (in aqueous solution) to equal 2 per cent of the weight
of the zinc sulphide. Stir well, while evaporating to dryness and heat
in a quartz crucible at 800-1500° C. The time and temperature of
heating may be adjusted to determine the phosphor’s particle size and
form. The resultant phosphor is symbolized by ZnS:Ag; since the alkali
halide reacts with the zinc sulphide to form volatile zine chloride
and soluble alkali sulphide which are removed during heating and
subsequent elutriation. Cadmium sulphide may be substituted in part
for the zinc sulphide to alter the phosphor’s spectral emission over the
entire visible spectrum and into the infra-red.’

TH. W. Leverenz and F. Seitz, “Luminescent Materials”, J. Appli
Physices, 10, 7, pp. 479-493, 1939. L
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B. Synthesis of yellow-green emitting zinc beryllium silicate phos-
phor.

Zinc and beryllium nitrates (Zn(NOy), and Be (NO,),) are purified
and mixed in aqueous solution such that the ratio of zinc to beryllium
is approximately nine to one on a gram-molecular-weight (mole, or
molar) basis. Approximately 0.006 mole of pure manganese nitrate
(Mn(NO3).) is added per mole of zinc plus beryllium. Very pure,
finely divided silica (Si0,), such as colloidal silica or a substance such
as an organic silicate is added to the nitrate solution and the carbonates
of zine, beryllium, and manganese precipitated around the silica by
adding ammonium carbonate.

The amount of silica added may be exactly ortho-proportion or up
to several hundred per cent over ortho-proportion. “Ortho-proportion”
is two moles of (zinc + beryllium) to one mole of silica.

Stir and evaporate to dryness and heat in a clean platinum crucible
at 900-1600° C depending on the degree of chemical combination,
crystal type and size required. A shorthand notation for the finished
phosphor is Zn0,:Be0,:Si0,,:Mn. In this example, u/v=9 and
w = (u 4+ v)/2, but u, v, w, and the Mn concentration may be varied
to produce a wide variety of emission colors and other phosphor char-
acteristics.®

Mechanical mixtures of certain blue-emitting and yellow-emitting
phosphors, prepared as described in A and B, will give a resultant
white light under cathode-ray excitation.?

III. THEORIES OF PHOSPHOR LUMINESCENCE

There is no theory of luminescence adequate to explain quanti-
tatively all the properties of known phosphors or to predict the prop-
erties of new phosphors.

All efficient phosphors are definitely crystalline. See Figure 4 for
examples of the regular arrays required in order to have efficient
phosphors. The attainment of an ordered state is evidently necessary
to provide a minimum of traffic obstruction to electrons liberated in
the crystals. In view of the high efficiencies obtained, especially with
corpuscular excitation, it appears that the bulk crystal, as well as the
“centers” associated with the small concentration of the activators,
absorbs the radiant or corpuscular exciting energy and redistributes
it in smaller, more digestible packets of low-velocity free electrons or
excitons (electron-hole pairs). The liberated electrons or excitons

8 See Figs. 24, 25, and 26 of reference 7.

SH. W. Leverenz, “Optimum Efficiency Conditions for White Lumines-
cent Screens in Kinescopes”, J.0.8.A,, 80, 7, 309-315, 1940.
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travel through the crystal for considerable distances from their origins
and eventually return to their own or, more probably, to other centers
which are capable of transforming the energy into luminescent emis-
sion. The actual emission act is probably performed by a neutral (non-
ionized) atom or by a negatively charged ion associated with a multi-
valent activator center. The centers may be visualized as loosely bound
units regularly distributed throughout the crystal lattice, substituted
in place of lattice units or located in places where lattice units are
missing, or else associated with crystal faults.

HI13

*st °Zn %o

Ozn s ozn os
SPHALERITE WURTZITE

Fig. 4—Crystal structures of a-zinc silicate (willemite), e-zine sulphide
(wurtzite), and B-zinc sulphide (sphalerite).

A crude description of the modus operandi of a phosphor is the
following: Imagine a three-dimensional lattice-work of elastic bands
joining together a regular array of identical bells. This corresponds
to the basic crystal of a phosphor. Dispersed at regular intervals
throughout the ordered structure, in a concentration of one to a
thousand, there are much smaller bells substituted for, or suspended
between, bells of the main bell network. These smaller bells are the
activator centers. It is apparent that considerably less force will be
required to cause the smaller bells to sound than the larger bells. It
is also apparent that the smaller bells may be rung by either direct
application of energy or by receiving energy which has been trans-
shipped through the elastic bands after being absorbed by some larger
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unit. The reason for the greater luminescent efficiency of the crystal-
line state versus the amorphous state is deducible from the model.
Energy transfer through elastic bands having widely varied degrees
of tension would be short-lived because the different bands would not
pass the same frequencies.

In order to give a more tenable picture of the action corresponding
to free electron liberation in the phosphor crystal, it would be necessary
to imagine that the clappers of the bells could become detached and
slide along the joining bands until they encountered a small bell which
would ring, whereas the momentum of the clapper was insufficient to
ring a larger bell. The absorption of energy and re-emission of sound
entirely by a single small bell represents fluorescence. Absorption of
energy by any unit ef the lattice-work with subsequent transmittal
to a small bell, possibly far removed, which emits the eventual sound
represents phosphorescence. The distinction between the two lumi-
nescence acts is seen to be primarily one of localization versus decen-
tralization and of time required for energy transport. Vigorous
jangling of the entire structure would cause the main lattice bells to
sound and disturb the more sensitive efficiencies of the smaller bells.
The model thus portrays the effect of incandescence in phosphors.

Unfortunately, the bell model fails in several respects in simulating
the operation of an actual phosphor. For example, it allows high-
amplitude, low-frequency vibration to ring the small bells which emit
higher frequencies than were possessed by the exciting energy. This
is opposite to phosphor action as expressed in Stoke’s law, “The emitted
light is of a longer wavelength than the exciting radiation”. Since
frequency, v, wavelength, A, and speed of propagation, ¢, are related by

c=Av

it is seen that the bell model violates Stoke’s law by absorbing low-
frequency long wavelength energy and emitting high-frequency, short-
wavelength sound. Exceptions to Stoke’s law are unimportantly rare,
The model correctly portrays the independence of a phosphor’s
emission spectrum with respect to means of excitation and time during
or after excitation. This is true only when the phosphor’s emission is
a single band, since more than one band would indicate different
centers (different small bells in the model) which usually vary greatly
with respect to excitation-saturation and decay rate. In the latter case,
the total emission color of a phosphor changes markedly during phos-
phorescence, while the former case has been demonstrated in Figure 1.
Refinements and ramifications of the foregoing mechanical simile
provide stimulation for experiment, yet fail to depict the complex
atomic dynamics of real phosphors because the actions within phosphor
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crystals involve the vaguely comprehended transition zone between
corpuscular and undulatory energy.

Foreign elements, such as iron, nickel, etc., previously classified
as phosphor poisons are deleterious by virtue of: (1) occupying posi-
tions which might otherwise be advantageously occupied by the
luminescence activator units, (2) absorbing energy and then emitting
radiation in an invisible (viz. ultraviolet or infra red) region of the
spectrum, and (3) decreasing phosphorescence by absorbing trans-
shipped energy more readily than the luminescence centers and thus
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Fig. 5—Luminescence efficiency of a-zine orthosilicate as a function of
composition and manganese activator concentration.

destructively diminishing the amount of potential energy stored in the
phosphor crystal. Use of more than one activator in a phosphor fails
to increase efficiency since each activator is occupying positions which
might be used by the other.

There is an optimum concentration of activator, but it is not
critical. There is no lower limit or threshold value, except possibly as
expressed in terms of the human eye’s sensitivity. The completely dark-
adapted eye requires a minimum of approximately 17 x 10— er gs/sec.
visible radiation through the pupil for recognizable stimulation.!
Increasing the activator concentration above the optimum reduces effi-
ciency by: (1) exceeding the number of suitable faults or interstitial

10 LeGrand Hardy, “Eye as Affected by Illumination”, Am. Illum Soc.,
Trans., 29, pp. 364-384, 1934.
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positions available for activator units in the basic crystal, or (2) in
the case of isomorphic substitution, allowing the activator units to
approach each other so closely that they produce mutual interference.
The distance from center to center of manganese ions (assumed homo-
geneously distributed) in an a-zinc silicate phosphor with optimal
activation is 9.08 A. Using the ionic radius value Mn++ = 0.91 A, it is
found that the distance of closest approach is 9.08 — 1.82 = 7.16 A.
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Fig. 6—Luminescence emission spectra of some activated and unactivated

phosphors. The unactivated substance’s emission disappears when the acti-

vator is present, and a new band having greater energy efficiency appears
in the visible spectrum.

Figure 5 shows how variation of activator content affects efficiency
in the e-zinc silicate system. It is noticeable that the optimum con-
centration of manganese increases with increasing silica concentration
in the initial composition of the phosphor.

Pure, presumably unactivated, crystals also luminesce. In fact,
under cathode-ray bombardment all materials luminesce. The lumi-
nescence emission spectra of several pure crystallized sulphides and
silicates are shown in Figure 6 contrasted with activated phosphors of
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the same substances. The ordinate scales of the various curves, includ-
ing those of the same phosphor (activated and unactivated), are not
drawn to relative scale.

Hitherto unpublished results, obtained in the RCA Laboratories,
show the emission spectrum of pure Si0, (crystallized at 1300° C) to
be located in approximately the same ultraviolet region as that of the
pure silicates (crystallized at 1100-1300° C) of zinc, magnesium, cal-
cium, cadmium, strontium, and barium. In the foregoing pure-
substance phosphors the emission mechanism is thus determined by the
Si-0 bond in the crystal lattice while the metal cation (Zn, Mg, Ca, Cd,
Sr, or Ba) has very little effect. This result is interesting, in that it
is quite the opposite of the case for the same silicates activated with
manganese. The manganese activator is therefore associated with the
cation lattice positions whereas the pure crystal’s emission centers are
located in the Si-O, radicals or chains.

The emission spectrum of pure unactivated beryllium silicate phos-
phor appears at considerably shorter wavelengths than that character-
istic of the silica and silicates listed above. The highly polarizing
beryllium ion has a much smaller radius (Be++ =0.34 &) than any
of the previously listed cations and is smaller than the silicon ion
(Si++++=0.39 ). In the case of beryllium silicate, it seems as
logical to call the substance silicon berylliate since the beryllium-
oxygen linkage is stronger than the silicon-oxygen binding.

Pure, unactivated B-zinc silicate, which is formed by quenching
molten zinc silicate, 1! has its emission spectrum located at shorter wave-
lengths than that of the normal unactivated a-zinc silicate. Similarly, the
emission spectrum of unactivated a-zinc germanate is at shorter wave-
lengths than that of pure a-zinc silicate. However, the emission spectra
of manganese-activated B-zinc silicate and a-zinc germanate are located
at longer wavelengths than that of e-zine silicate. The spectrum shifts
of the activated compared with the unactivated materials are seen to
be in opposite directions. Evidently the binding forces of the lumi-
nescent-active optical electrons associated with the Si-O, groups are
increased by expanding the lattice from a- to B-zinc silicate and simi-
larly by expanding the lattice through substitution of germanium for
silicon. The increased binding force may be due to the diminishing of
the cation’s polarizing influence by increasing the distance between the
cations and the Si-O, groups or chains. Since the activator units are
located at cation positions, the lattice expansion weakens the binding
forces of the activator’s valence electrons. It appears from these results
that valuable information regarding strengths of crystal lattice bonds

11 See page 489 of reference 7.
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and their directivities may be gained by further studies of the emis-
sion spectra of cathode-ray excited substances.

There are many more interesting, though apparently anomalous,
phosphor emission-spectrum shifts which have been observed in the
course of our research work, but these must be withheld for future
publication, since their discussion is not suited for this review.

Figure 7 shows the efficiency of manganese-activated a-zinc silicates
superimposed over the phase diagram of the zinc-silica system. There
is only one true compound formed, as shown by the single melting point
maximum at 1512° C at the ortho-proportion of 2 ZnO — 1 Si¢0,. The
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Fig. 7—Luminescence efficiency of manganese-activated a-zine silicate as a
function of composition, with constant ratio of manganese to zinc.

sharp drop of efficiency on the excess zinc oxide side, as contrasted
with the much slower decrease on the excess silica side, coupled with
the pertinent information given in connection with Figure 5, has led
the writer to propose a “deficiency structure’”!? explanation concerning
a-zinc silicate’s ability to use higher activator concentrations efficiently
when the silica concentration is increased.

Figure 8 shows some X-ray powder photographs which were made
by Professor B. E. Warren of the Massachusetts Institute of Tech-
nology. The photographs show no structure change in increasing the
Zn0/8i0, ratio from that of the compound (2/1) to 100 per cent

12H. W. Leverenz, “Relative Emission Spectra of Zine Silicates and
Other Cathodoluminescent Materials”, Paper #30, American Physical So-
ciety meeting, Washington, D. C., April 28, 1938.
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excess S0, (1/1). The orthosilicate (see Figure 4) phenacite-type
structure persists despite the inclusion of a large excess of silica. It
seems logical to propose that the silica excess continues to build a
normal orthosilicate structure with the exception that some of the zine
and corresponding oxygen units are lacking. The resultant lattice, then,
instead of being named an «-zinc orthosilicate with excess silica, should
be called an «-zinc orthosilicate with a deficiency of zinc oxide. The
distinction is important, for the absent zinc oxide positions are par-
tially filled by manganese oxide activator units and the structure can
therefore efficiently use a higher concentration of manganese activator.
All the compositions, even those with several hundred per cent excess
silica, are still orthosilicates despite the deviation from stoichiometric
ortho-proportions. Luminescence research has valuable potentialities in

(a) a-2Zn0-.Si0-.. 1200 °C' — 2 Hours
(b) «-Zn0.Si0-.. 1200 °C — 1 Hour
Fig. 8—X-ray powder diffraction photographs of (a) ortho-proportion
a-zinc orthosilicate, and (b) ortho-proportion a-zinc orthosilicate containing
100 per cent excess silica.

disclosing some of the newer facts of crystal chemistry, a study essen-
tially different from that of the conventional chemistry of solutions
and gases.

IV. PHOSPHOR PROPERTIES AND APPLICATION OF PHOSPHORS
IN TCR TUBES

Good phosphors must meet numerous requirements for use in TCR
tubes.’® The necessary qualifications may be divided into two groups
according to whether they are: (1) objective (independent of the seeing
act), or (2) subjective (directly related to the processes of seeing).
A. Objective Qualities:
(1) FEase of applying phosphors to form TCR tube screens.

13 See reference 7.
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This subject has been given considerable discussion elsewhere.!
The chief objective from the phosphor standpoint is to produce a non-
aggregated, smooth-flowing phosphor powder having a narrowly-
limited crystal size whose average magnitude is best suited for the
method of screen application, provides good screen adherence and gives
sufficient screen contrast. The crystal size is best controlled by the
crystallization process, since grinding of phosphors seriously reduces
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Fig. 9—The effect of phosphor particle size on optical contact
and adhering power.

their efficiencies and stabilities. Table 2 shows the effect of grinding
an e-zinc silicate phosphor.

Table 2
Effect of grinding upon performance of a-Zn,SiO,:Mn
Hours grinding Original efficiency
O o 100%
16 o 80
24 66
64 .. 36

14'H. W. Leverenz, “Problems Concerning the Production of Cathode-
Ray Tube Screens”, J.O.8.A., 27, 1, 25-35, 1937.

www.americanradiohistorv.com


www.americanradiohistory.com

150 RCA REVIEW

3) Secondary emission of phosphors.

Phosphors are good insulators, usually having resistivities greater
than most glasses (10'> — 10" ohm ¢m. at room temperature). The
negative charge imparted to the screen by the exciting electron beam
cannot be dissipated effectively by conduction through the erystals to
the accelerating-anode coating, 4., in the Kinescope (Figure 11), but
must be maintained at a low value by emission of secondary electrons
from the phosphor, S. The secondary electrons are attracted to the
anode coating as long as the collector voltage is positive with respect
to the phosphor crystals, or only slightly negative, within the voltage
range corresponding to the emission velocities of the secondary elec-
trons (0 to approximately —10 V).

It is very important that a phosphor’s secondary-emission ratio
(ratio of emitted secondary electrons to incident primary electrons),
be unity or greater for the particular voltage applied to the Kinescope.
Should the ratio be less than unity, the potential on the screen will
decrease with respect to the applied voltage until unity ratio is estab-
lished or, failing to attain a ratio of unity or greater, the screen
potential will fall to cathode potential so that no further current can
reach the luminescent screen.

Figure 12 shows a secondary-emission vs. voltage curve representa-
tive of phosphors and insulators in general.

Practically, the important secondary-emission characteristics are
the “limiting potential”®, V,, and “deviation angle”, . The limiting
potential is the applied voltage corresponding to the second unity-
crossover (V,) of Figure 12, and is the point beyond which further
increase of applied voltage produces less than linear increase in the
actual potential of the phosphor-coating. This potential determines
the velocity of the impinging electrons. Figure 13 shows typical plots
of some phosphor-coating potentials, relative to applied voltage, indi-
cating the limiting potentials.

The “‘deviation angle”, 4, represents the degree of the screen poten-
tial’s non-linear conformity beyond the limiting potential. Use of
applied voltages greater than the limiting potential gives a greater
gain of accelerating potential the smaller the value of 9. The higher
applied voltages have advantage even in the case of large values of 4,

20 W. B. Nottingham, “Electrical and Luminescent Properties of Wille-
mite under Electron Bombardment”, J. Appl. Phys. &, 762-778, 1937.

H. Nelson, ‘“Method of Measuring Luminescent Screen Potential”, J.
Appl. Phys. 9, 592-599, 1938.

W. B. Nottingham, “Electrical and Luminescent Properties of Phosphors
under Electron Bombardment”, J. Appl. Phys. 10, 73-83, 1939.

S. T. Martin and L. B. Headrick, “Light Output and Secondary Emis-
sion Characteristics of Luminescent Materials”, J. Appl. Phys. 10, 116-127,
1939.
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in that the beam current density may still be increased somewhat
independently of the screen potential.

Both V,, and ¢ are greatly affected by extraneous influences such as
Kinescope screen composition and thickness, residual gas, evaporated
material from heated tube parts or getters, and deleterious effects of
continued electron bombardment during tube life.

Efficient phosphors belong to the group of colorless insulators hav-
ing good secondary emission. Bruining and deBoer?! have outlined the
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Fig. 12—Typical secondary-emission characteristic of insulators.
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conditions favorable for high secondary emission. They specify that
the red limit of the external photoelectric effect of a material should
correspond to the first absorption band on the red side of the absorp-
tion spectrum.

The quantitative influences of structure variations and changes
in compositions of phosphors, as affecting V, and 6, have yet to be

21 H. Bruining and J. H. deBoer, “Secondary Emission”, Parts IV and
V, Physica, VI, 8, 823-840, 1939.
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investigated. With the use of higher voltages, over 20 kilovolts for
projection Kinescopes, it becomes important to know more about
possible means of increasing V, and decreasing ¢ without resorting to
extraneous devices such as supplying a conducting coating under the
phosphor screen.

4) Stability of phosphors.

Phosphor centers are intrinsically delicate, as indicated by their
sensitivity to exciting radiation of the order of 2.5 electron volts
energy or more (5000 A or less). Luminescence may be excited in
phosphors with six-volt electrons, whereas television cathode-ray tubes
are operated at several kilovolts. The possible destructive thermal
agitation occasioned by a 10-kilovolt electron striking a phosphor cen-
ter, assumed as an isolated atom, is indicated by the “temperature”
which the atom would attain were the entire energy of the 10-kilovolt
electron absorbed by the atom. This “temperature” would be

1.57 X 107
T=1/2mv*/3/2k=————="T.7TX 10 °K
2.06 X 1016
where
m = mass of electron

v = velocity of electron
k = Boltzman’s constant = 1.871 X 10— erg deg—!

The absorption of energy by an atom’s immediate neighbors in a crystal
considerably reduces the value of 7. Energy is usually subtracted in
small (approximately 30 electron volts) quantities from the swiftly
moving primary electron; the probability of an absorption act being
inversely proportional to the electron’s volt velocity. These considera-
tions, nevertheless, do not detract from the 10-kilovolt electron’s poten-
tial destructive effect.

The underlying differences between the two most important phos-
phor species, sulphides (including selenides) and oxides (including sili-
cates, tungstates, borates, etc.), are the differences between sulphur and
oxygen with respect to their combining affinities. Oxygen and sulphur
are both members of group 6B of the periodic system?® and are, there-
fore, chemically equivalent. The principal difference between oxygen
and sulphur (or selenium) is in the physical size of their atoms or
jons. Table 8 lists the atomic and ionic radii as well as other physical
data of oxygen and sulphur.

22 ., W. Leverenz, “A Convenient Periodic Chart of the Elements”,
Foote Prints, 12, 1, 22-24, 1939.
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Table 3
Deforma-
tion First
Atomic Tonic Melting Boiling (Polariza- ITonization
Radius Radius Point Point tion) Potential Electron=
4 A oK OK  of the ion el. v. Afinity
Oxygen 0.60 1.32 (0—) 54 90 3.88 13.56 (O+) +3.8
Sulphur 1.04 1.74 (S—) 402 717 10.2 103 (S+) 421

It is to be expected that sulphides and selenides will have less
resistance than oxides have to decomposition under the so-called “burn-
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Fig. 14—“Burning” of manganese-activated a-zine orthosilicates as affected
by composition and degree of commminution.

ing” action of an electron beam. Chemically speaking, an electron is
a reducing agent except when its velocity is such that it ejects two or
more electrons from an atom or ion, in which case it is an oxidizing
agent. The same relative stabilities of phosphors obtain with respect
to other injurious actions such as comminution, exposure to moisture,
light, air, tube processing (exhaust and baking), and high operating
temperatures (viz. as encountered in projection Kinescopes) as well
as contamination or “poisoning”.

2 G. Glockler, “Estimated Electron Affinities of the Light Elements”,
Phys. Rev. 46, 111-114, 1934.
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The effect of utilizing a bulk crystal having greatest stability is
illustrated by the “burning’ tests shown in Figure 14. It is seen that
the manganese-activated a-zinc silicate composed of ortho-proportions
(2 Zn0-Si0,), corresponding to the compound’s melting point (1512°
C) in the phase diagram of the Zr0-Si0, system (see Figure T), has
less initial decrease of efficiency under intense electron bombardment
and less rapid decay of efficiency on continued bombardment than is
true of the hypothetical meta-proportion (Zn0-Si0,), corresponding to
the lowest melting point (1437° C) in the phase diagram. The re-
mainder of Figure 14 shows that decreasing the bulk crystal’s stability
by grinding, which increases the concentration of strains and faults as
well as increasing the ratio of surface tension to lattice energy, greatly
reduces a phosphor’s ability to withstand “burning”.
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Fig. 15—Typical temperature dependence of luminescence and incandescence
efficiencies of a phosphor.

5) Heat and infra-red effects on phosphors.

The general effect of temperature on a phosphor’s luminescence
efficiency is shown in Figure 15. When the bulk lattice elements of a
phosphor become agitated to the extent that they unduly “jostle” the
sensitive activator centers, luminescence ability is lost. Further
increase in temperature eventually produces incandescence, which is
light emission occasioned by the excitation energy mutually imparted
by violent oscillation of neighboring lattice elements. The ordinate
scales for the two curves of Figure 15 are not drawn to a common scale.

At very low temperatures, viz., liquid air temperature, phosphor-
escence may be frozen-in, or stored, for later release by applied heat
or infra-red radiation. The storing process comprises trapping free
electrons (detached bell clappers in our previous description of phos-
phor action) near activator centers and in crystal faults. A definite
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quantity of thermal agitation is required to re-liberate the electron
that it may wander to either another trapping location or to a suitable
luminescence activator center where it may excite light emission.
Electric or magnetic fields may also be used to effect dislodgement of
trapped electrons.?

The maintenance of phosphor efficiencies at elevated temperatures
is approximately proportional to their stabilities as discussed in the
preceding section. That is, oxide and silicate phosphors will generally
operate efficiently at higher temperatures than sulphide and selenide
phosphors. Each phosphor has an optimum operating temperature
which depends not only on the phosphor, but also on the intensity of
excitation.

As an example of the vital role played by the bulk lattice in phos-
phor stability with respect to temperature, the following description
is given of a 1935 experiment with a projection tube having a screen
of yellow-luminescing B-zinc silicate phosphor. Several spots on the
phosphor coating were heated with a 500 microampere, 10,000 volt elec-
tron beam held stationary until some of the B-zinc silicate had been
converted to the green-luminescent o-form. Starting with a 2.2 c¢m?®
pattern, these spots were scanned over a decreasing area so as to
increase the power input per unit area. When the pattern area was
decreased to about 1.5 em? the green spots “burned” and appeared
black. Further reduction of the pattern area to less than 0.4 em? showed
that the B-zine silicate increased in brilliancy without discernible
“burning”. It was only when the beam was concentrated into such a
very small area that the generated heat raised the temperatures of the
tiny crystals above 900° C that the B-zinc silicate reverted to the
a-form and “burned”. During this experiment, the scanned area became
noticeably more efficient than the unbombarded area outside the scanned
pattern. This fact was determined by occasionally expanding the
scanned area for momentary observations of the relative brilliancies
of the scanned and the previously unscanned phosphor.

B. Subjective Qualities:

6) Emsission spectra of phosphors.

The absorption spectra of phosphors are not discussed in this paper,
since cathode rays are capable of providing energy in effectively any
spectral region down to the wavelength of complete conversion as
given by the equation

1.234 X 104
’\min. == - A
electron volts

2 See pages 263-279 of reference 2.
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Ultraviolet sources are less versatile than electron excitation and must
be chosen to produce energy within the individual absorption band of
any specific phosphor. Thus, silicate, borate, and tungstate phosphors
respond efficiently to low-pressure mercury discharges (predominantly
2537 &) while sulphide phosphors respond efficiently to high-pressure
mercury discharges (largely 3650 A).

In commencing a discussion of emission spectra of phosphors, it
is now necessary to introduce the subjective aspect by consideration of
the process of seeing. The eye is a very selective receiver of radiation,
sensitive only in the narrow band of 3800-7200 A (approximately one
octave) with a maximum of 5560 A, as shown in Figure 16. Phosphors
intended for Kinescope use must have their emissions located well
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Fig. 16—Sensitivity curve of the human eye.

within the visible region and preferably near the wavelength of maxi-
mum visual response (5560 &) if optimum efficiency is desired. Thus,
many phosphors having very high energy efficiencies in the visually
ineffective spectral regions are unsuitable for direct use in Kinescopes.

Seeing is a voluntary process as distinguished from hearing and
breathing which are practically involuntary. The ability to interpret
visual impressions is developed in each individual just as are the arts
of walking and speaking. Seeing is influenced not only by objective
factors such as the spectral quality, intensity and duration of light,
but also by physiological factors such as fatigue, degree of abnormality
of an individual’s seeing mechanism, and by psychological factors such
as immediate environment and the emotional state of the individual.
Individuals differ greatly with respect to their visual impressions of
identical objects, since each person’s sight is dependent upon his own
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experience in evaluating color, contrast, brightness, distance, size,
aesthetic appeal, etc.”® It is necessary to have well-weighted averages
of a large number of persons in order to formulate a general rule
concerning seeing. Similarly, the desirability or undesirability of an
object or action as estimated visually must be statistically determined
to have value as a representative opinion.
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Fig. 17—Relative emission spectra and relative visible efficiencies of silver-
activated zinc-cadmium sulphide phosphors.

Decades of acquaintance with printed matter, photographic repro-
ductions and the early motion pictures have instilled a taste for black
and white, or black versus some very pale color, rather than black
versus a strong hue such as yellow or green. While the demand for
white Kinescope screens may be largely traditional, there are some
features favoring the choice of white. The contrast of white to black
is greater than that of saturated colors to black and the simultaneous

25 Much of the information in this paper regarding the seeing process is
obtained from (a) M. Luckiesh and F. K. Moss, “The Science of Seeing”,
D. van Nostrand, 1937, and (b) J. P. C. Southall, “Introduction to Physi-
ological Optics”, Oxford University Press, 1937.
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stimulation of all the color sensations comprising white may be more
desirable physiologically than the continued use of but one part of
the eye’s presumably tri-stimulus mechanism of color vision. Most
authorities agree that light is physiologically better the nearer it
approaches the spectral quality of diffuse daylight.?* However, since
the eye is a simple lens it cannot focus blue and red in the same plane
due to chromatic aberration. Purple, therefore, can never appear dis-
tinctly in focus and white should not deviate toward lavender shades if
sharp detail is to be observed. Green or yellow shades of white are
usually less detectable as “off-white” than are blue or red shades of
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Fig. 18—Relative emission speetra of some manganese-activated

silicate phosphors.

white, since the eye’s sensitivity to purity (saturation discrimination)

is greatest in the blue and red, and least in the green and yellow.
Through centuries of experience the human eye has associated blue-
white, viz. daylight, with high illumination levels (200-5000 foot lam-
berts) and vellow-white, viz. candlelight or incandescent lamps, with
27 Table 4 shows

considerably lower brightnesses (1-200 foot lamberts).
some data taken from Luckiesh and Moss® with additions pertinent

to this review. An ideal white light would probably comprise equal
energy continuously spread over the entire visible spectrum, but the
sensation of white may be produced by but two monochromatic emission

26 See reference 10. )
27 P, J. Bouma, “Colour Reproduction in the Use of Different Sources

of “White’ Light”, Philips Tech. Rev., 2, 1, 1-8, 1937.
28 See page 325 of reference 25(a).
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lines paired in wavelength and relative energies as shown by the com-
plementary white-stimulating pairs Ell +E21, E‘l,_, +E,_,2, etc. in Fig-
ure 19.2

The emission spectra of phosphors are almost all narrow bands, such
as shown in Figures 17 and 18. Only one white-emitting single phos-
phor has been described and its efficiency is too low to be of commercial

importance at present.
80,
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Fig. 19—Relative locations and energy ratios of binary monochromatic
white-stimulating spectral complementaries.
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Fig. 20—White-emitting binary phosphor mixture.

7000

Phosphor-emissions are thus usually quite saturated hues and dif-
ferent phosphors must be mechanically mixed to provide paler, i.e.,
whiter, colors.?®

Kinescope screens emitting white light are usually composed of
mixtures of complementary blue-emitting and yellow-emitting phos-

29 See reference 9.
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Table 4
Foot-

Outdoors, daylight (December) : Candles/in® Lamberts

Fresh SNOW .« vvtieniennnnneeooenoeeeonennns 11.0 5000

Bare ground .......... . i 0.45 200

White cloth ...... .. i 8.8 4000

Black cloth .....c.civiiii i, 0.55 250
Outdoors, night:

Concrete highway, artificial lighting ........ 0.002 1
Indoors, artificial lighting :

Ceiling above office lighting unit ............ 0.3 140

Buff wall of same room ......... ... 0.018 8

Floor of sanme Toom .....c.eviueineiueneennn 0.005 2
Light sources:

QUM vttt ittt ittt it e 1,000,000 450,000,000

Full MOON .« vt ieeet e iiiiinnneeennns 3.3 1,500

600-watt capillary mercury lamp ........... 285,000 129,000,000

250-watt type H-2 mercury lamp ........... 650 294,000

200-watt tungsten frosted lamp ............ 144 65,000

100-watt tungsten frosted lamp ............ 110 50,000

40-watt tungsten frosted lamp ............ : 33 15,000

Candle flame ...coviinrinnernneeennenenn 9.5 4,300
Miscellaneous sources :3°

Well-lighted printed page .................. 0.022 10

High-light brilliance on theater sereen ....... 0.006-0.012 2.7-5.2

High-light brilliance on 16 mm movie screen.. 0.006 2.7

High-light brilliance of 12” Kinescope televi-

sion picture (a-willemite) (6 kv).......... 0.04 18.2
High-light brilliance of 2%4” x 3” projection
Kinescope screen (a-willemite) (15 kv)..... 1.95 880

High-light brilliance of projection Kinescope

projected on a sereen 1.5'x 2" (a-willemite)

(15 KV) ot e i 0.0042 1.9
High-light brilliance of a projection Kinescope

using B-willemite (10 kv) and high beam

CUTTENE vttt ettt ieeeeeeeaaaannnn 13 5,900
Front-surface, zinc sulphide sereen, at 70 kv
and 0.4 ma3! in a 0.5 x 0.5 em? scanned areca 3,100 1,400,000

phors as shown in Figure 20. The blue-emitting zinc sulphide phosphor
is very susceptible to contamination and easily acquires a green-emis-
sion band at the expense of, and in addition to its normal blue-emission
if subjected to careless handling or abuse in tube processing. The
resultant screens then luminesce very green instead of white. Thus,
Kinescope manufacturers sporadically rediscover and are plagued by
green zine sulphide, a phosphor first synthesized in 1886.

In order to produce and maintain a pure white emission color from
a composite screen, it is necessary to have the component phosphors
accurately matched and, if not entirely stable, at least unstable to the
same relative degree. The complementary phosphors should have invari-

30 V. K. Zworykin and W. H. Painter, “Development of the Projection
Kinescope”, Proc. I.R.E. 25, 938-954, 1937.

31 K. Scherer and R. Riibsaat, “Helligkeitsmessungen an Zinksulfidschir-
men bei Anregung durch Kathodenstrahlen”, Avchiv fiir Elektrotechnik,
XXXI, 12, 821-826, 1937.
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ant individual and relative spectral distributions with respect to the
operating range of the completed Kinescope. They must be substan-
tially similar with respect to their secondary-emission characteristics,
variations of light output with varied temperature, current density and
accelerating voltage, phosphorescence characteristics and, as previously
mentioned, their effective particle sizes.

The occurrence of more than one band of emission from a material
is indicative of the presence of more than one type of activating center
or else of more than one crystal form or chemical combining proportion.

T T T T T
LUMINESCENT  MATERIAL =Ca$i03.Mn CURVLZS NOT

FIRED AT 1300°C DRAWN TO SAME
TIME OF FIRING 5.5 HOURS ORDINATE SCALE

COOLING WATER-QUENCHED
- PROBABLY COMBINED PRINCIPALLY AS Ca0.5.0;

N

/ \\

RELATIVE ENERGY

LUMINESCENT  MATERIAL = Ca$,03:Mn
FIRED AT 1200 °C
TIME OF FIRING 7 HOURS
COOLING WATER-QUENCHED
— PROBABLY COMBINED PRINCIPALLY AS 2C00.5/02

RELATIVE ENERGY
—

o]
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WAVELENGTH - ANGSTROM UNITS

Fig. 21—Luminescence emission spectra of manganese-activated calcium
silicate phosphors.

For example, the double band of ZnS:Cu (Figure 1) represents the
emission of (1) ZnS:Zn®* and (2) ZnS:Cu (see Figure 6), while the
multiple bands of manganese-activated calcium silicate, shown in Fig-
ure 21, are indicative of the various chemical combining proportions
of calcium oxide and silica. Luminescence studies are thus uniquely
useful as analytical means in determining compositions and constitu-
tions of materials.

Emission spectra of phosphors allow exceptional control and degree
of variation and may, therefore, be practically “made to order”. Char-
acteristics of invariant optical media (viz. absorption filters) and
spectral responses of photoelectric devices may be matched by phosphor

32 A. Schleede, “Ueber die Ursachen der Luminescenz von reinem ZnS
und ZnO”, Angew. Chemie. 50, 908, 1937.

F. Seitz, “Interpretation of the Properties of Zinc Sulphide Phosphors”,
J. Chem. Physics, 6, 454-461, 1938.
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spectral emission distributions for interesting applications such as in
color television.

7) Brilliancy and efficiency of phosphors.

Theoretically, enormous brilliancies could be produced with present
type, fine-crystal phosphor screens. The following general equation
represents the maximum magnitude of luminescence energy output
(E,q00) disregarding phosphor material, but assuming unlimited rate
of energy input

ZPE ergs

t cm?®sec
Z — optimum concentration of activator centers/cm® (= 10%)
P = penetration distance of the exciting radiation into the
phosphor (cm)
E = hv = the energy value of the quanta of emitted radiation (ergs)
t = the length of time required by the phosphor to convert the
exciting energy into the emitted energy (seconds)

map

If it is assumed that every luminescent center is “loading and
firing” without interruption and that the time of the fluorescent act is
10— second, and if any loss of emitted light by absorption or scattering
is disregarded, the substitution of values for 10,000 volt electrons
(P = 0.00025 cm)?* exciting light at 5560 & (E = hv =3.54 X 1012

erg) yields
102! (2.5 X 10—5) 3.54 X 10—*? ergs
Emaw: =9 X 10" ———
10— cm® sec
=9 X 105 watts/cm?
= 6 X 108 lumens/cm?
= 6 X 10 foot lamberts

The foregoing analysis is mainly of academic interest, but serves
to give an upper limit for light output of conventional phosphor
screens. Attainment of such great brilliancy requires practically 100
per cent conversion of excitation energy into light in order to avoid
overheating of the phosphor and requires tiny crystals in which the
phosphorescence action is negligible compared with fluorescence.

Efficiencies of phosphors are higher than other conventional light
sources. Tungsten lamps for home and office lighting purposes have
conversion efficiencies of but 2-4 per cent while the best phosphors are
approximately 5-10 per cent efficient under cathode-ray excitation and
50-80 per cent efficient under suitable ultraviolet excitation.®

33 See page 27 of reference 14.

3¢ R. N. Thayer and B. T. Barnes, “Basis for High Efficiency in Fluores-
cent Lamps”, J. Opt. Soc. Am. 29, 131-135, 1939.

A. Riittenauer, “Uber die Lumineszenzausbente des Zinksilikat-Leucht-
stoffes in der Gasentladung”, Zeits. f. techn. Physik, 19, 148-151, 1938.
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Overall efficiency of phosphors depends primarily upon the amount
of energy which is usefully absorbed and secondarily upon the quantum
deficit relationship. This latter relationship expresses the loss due to
energy difference (AE) between the exciting (hvy) and the emitted
(hv,) radiation.

AE =h(vy—vy)
E = energy
h = Planck’s constant, 6.56 X 10—* erg sec.
v = frequency of the light (sec—!) =e¢/A
A = wavelength
¢ = speed of light in vacuo =3 X 10" ¢m/sec

Since, by Stoke’s law, A excit. < A emitted, then
E emitted < E' exciting
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Fig. 22—Typical candlepower and efficiency curves of a phosphor as a
function of the Kinescope’s applied potential.

As mentioned in section I1V-6, cathode rays are capable of providing
energy in quantities equal to or less than that given by the equation

for complete conversion
1.234 X 104

’\4-xvll. g ’\min. -
electron volts

For a 10 kilovolt electron, A,,;, = 1.2 &. If the emitted wavelength
of the excited phosphor be 5230 A (maximum of a-zinc silicate:Mn)
then the quantum deficit allows only 1.2/5230 = 0.02 per cent efficiency,
if each electron produces but one quantum of light.

Efficiencies greater than 5 per cent are actually obtained and the
light outputs of phosphors increase at a power of the electron voltage
approximately between one and two, as shown in Figure 22. From a set
of experimental measurements, calculations for the particular case of a
zinc cadmium sulphide phosphor excited by an electron beam carrying 5
microamperes at 10,000 volts show that the phosphor was being struck
by 310" electrons/second and emitting 10'¢ light quanta/second.

www americanradiohistorv com


www.americanradiohistory.com

164 RCA REVIEW

Each 10,000-volt primary electron was producing 330 light quanta,
besides ejecting at least one secondary electron and having 90 per cent
or more of its energy converted into heat. An average of 30 electron
volts per quantum was expended. The particular phosphor had an acti-
vator concentration of one part of silver per million parts of sulphide,
hence it was calculated that there was one silver activator center for
each 2,400,000 atoms of the bulk crystal, or one activator center in each
crystal segment measuring 460 A on its cube edges and having 210
bulk crystal atoms along an edge. The probability of a primary electron
scoring a direct hit on an activator center as compared with a bulk
crystal unit is very small, being only: 1/2.410° =4-10—". Thus, out of
the original 3:10!® electrons/second there would be an “effective’” 3-10%

FeT 1T 1T T
PHOSPHOR = 22Zn0.5i0;:Mn L
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Fig. 23—Typical candlepower and efficiency curves of a phosphor as a
function of the Kinescope’s electron beam current.

% 4-10—7 = 1.2.107 electrons acting solely on the silver activator centers.
Assuming the entire energy of each “effective” primary electron to be
converted into light, there would be 10! X 1.2.107/10% = 1.2.10—° elec-
tron volt/quantum.

Since, even with 100 per cent efficiency, at least 2.2 electron volts are
necessary to produce a quantum of light at 5560 A, a correction factor
of over 10° must be applied to the calculated energy conversion.

One must conclude, from the foregoing data, that a primary electron
either acts over a distance of 100-200 & in the phosphor lattice or else,
as is more probable, the energy of the beam is absorbed by the bulk
lattice and trans-shipped to the activator centers. The trans-shipped
energy is probably in small packets corresponding in energy to radia-
tion in the region of approximately 2000-4000 A&, thus reducing the
previously mentioned quantum deficit from 99.98 per cent to 20-60

per cent.
The variation of light output with varied current density is shown
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in Figure 23. A mathematical formulation3® of light output in terms
of independent variables in Kinescope operation is
L=K,f;(1,a) (V-V,) — Kof2 (V)
= luminous intensity
K, K, = constants characteristic of the phosphor
I =Dbeam current
a = bheam radius
V.= applied voltage
V, = extrapolated “dead” voltage (see Figure 22)
K.f, (V) = secondary emission function (o« )

Reverting again to the human eye’s role in utilizing luminescence,
it is found that the eye sensitivity (S) to a change (A J) of bright-
ness at a certain brightness (J) may be roughly expressed by
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Fig. 24—Minimum perceptible brightness difference as a function of
field brightness.

dS=KdJ/J, or S = klog J
This form of expression is generally true of all the senses, in that the
detectable difference of stimulus must be varied as the total stimulus
varies (Weber’s Law). In general, therefore,

AJ/J =1/k =K (constant)
The ratio A J/J is practically constant over the comparatively narrow
range of intensities from 18.6 to 1860 foot candles which is the normal
range of daylight illumination.3®

' Figure 24 shows the relationship between field brightness and mini-
mum perceptible brightness-difference for scotopic vision (dark-

35 See page 29 of reference 14.
3 See pages 38-42 of reference 25 (b).
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adapted or rod-vision, R) and photopic vision (daylight or cone-vision,
C) as determined by Hecht.

The sense of brightness interval is demonstrated in Table 5, taken
from Luckiesh and Moss.® This table shows averaged estimates of
ten equal brightness intervals ranging from black to white. The white
illumination was 22.8 foot candles and the reflectance of the surround-
ing field was 19.1 per cent.

Table 5
Estimated
Brightness Value 10 20 30 40 50 60 70 80 90 100%
True Reflectance 1.12 2.90 5.95 11.05 18.0 27.3 389 53.6 728 100%

The scale given in Table 5 provides comparison factors to be applied
to the thousands of subjectively determined relative brilliancies of
luminescent materials reported in the literature, but the user should
remember to consider color differences as well as the brightness dif-
ferences.

8) Phosphorescence.

Until the 19th century and the advent of invisible forms of exciting
energy, such as ultraviolet radiation, cathode-ray energy and radio-
active emanation, phosphorescence was the principal demonstrable
feature of luminescent materials. Quantitative measurements of phos-
phorescence have been made on thousands of materials since the first
phosphoroscope was constructed by Becquerel in his 30 years of re-
search on luminescence prior to 1867.3% Lenard and his co-workers,
starting in the 1880’s, constructed many improved phosphoroscopes and
experimented with all the important phosphor types under widely
varied conditions including the following: temperature, means and
degree of excitation, thickness of phosphor layer, size of phosphor
crystals, phosphor composition and preparation, etc.®

Modern investigators® have increased the exactness of phosphor-
escence measurements, but have not discovered any phosphor exhibiting

37 See page 75 of reference 25(a).

38 E. Becquerel, “La Lumiere, ses causes et ses effets”, I, 247, Didot
Freres, Fils et Cie., Paris, 18617.

39 See pages 103-194 of reference 2.

1 (a) R. B. Nelson, R. P. Johnson and W. B. Nottingham, “Luminescence
during intermittent electron bombardment”, J. Appl. Phys. 10, 335-342, 1939.

(b) G. R. Fonda, “Phosphorescence of zinc silicate phosphors”, J. Appl.
Phys. 10, 408-420, 1939.

(¢) R.P. Johnson and W. L. Davis, “Luminescence during intermittent
optical excitation”, J.0.S.A. 29, 283-290, 1939.

(d) W. deGroot, “Luminescence decay and related phenomena”, Physica,
VI, 275-289, 1939.

(e) A. Schleede and B. Bartels, “Untersuchungen ueber das An- und
Abklingen des Leuchtvorganges bei Phosphoren”, Zeits. f. techn. Physik,
11, 364-396, 1938.
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a decay curve contrary to the normal initially rapid decrease in light
output, followed by a “tapering-off” of decay rate. According to John-
son and Davis, “It appears that the older phosphors differed chiefly
in efficiency, not in any essentials of behavior, from the materials re-
cently developed for television and fluorescent lighting.” Figure 25
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Fig. 26—Phosphor decay curves (persistences). Peak intensities arbitrarily
set equal to 100.

shows typical phosphorescence curves for silicate phosphors (ex-
ponential-monomolecular) and for sulphide phosphors (hyperbolic or
bimolecular).t' The persistence curves are shown plotted in normal,
linear fashion as well as on a semi-logarithmic scale. The latter scale
emphasizes the slower rate at the end of a phosphor’s decay when the
light output is very low. Pure tungstate phosphors have very short

4 The curve for Cd SiOs::Mn is from reference 40(c) (loc. cit.) while
the remainder are measurements made by T. B. Perkins, Research & Engi-
neering Dept., RCA Mfg. Co., Inc., Harrison, N. J.
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decays, lasting about 10—° second. The decay curve of B-zinc sili-
cate:Mn is practically identical with the e-form.

Equations representing the elementary types of phosphor decay
curves are as follows:

1) Exponential. Characteristic of a monomolecular process
L = L, e %t typical of silicates and possibly tungstates.
2) Hyperbolic, bi- or poly-molecular type
L=ua/(b + t)« typical of sulphides
where L =light output at time ¢
L, =light output at time ¢ =0
a=L,be
and I, b, and « = constants characteristic of the phosphor.

« has values between 0.8 and 3.

No simple equation will fit any one decay curve over its entire
length. The rate of initial decay of sulphide phosphors increases rap-
idly with the degree of excitation, while phosphorescences of silicate
phosphors are less affected by degree of excitation. The long-persist-
ence “tail” of silicate phosphors is more concave upward than is the
first nearly exponential part of the decay curve and is strongly
temperature-dependent. The “tail” disappears at high temperatures
(> 100°C) and at very low temperatures < —100°C), while phosphor
decay curves with or without the “tail” are invariably concave up-
ward.®2 Obviously, no combination of phosphors can yield a decay
characteristic deviating from that obtained by superposition of their
individual persistences and, hence, the combination’s decay will follow
the same trend of “upward concavity”.

Phosphorescence, as previously mentioned, is light emitted as a
result of freeing electrons trapped in or near activator centers and in
crystal faults throughout the phosphor. It is obvious that the rate of
emission of light during phosphorescence decreases with decrease of
the number of electrons remaining trapped. Thus, the intensity of
phosphorescence naturally decreases rapidly with time, especially dur-
ing the initial decay when the concentration of trapped electrons is
high. Furthermore, large concentrations of trapped electrons strain
the crystal lattice, accelerating the system’s rate of return to the
unexcited state. The initial persistence decay rate increases with
increasing degree of excitation.®* In general, larger crystals phos-
phoresce more slowly than smaller crystals, but the decay curves of the
various sizes follow the same general equations, differing only in their
constants. The phosphorescence of larger crystals is slower than that

42 See reference 40.
43 N. Riehl. “Aufbau und Wirkungsweise leuchtfiihiger Zinksulfide und
anderer Luminophore”. Ann. d. Physik, 29, 7, 636-664, 1937.
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of smaller crystals because free electrons have opportunity to wander
farther afield in the more extended lattices. Their return to light-
emitting centers is akin to the game of “musical chairs”, only on a
more statistically-scrambled three-dimensional scale.

During almost a century of extensive study, the non-occurrence of
a single exception to the preceding statement that phosphor decay
curve characteristics are concave upward is noteworthy as a statistical
weight of probability precluding the attainment of speculative phos-
phorescent decays having concave downward characteristics, such as

| I l |

BRIGHTNESS IN MILLILAMBERTS
CURVE
[ FIELD BACKGROUND
| 25 25
| 2 25 [}
C8 3 5 25

———
50

L TR
) N\
3

4

CRITICAL FLICKER FREQUENCY -CYCLES /SECOND

15 30 45 60
60 60 60 60
RATIO OF LIGHT PHASE TO PERIOD

Fig. 26—Critical flicker frequency as a function of the illuminated portion
of the field frequency interval.

have been suggested to permit the use of relatively few frames and
fields per second for television images.

Figure 26 shows results published by P. W. Cobb?** demonstrating
the reduction of critical flicker frequency by increasing the amount
of time the light was on in relation to the total time between light-dark
intervals. It is seen that filling 59/60 (98.3 per cent) of the field time
with light reduced the critical frequency to only 20-26 cycles/second,
and that filling 45/60 (75 per cent) reduces the critical frequency to
39-47 fields per second, the exact values being dependent on illumination

“4P. W. Cobb, “The Dependence of Flicker on the Dark-Light Ratio of
the Stimulus Cycle”, J.0.S.A., 24, 109, 1934.
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levels. It follows, from Cobb’s data, that the use of phosphors such as
long-persistence orange-emitting calcium- or cadmium silicate would
decrease the critical frequency to only about 40 fields per second at low
brightness levels. At the brightness levels ordinarily demanded for
television pictures, the critical frequency for these materials would be
about 44 to 48 fields per second. Because it is desirable to use the most
efficient light-producing phosphors, shorter persistence characteristics
with still higher critical frequencies must be accepted. Thus, a mix-
ture of blue-emitting zinc sulphide and yellow-emitting zinc beryllium
silicate—which provides a brilliant white screen—fills less than 45 per
cent of the field interval and has a critical frequency of 44 to 52 fields
per second for a brilliancy range of 5 to 25 millilamberts.

Minor reduction in field frequency by use of long-persistence phoas-
phors is dearly bought, in that

1) The efficiencies of the long time-lag screens, having at least
approximately an exponential decay, are less than 50 per cent of the
present white screens. A phosphor’s excitation rate is directly propor-
tional to its decay rate. The imposition of a longer persistence further
possibly reduces the inherently low efficiencies of such phosphors by
decreasing the amount of excitation obtained from the scanning ele:z-
tron beam which bombards each phosphor crystal for but 1.5 X 10—
seconds in the case of a 12”7 Kinescope operating with 507 lines and 30
frames, interlaced.

2) The brilliancy of a long-persistence screen is naturally lower
than that of a short-persistence screen because the storage process of
long-lag phosphors places a two-fold limitation upon attainment of
large concentrations of free electrons in the phosphor lattice:

a. As the crystal becomes excited, there are fewer sources of
further electrons which may be ejected to wander into the lattice.

b. As the trapping positions in the crystal become filled, the later
ejected electrons are summarily prevented from finding suitable
positions and are thus rendered more probable prey for conver-
sion into undesirable heat energy rather than into useful light.

3) Suitable white screens are not obtainable with the orange-emit-
ting long-persistence phosphors by virtue of (a) the inefficiency of
orange as a complementary color*® and (b) the lack of a blue-green
complementary phosphor which matches the orange component’s decay
curve. A mixture of cadmium silicate with copper-activated zinc
sulphide produces an approximate lavender-white which, in addition
to its undesirable color, is unsatisfactory because rapidly moving

5 See reference 9.
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objects are shown blue on their leading edges and orange on their
trailing edges. This phenomenon is the result of incompatible phosphor
excitation and decay characteristics. See decay curves shown in Fig-
ure 25.

4) Use of lower field frequencies would necessitate restricting
phosphors for Kinescope use to but one or two inefficient materials
out of the thousands of efficient materials which are known and in
development. Such restriction is definitely poor engineering practice,
since suitable persistence has been shown to be but one of the many
important qualities which must be possessed by a phosphor in order
that it be serviceable in Kinescopes.
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Fig. 27—Critical flicker frequency as a function of retinal illumination.
(One photon — unit of visual stimulation — 0.2914 foot-lambert.)

It has been proposed to “straighten” phosphor decay curves by
aprlying infra red or heat to accelerate their phosphorescent outputs
inversely as their decay characteristics. Such proposals usually fail
to take into account the refractory natures of phosphors and their non-
conduction of heat. If temperatures high enough to dissipate heat
effectively by radiation are used, the luminescent efficiencies of phos-
phors will be decreased to negligible values.

Demonstrations of reduced flicker are best carried out at low bright-
ness levels, since the eye’s sensitivity to flicker decreases rapidly with
decreasing level of light intensity as shown in Figure 27.% However,
even at low brightnesses, the tendency to approach a dim image more

46 S, Hecht and E L. Smith, “Intermittent Stimulation by Light”, VI,
“Area and the Relation Between Critical Frequency and Intensity”, J. Gen.
Physiol. 19, 979, 1936.
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closely introduces aberrate vision and greatly increases flicker.
Aberrate vision intensifies the retina’s peripheral stimulation (rods)
with respect to excitation in the fovea centralis (cones). This is shown
in Figure 27, in that increasing the angle of acceptance from 0.3° to
19° increases the critical frequency by approximately 30 per cent. As
television images increase in size and the dimensions of the home
remain fixed, it will become increasingly important to take every
precaution to preclude flicker, especially with respect to children who
naturally tend to place themselves too close to the television screen.
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Fig. 28—Relative degree of a television picture’s satisfactoriness as a
function of frame frequency.

The flicker sensitivity of the human eye as a function of color is
directly proportional to the eye’s photopic sensitivity to that color.
Thus, the critical flicker frequency for colored lights of equal intensity
decreases in the order: yellow, 5800 & ; orange, 6100 &; green, 5100 &;
red, 6500 A; blue, 4800 A.%

The general average illumination level has been increasing rapidly
in the past few decades. In 1896, 0.4 footcandle was deemed sufficient;
in 1914, the average was 1-3 footcandles, while in 1931 the standard
was 11 footcandles.®® The brilliancies of television images will undoubt-
edly tend to increase with the trend of increasing illumination levels.

There is a definite increase in visual acuity up to 15-20 footcandles
and increased illumination directly improves the ability of the eye to

47 See page 374 of reference 25(b).
48 TeGrand Hardy, “The Measurement of Light”, Trans. Illum. Soc.
XXXV, 7, 605-624, 1940.
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see quickly. There is an increase in “speed of vision” between 0.4
footcandle and 12.0 footcandles amounting to approximately 600 per
cent for visual detail of size 1.15° and 331 per cent for a detail of
double this size (Ferrie & Rand as quoted in Hardy) . Accordingly,
utilization of finer detail in television images (such as by increasing
the number of lines) would require increasing picture brilliancy and
correspondingly increasing the eye’s susceptibility to flicker.

It is well understood that a frame repetition rate of less than 30
per second is inadequate to avoid loss of continuity in rapidly moving
objects since even 30 frames per second is insufficient for some tele-
vision scenes of rapid motion. A thorough study by R. Thun has
resulted in the graph of Figure 28 showing degree of satisfactoriness
of average pictures (either motion pictures or television) as a function
of frame frequency while keeping all other variables at optimum
values.” An extensive investigation by E. W. Engstrom® gives the
essentials involved in choosing frame and field frequencies. The study
showed it to be illogical to expect that the flicker problem could be
solved by using phosphor screens of longer persistence.

Another important fact, which weighs against the use of longer-
persistence phosphors, is the blurring or “trailing” effect which is a
comet-like tail appended to moving objects reproduced on a long-
persistence screen. The flattening shape of the persistence curve for
very long phosphorescences intensifies the ratio of light emitted after
the picture time-interval as contrasted with the maximum light
intensity. Furthermore, the “carry-over” of long-persistence phosphors
leaves a higher general level of illumination on the Kinescope screen,
thereby seriously reducing contrast.

Summarizing: it appears most sensible to operate electronic tele-
vision at 30 frames and 60 fields (or more) per second in order to
assure: (1) being able to provide Kinescope screens emitting a white
light comparable with the ingrained standard of daylight; (2) allowing
improvement in Kinescope performance, as new phosphors are devel-
oped, without automatically discarding the more efficient materials
because their decay characteristics are not slow enough; (8) affording
smoothness and continuity in the ever-increasing percentage of scenes
which contain rapid motions; (4) avoiding loss of contrast and blurring
due to the unavoidable “carry-over” of long persistence screens; and

49 Sce reference 48.

% R. Thun, Die Kinotechnik, April 5, 1935, p. 117; ibid Nov. 5, 1935,
pp. 358-362; ibid Nov. 20, 1935, pp. 874-376. (Abstracted by Dr. D. W.
Epstein and furnished through the courtesy of Mr. E. W. Engstrom, Direc-
tor of Research, RCA Mfg. Co. Inc., Camden and Harrison, N. J.)

1 E. W. Engstrom, “A Study of Television Image Characteristics”,
Proc. L.R.E,, 21, 1631-1651, 1933; ibid, 23, 295-311, 1935.
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(5) providing high enough levels of flicker-free picture brilliancy to
be adequate, not only for the “normal eye”, but also for the refractively
defective eye. The latter receives greater benefit from increase in
quality and quantity of illumination than does the “normal eye”.
Approximately two-fifths of our population, comprising millions of
people, have defective visual functions™ which must be considered in
establishing a public service such as television.

Appreciation is expressed for the stimulating interest accorded
these investigations by Mr. E. W. Engstrom, Dr. G. R. Shaw and
Dr. E. A. Lederer as well as other members of the Research Depart-

ment.
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By
I. F. BYRNES

Chief Engineer. Radiomarine Corporation of America, New York

up to the present time is the new 8.5. America. This vessel (Fig-
ure 1), which is owned by the United States Lines Company,
was placed in commercial service in August of this year. The America
is a 35,000-ton ship and has a length of 723 feet, a beam of 93 feet and
is designed to carry approximately 1200 passengers. The radio installa-

THE largest and fastest passenger liner built in the United States

e
sartin Pl 3

Fig. 1

tion is specially designed to provide the utmost in safety and com-
munication efficiency and in all respects is in keeping with the modern
design features of the vessel itself. The radio room is located near the
forward section of the sports deck, and is in close proximity to the
bridge and chart room.

ANTENNA SYSTEM

A fairly elaborate antenna system is provided on the America in
order to accommodate the various radio transmitters and receivers
which must operate over wide frequency bands for both telegraph and
telephone service. The main flat-top transmitting antenna is divided
into two sections, and consists of a single wire supported between the
foremast and the mainmast. The aft flat-top section is approximately

176
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240 feet long, while the forward section is 60 feet long. The flat-top is
divided with insulators directly above the radio room, and two 70-foot
downleads are brought into the trunk, as shown in Figure 2. By means
of switches in the radio room, the larger flat-top section may be used

: V ’ﬁ
.I' g %
A

Fig. 2

for the intermediate-frequency transmitter and the forward section for
high-frequency telephone or telegraph operation. Both flat-top sections
may be connected in parallel for low-frequency or long-wave transmis-
sion, The main transmitting antenna is approximately 107 feet above
the water line. The effective capacity of the aft section is about 1000
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puf, while the forward section has a capacity of approximately 500
ppf.

There are five doublet antennas, for high-frequency reception,
located between the stacks and supported in the thwartship plane of
the vessel. These doublets are cut for various frequencies between 4
and 22 megacycles. In addition, there is also provided a horizontal “V”
antenna which may be used with the emergency transmitter or the
high-frequency telegraph transmitter.

Fig.3

RaADp10 RoOM TRANSMITTERS

The four main transmitters in the radio room are shown in Fig-
ure 3. These transmitters, while differing considerably in electrical
design, are built in frames of equal size in order to permit a sym-
metrical layout and uniform appearance. The transmitter on the right
is for low-frequency radiotelegraph service, and is designed to deliver
one kilowatt of power to the antenna on any one of ten crystal-
controlled frequencies between 110 and 160 kilocycles., The next trans-
mitter is for intermediate-frequency service, and provides ten crystal-
controlled frequencies and one kilowatt of antenna power in the band
from 350 to 500 kilocycles. The third unit, for high-frequency radio-
telegraph transmission, covers five frequency bands between 4140 and
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22,200 kilocycles, with provision for a maximum of thirty crystal-
controlled output frequencies and one kilowatt of antenna power. The
fourth transmitter is the radio-frequency unit for the 600-watt radio-
telephone transmitter. This is a five-band transmitter, crystal-con-
trolled, and is normally set up for the ship-to-shore telephone bands
between 4000 and 18,000 kilocycles. Additional details on the construe-
tion of these transmitters is considered further in this paper.

Fig. 4

Rapio RooMm RECEIVERS

For radiotelegraph reception, a special receiver console was designed
as an integral part of the radio operating position in order to provide
the most efficient and convenient facilities for the radio operators.
This arrangement is shown in Figure 4. The radio receiver to the left
is a superheterodyne unit covering a band from 75 to 1500 kilocycles.
The receiver unit in the center of the console, directly beneath the
radio room clock, is employed for general stand-by or auxiliary service
and is a tuned radio-frequency unit covering the band from 15 to 600
kilocycles. The third receiver at the right end of the console is used
for high-frequency reception, and is a superheterodyne covering all
frequencies between 540 and 30,000 kilocycles. All receivers are
arranged for both loud-speaker and headphone reception, and with
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switching facilities to enable time signals to be passed on to a loud-
speaker located in the chart room. The receiver console is also provided
with the necessary control switches for the radio transmitters. In the
far end of the radio room, there is located the radiotelephone operator’s
position, which includes the operator’s control panel, radiotelephone
receiver and the radiotelephone rectifier-modulator unit. The control
panel provides circuits for connection to the radiotelephone booth
located just outside the radio room, and in addition is arranged for
connection to stateroom telephones.

Fig. 5

POowER SUPPLY

While a small amount of 60-cycle power supply is available on the
America, the principal power source is 230 volts d.c. For this reason
it was necessary to use rotating equipment in order to provide the
necessary voltages for the four main radio transmitters. In shipboard
radiotelegraph service, an important consideration is to provide facili-
ties to enable the radio operator to go “on the air” in the shortest
possible time. This factor makes it undesirable to employ mercury
vapor rectifier tubes or other types of tubes which may require thirty
seconds or more time delay before reaching their operating tempera-
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ture. For these reasons, it was decided to employ high-voltage d-¢
motor generator sets for plate supply, and to use filament type
tubes in the radio transmitters. With such an arrangement, any of
the radiotelegraph transmitters may be placed “on the air” within

i Tt

Fig. 6

approximately three seconds. The high-voltage motor generators and
their control panel are located in the fire control room just aft of the
chart room. These machines and the “starter-filter panel” are shown
in Figure 5. There are two 2500-volt motor generator units, one of
which is used to supply power to either the intermediate- or low-
frequency transmitter while the second high-voltage machine supplies
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the one-kilowatt high-frequency telegraph transmitter. Provision is
made in the “starter-filter panel” to switch the high-frequency motor
generator so that it may be used to furnish power to the intermediate
or low-frequency transmitters in the event of machine failure. The

Fig. 7

third motor generator in the fire-control room furnishes 625-cycle
power for modulating the intermediate-frequency radiotelegraph trans-
mitter. The fourth machine is a standard motor alternator unit, and
supplies 60-cycle power for the 600-watt radiotelephone equipment.

TRANSMITTER DESIGN
A view of the interior construction of the one kilowatt intermediate-
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frequency transmitter is shown in Figures 6 and 7. The transmitter
employs only four tubes. The crystal oscillator stage consists of a
1624 pentode, and is arranged with ten pre-tuned oscillator circuits,
the tuning adjustment being obtained by means of movable iron cores.
Small relays, controlled by toggle switches on the front panel, enable
the appropriate crystal and oscillator circuit to be quickly selected.
The buffer stage of the transmitter consists of an 813 tube, and the
power amplifier stage uses two 833 tubes which operate in parallel.
For the so-called “working” waves, that is, all frequencies in the inter-
mediate band except 500 kilocycles, there are provided ganged buffer
and power amplifier tuned tank circuits which are controlled from the
front panel. Movable iron cores are used here for inductance varia-
tion. In like manner, the antenna circuit may be resonated to any one
of the working frequencies by means of a panel control which moves
the iron cores in or out of the antenna loading inductance.

The international distress and calling frequency of 500 kilocycles
is pre-tuned throughout in the intermediate-frequency transmitter, and
relays are provided in the various stages to instantly connect the 500-
ke channel to the antenna. By means of this arrangement, the radio
operator need only throw a small switch, from his operating position,
in order to change from 500 kilocycles to any one working wave that
he has previously selected. This facility enables expeditious handling
of traffic and eliminates the need on the part of the operator to manipu-
late controls on the radio transmitter when he wishes to change from
the calling to a working frequency or vice versa.

The intermediate-frequency radiotelegraph transmitter must be
designed for both A-1 (continuous wave) and A-2 (modulated wave)
emission. In the America’s transmitter, modulation is accomplished by
means of a 625-cycle alternator which is coupled to the plate circuit
of the radio power amplifier tubes through a suitable step-up trans-
former. About 750 watts of audio power are required to modulate the
carrier at 80 per cent modulation. Suitable precautions have to be
taken to insulate the antenna loading inductances as well as the relays
in the antenna circuit of the transmitter, since peak voltages to the
order of 17,000 volts are developed in the output circuit. The antenna
current on A-2 transmission is approximately 22 amperes.

The design of the low-frequency (110-160 kilocycles) transmitter
Is in general similar to that employed for the intermediate-frequency
set. The low-frequency transmitter is arranged for A-1 emission only,
as modulated wave transmission is not permitted in this band. A
power transfer switch is used on the low-frequency set so that the
high-voltage motor generator may be readily connected to this set or
to the intermediate-frequency transmitter. Both transmitters are
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never used simultaneously, and for this reason it is possible to operate
with the same motor generator power supply and the same antenna
system. Since a large value of CL is required for operation around
110 kilocycles, it is desirable to have an antenna of the highest possible

Fig. 8

effective capacitance in order that the necessary antenna loading induc-
tance may be kept down to as low a value as possible. This is accom-
plished on the America by paralleling the forward and aft sections of
the main flat-top. Voltages to the order of 25,000 volts exist at the
antenna output terminal of the low-frequency transmitter.

For high-frequency telephone or telegraph transmission, the design
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of the transmitters follows conventional practice with the exception
that provision is made for pre-tuned circuits throughout in each of the
high-frequency bands. An interior view of the radio-frequency unit of
the 600-watt telephone transmitter is shown in Figure 8. Separate
oscillator and buffer amplifier tubes are used for each of the five bands
between 4000 and 18,000 kilocycles. Type 807 tubes are used in each of
these stages. The third stage, which functions as a fundamental ampli-
fier or as a frequency multiplier, is a Type 813 tube, while the final
power amplifier stage consists of four Type 813 tubes operating in
parallel. Relays, operated either from the front panel or from the opera-
tor’s position, enable the various pre-tuned stages to be instantly
selected. If the operator requires a different frequency in any one band,
he selects the appropriate crystal from the transmitter panel. This
arrangement therefore provides a total of five “quick” frequencies
within the entire range. As each band has facilities for six crystals, it is
possible to use the transmitter on a total of thirty output frequencies.

The power amplifier stage of the 600-watt telephone set is plate
modulated with power derived from a separate “rectifier-modulator”
unit. This unit comprises four Type 805 modulator tubes which func-
tion as Push-Pull Class “B” amplifiers. These tubes are preceded by
conventional stages of Class “A” audio amplifiers, finally terminating in
the output of the microphone. A separate audio amplifier-rectifier unit,
operating from the microphone output, is employed to permit voice
control of the transmitter carrier wave. This arrangement, in effect,
keys the transmitter unit each time speech is impressed on the micro-
phone and at the same time renders the radio receiver inoperative.
When the party aboard ship stops talking, the transmitter carrier is cut
off and the receiver input and output circuits are energized. Operation
with voice-controlled ca.rier is of considerable value when receiving
signals under unfavorable conditions, as it eliminates the necessity of
the ship’s radio receiver being required to work through the strong
outgoing signal from the transmitter. Under more favorable receiving
conditions, it is preferable to operate with a constant carrier, and when
connections are made to staterooms, because this eliminates “clipping”
of initial speech syllables and more nearly simulates land-line telephone
operation. The control unit for the telephone transmitter is fitted with
a privacy device to invert outgoing speech, as well as to restore the
incoming inverted received signal.

The high-frequency radiotelegraph transmitter unit is designed
similarly to that employed for telephone, except that A-1 emission only,
with an antenna power of one kilowatt, is provided. In addition, the
high-frequency telegraph transmitter provides operation in the 21,000-
kilocycle ship telegraph band.
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EMERGENCY EQUIPMENT

Passenger vessels are required by law to be equipped with a sep-
arate emergency transmitter and receiver, energized from a separate
power supply so that operation for a period of at least six hours may
be obtained independently of the ship’s normal power source. On the
America, a completely separate emergency station is installed in one

Fig. 9

corner of the main radio room. This layout is shown in Figure 9. A
small 50-watt transmitter, which derives its power from a motor gen-
erator set, and a large 12-volt storage battery, is employed. A stand-
ard shipboard 15-600 kilocycle intermediate-frequency receiver and an
auxiliary crystal receiver are also installed. An auto alarm, mounted
on the bulkhead, for standing a distress watch on 500 kilocycles is
provided as a further aid to safety to permit reception of the interna-
tional alarm signal in the event that the radio operators are engaged
in handling traffic on other frequencies.
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AUXILIARY RADIOTELEPHONE

A noteworthy feature of the radio installation of the America is
the coastal harbor type of radiotelephone transmitter and receiver that
is installed in the radio room. This is a ten-frequency 75-watt crystal-
controlled transmitter and a ten-frequency receiver, which operates in
the coastal harbor band between 2000 and 3000 kilocycles. This equip-

Fig. 10

ment is shown in Figure 10. The auxiliary radiotelephone provides a
convenient means of communication with tugboats or coastal stations
when approaching port.

RADIO DIRECTION FINDER

A modern direction finder is installed on the bridge of the America,
as shown in Figure 11. This instrument employs a highly sensitive
and selective superheterodyne receiver, and is employed in the con-
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ventional manner for taking bearings on marine beacon stations or on
other vessels. The main compass card of the direction finder is driven
by the vessel’s gyro repeater system, thereby enabling great circle
radio bearings to be obtained with respect to true north.

Fig. 11

LIFEBOAT RADIO

The port and starboard motor lifeboats of the America are each
completely equipped with a radiotelegraph installation to comply with
Government Regulations. The radio transmitter in each lifeboat is pre-
tuned to 500 kilocycles, while the radio receiver covers the conven-
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tional intermediate-frequency band of 350-500 kilocycles. Each motor
lifeboat is fitted with a large 12-volt storage battery which operates
the radio transmitter and receiver for a period of at least six hours.
The antenna available on the lifeboats is necessarily small, and consists
of a single wire approximately twenty feet long and twenty feet above
the waterline. The masts for the antenna are hinged so that they may
be readily stowed when the lifeboats are on the davits. The storage
batteries in the lifeboats are maintained on continuous charge by
means of suitable charging panels located in the radio room.

MISCELLANEOUS

A total of 122 vacuum tubes are used in all of the radio equipment
on the America. The maximum current required from the ship’s main
230-volt d-c line is approximately 85 amperes. About 95 leaded and
armored conductors, with a total weight of 414 tons, are required for
the various incoming and outgoing circuits of the radio room. The
total weight of the radio transmitter, receivers, motor generators, etc.,
is 6% tons.

For the convenience of passengers, there is available a small recep-
tion room adjacent to the main radio room and near one of the elevators
on the vessel. The reception room includes a sound-proofed telephone
booth for the ship-to-shore telephone service. Under normal conditions,
simultaneous operation of two telegraph transmitters, the main tele-
phone set and the auxiliary radiotelephone may be accomplished.
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NBC FREQUENCY-MODULATION FIELD TEST
By
RAYMOND F. GUuYy AND ROBERT M. MORRIS

National Broadeasting Company, Inc.. New York

Summary—The full theoretical advantages of frequency modulation may
be obtained in practice if the transmitting and receiving apparatus are prop-
erly designed.

For primary sevv'ce, amplitude modulation on the ultra high frequencies
offcrs some advantages over standard broadcasting. Frequency modulation
affers advantages over amplitude modulation on the ultra high frequencies.
The advantages to the listener of frequency modulation on the wltra high
frequencies consist of freedom from the 10-ke beat note and side-band inter-
ference which result from the frequency allocation of standurd broadcasting,
and also the reduction of locally generated noise, atmospherics, and inter-
ference from distunt stations operating on the same channel. Standard
broadcasting hus the advantage of providing clear channel night-time serv-
ice to vast areas which would not be served by frequency modulation on the
ultra high frequencies.

WENTY vears ago all frequencies above 1500 ke were generally

considered to be of such little value that even the amateurs had

objections to being confined to them. There is no need to state
here what has since oceurred on these “useless’” frequencies nor to dwell
on the fact that the surface has but been scratched. One service after
another has wholly or partially transferred the bulk of its activities
to them, and a multitude of new and invaluable services have been made
possible by their use. So-called “Standard Broadcasting” had a most
humble beginning on 830 ke, which was then in the middle of the
marine band of 500 ke to 1000 kc. Broadcasting quickly crowded the
original occupants out of most of this band. It is not one of the services
which have since moved into the high-frequency spectrum. It remains
on the former marine frequencies where it started. But there is a
possibility that a shift may be approaching.

The use of the ultra-high frequencies for sound broadcasting offers
some technical advantages. These advantages consist of escaping the
present 10-kc channel limitation, getting away from static and elim-
inating all except spasmodic long-distance interference. We have
known this for many years, have for a decade experimentally operated
low power u-h-f stations and at times have had the experience of
receiving good service from our low-powered u-h-f transmitters when
static ruined reception from our high-powered standard broadecasting
plants. Five years ago the FCC had applications for, or had licensed,

190
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over 100 u-h-f transmitting stations and it seemed that a trend was
developing toward u-h-f broadeasting, but this trend was not sustained.
Interest has been revived in recent months through wide-spread dis-
cussion of the advantages of frequency modulation on the ultra high
frequencies.

Amplitude-modulated u-h-f stations can provide greater coverage
than standard broadcasting shared-channel stations limited by night-
time interference from distant stations operating on the same channel.
This interference usually causes such a station’s useful service area
to shrink to a small fraction of its daytime area and many of these
stations are, in addition, required to reduce power at night to minimize
similar interference to other stations. Few such stations are free from
night-time interference within their 2000 microvolt contour and many
are limited to 8000 microvolts. The ultra high frequencies offer an
escape from such limitations by virtue of practical freedom from static
and shared-channel interference. Frequency modulation can provide
a much greater degree of improvement than can amplitude modulation
on these ultra high frequencies.

PURPOSE oF F-M FIELD TEST

The National Broadcasting Company has been one of the groups
which viewed realistically the possibilities of the ultra high frequencies
and has pioneered in conducting experimental operations in that field
for many years. It has been NBC’s belief that at some time in the
future these ultra high frequencies would come into much wider use.
It is the policy of NBC to investigate every technical development
affecting its field and apply it where possible to provide better public
service. Toward that end 18 months ago NBC formulated plans for an
exacting field test of frequency modulation similar to the fleld test
of television which preceded the dedication of that service on April 30,
19389. The purposes of the field tests were to quantitatively evaluate
the advantages of frequency modulation over amplitude modulation on
the ultra high frequencies, not by confined laboratory measurements
which had already been made by others, nor merely by operating a
frequency-modulated station, but by painstakingly measuring and com-
paring the two systems under all kinds of actual service conditions in
the field and determining how much of the theoretical advantage of
FM could be obtained in practice.

The impression has been gained by some, that only by tne use of
FM may the public now enjoy high fidelity sound reproduction in the
home. With ultra high frequencies, the same fidelity can be provided
with either amplitude or frequency modulation. Improved fidelity is
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made possible by increasing the transmitting channel width beyond the
10-ke channel allocations of the standard broadcasting band and not
by using a particular type of modulation. Irrespective of the type of
modulation, receivers for “high fidelity” reproduction require equally
costly high power, low distortion audio amplifiers and expensive loud-
speakers and acoustical systems.

Present-day transmitters of NBC and others in the standard broad-
casting band transmit much higher fidelity than is reproduced in
moderate-priced receivers. To reproduce sound in the degree of fidelity
which is now available, requires more costly receivers. Popular interest
has been much more pronounced in low-priced receivers than in high
fidelity at more cost. The problems of high fidelity are problems of
cost and of widespread public appreciation of improved fidelity and not
of a type or method of modulation. High fidelity eventually will receive
the recognition it merits. Provision has been made for it in the ultra-
high-frequency channel allocations.

In the NBC field test of frequency modulation attention was directed
toward the evaluation of the frequency modulation system in the sup-
pression of undesired noise and interference, using the amplitude
modulated system as the reference, or standard of comparison.

SCOPE OF THE TESTS

To carry out this project properly, and for the first time completely,

it was decided that:—

1. The same transmitter, transmitting antenna, receiving antennas,
receivers and measuring equipment should be utilized for each
system of modulation.

2. The transmitter and receiver should be equipped for instantane-
ous switching to either amplitude modulation or frequency
modulation and the transmitter should be of 1000 watts power.

3. The transmitter power should be continuously variable over a
range of 10,000 to 1 on frequency modulation, and a means of
accurately measuring it should be installed.

4. The most important comparisons should be between amplitude
modulation, frequency modulation with a deviation of 15 ke
(total swing of 30 ke), and frequency modulation with a devia-
tion of 75 kc (total swing of 150 ke). A minimum of 15 kec
deviation was chosen because it represents a deviation ratio
(deviation divided by maximum audio frequency transmitted)
of 1 and because a 30-ke i-f system would still be required for
a smaller deviation, to accommodate the side-bands.

5. Order wires should be used between the transmitting and main
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receiving points to expedite the work and insure accurate
results.

6. The observations and measurements should be conducted at a
number of scattered and representative receiving locations
throughout the service area of the station.

7. The observations would include shared channel and adjacent
channel operation of F-M stations.

The transmitter was equipped with relays for instantly selecting
at will the condition of modulation desired. Since the degree of fre-
quency deviation is directly proportional to the audio input voltage,
pads, selected by a relay, served to produce various frequency devia-
tions. Herein, for frequency modulation, the term ‘“per cent modula-
tion” refers to the passband of the system and is the ratio of the total
swing being used divided by the total pass-band.

Tone modulation was used for most measurements. For measure-
ments of distortion or signal-to-noise ratios, with modulation present.
the tone output of the receivers was cleaned up by passing it through
filters and then impressed upon RCA noise and distortion meters.

For brevity the follcwing designations will be used herein:

AM .......... Amplitude Modulation.

FM-15 ....... Frequency Modulation with a deviation of 15 ke, or
total swing of 30 ke.

FM-30 ....... Frequency Modulation with a deviation of 30 ke, or
total swing of 60 kc.

FM-75 ....... Frequency Modulation with a deviation of 75 ke, or
total swing of 150 ke.

S/N ......... Signal-to-noise ratio.

Preliminary work on this field test was started in April, 1939, and
the project was completed on May 4, 1940. The results of this work
were submitted to the FCC during the F-M hearings of March, 1940
and presumably were of assistance to that body in formulating rules
and standards of good engineering practice covering u-h-f broadcast-
ing.

THE TRANSMITTER

The 1000-watt transmitter was an RCA unit, originally designed
for amplitude modulation, which was modified and equipped to meet
the requirements for both FM and AM. The receivers, of which there
were four, were specially designed and built throughout so as also to
meet the requirements.

Special temporary authorization was requested and obtained from
the FCC to use either FM or AM on 42.6 Mec, ordinarily an exclusive
F-M frequency.
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The station was licensed as W2XWG and was constructed on the
Empire State Building in New York City. It is shown in Figure 1.
This transmitter utilized an FM modulator of the type developed by
Murray G. Crosby of the RCA. Some manufacturers of F-M trans-
mitters have adopted this system as standard equipment for com-
mercial F-M transmitters. The transmitter was equipped with a reac-
tance control in the primary circuits of the main rectifier which

Fig. 1

permitted continuously variable control of the carrier power from 1000
watts down to less than 1/10 of one watt during transmission with
frequency modulation. A General Radio multi-range vacuum tube
voltmeter was provided to measure the transmission line voltage and
povrer accurately at any point over this wide range. Both of these
instruments are illustrated by Figure 2.

The frequency modulator consisted of several tubes, including an
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oscillator, a reactance tube, a crystal beating oscillator, a discrim-
inator and a filter. The operation is as follows:—

The reactance tube produces a change of reactance in its output
circuit when the grid voltage is actuated by d-¢ bias or a superim-
posed audio frequency such as tone or program. This reactance con-
trols the frequency of a connected oscillator which drives the trans-
mitter. The other items in the unit are provided to maintain accurate
average carrier frequency stability. This is accomplished by a series
of simple operations. A fixed crystal oscillator beats against the fre-

Fig. 2

quency of the modulated oscillator to produce an average difference
frequency of 1500 ke. This 1500 ke is brought up in level through an
amplifier and impressed upon a discriminator. When the carrier fre-
quency is such that exactly 1500 ke is produced no voltage appears
in the output of this discriminator. However, when the reactance tube
average frequency changes, 1500 ke is no longer produced and a voltage
is developed in the output circuit of the discriminator. A diserim-
inator output filter removes all modulation frequencies to produce a
direct current which controls the reactance tube d-¢ bias and thus the
average frequency of the oscillator. The purpose of the filter is to
prevent the reactance tube bias from changing with modulation.
The transmitter modulation characteristics are shown on Figure 3.
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On this curve there are plotted a-c volts as the abscissa and carrier
frequency as the ordinate. The audio input to the transmitter is
superimposed on the reactance tube d-c bias.

Figure 4 shows the overall frequency response of W2XWG and

the Bellmore receiver before pre-emphasis and de-emphasis were
inserted.
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The antenna normally used for transmitting for the field test was
the television video unit on top of the Empire State Building.! How-
ever, an auxiliary antenna was built consisting of a folded dipole. This
was directed eastward towards Bellmore and used when the video
antenna was occupied for television schedules.

The photograph on page 5 shows the video antenna, which is 1300

1 Television Transmitting Antenna for Empire State Building, Nils E.
Lindenblad, RCA REVIEW, pp. 387-408, April, 1939.
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feet above the sidewalk. Figure 6 shows the folded dipole in operat-
ing position.

The circuit arrangement of the special 1000-watt transmitter is
illustrated in the form of a block diagram in Figure 7. The frequency
modulator comprises the five blocks at the upper right side, containing
RCA 6V6, 6K8 and 6H6 tubes.

The degree of frequency deviation was measured by a method
recently described in the RCA REVIEW2. The method consists of apply-
ing a constant frequency tone to the transmitter input terminals and
gradually increasing the voltage until the carrier amplitude drops to
zero. When this occurs, the frequency deviation is 2.405 times the audio
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Fig. 4

modulating frequency. This method is simple and very satisfactory if
reasonable precautions are taken.

THE RECEIVERS

In order that an exacting comparison of amplitude and frequency
modulation can be made, it is very desirable that the receivers for
the two systems be as nearly ideal and alike as possible. This practice
minimizes otherwise possible errors due to differences in receiver per-
formance. The ideal way to build such receiving systems would be the

2 A Method of Measuring Frequency Deviation, M. G. Crosby, RCA
REVIEW, pp. 473-477, April, 1940.
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common use of as many parts as possible. This was done. They were
built on the same chassis. The r-f amplifier, first oscillator and the
converter were used to drive two different i-f systems in parallel.
Switching and chassis space was provided for a third i-f system but
it was not used. The i-f systems were used separately and each was
designed particularly for the reception of the modulating system to be
tested. Each contained an F-M and an A-M detector and each detector
had a separate audio output amplifier. The outputs of these audio

IMig. b

amplifier tubes were all in parallel, but the system desired was selected
by screen grid blocking of the other amplifiers. For AM and FM-15,
parts of the same i-f system were used but the detectors and limiters
were separate. For FM-75 a separate i-f system was used. This was
also provided with a separate A-M detector, but it was little used because
the 150-ke i-f passband was not representative of amplitude receivers.
One meter was provided to show the diode currents and another was
provided to show the discriminator currents. The latter is a zero-
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center meter which indicates zero discriminator current when the
receiver is exactly tuned for FM. Separate gain controls were provided
for the i-f systems and also for the individual audio amplifiers. The
receiver output circuit was provided with a very sharp 8-ke low-pass
filter with a disconnecting keyv and the high-frequency de-emphasis
circuit at this point was also provided with a disconnecting key. A
single switch served to select the type of modulation which it was
desired to receive.

Fig. 6

Four receivers were specially built by the RCA Manufacturing
Company for this test and would theoretically give full output with an
r-f voltage of only 1 10 microvolt across the input terminals. The hiss
level of 1 microvolt peak in these receivers was representative of the
best modern receivers and was produced by thermal agitation in the
antenna circuits and by tube hiss. They were made as good as receivers
can be built in order that the final conclusions concerning frequency
modulation as a system would not be erroneous due to apparatus
shortcomings. The sacrifice of receiver design to price will not permit
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the full gain of frequency modulation, as reported herein, to be

realized.

A block diagram of the duplicate receivers is shown in Figure 8.
A photograph of one of the receivers is shown in Figure 9. At
Bellmore and also in the NBC laboratory in Radio City there were
provided and used a special F-M receiver, dipole antenna and trans-
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mission line, commercial receivers of various makes, cathode-ray
oscillographs, a special high-fidelity high-power audio amplifier, an
RCA audio oscillator, an RCA noise and distortion meter, a harmonic
analyzer, disc-recording equipment, a high quality loudspeaker,
unweighted volume indicators, volume indicators weighted for ear
response, a u-h-f signal generator, a u-h-f field intensity measuring
(RCA type 301A) set, r-f transmission line calibrated attenuators,
noise-producing devices including automobiles, diathermy machines,

Ekf Special field test receiver E}{J

Fig. 9

etc., audio voltage amplifiers, balanced variable pads, and a microphone
for recording.

The i-f systems in these receivers were painstakingly designed and
adjusted for FM-15, FM-75 and AM, and at intervals during the field
tests they were checked with respect to filter characteristics, i-f char-
acteristics, limiter action, discriminator performance, audio frequency
response, distortion, etc.

A shielded mutual inductance type antenna attenuator was built
and calibrated for controlling the amount of signal or noise voltage
reaching the Bellmore receiver input terminals from the antenna. By
controlling the power of W2XWG, the antenna attenuator and the
noise sources themselves, any desired carrier or noise voltages could
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be produced. Separate means were provided for controlling the noise
amplitudes without changing the character of the noise.

Figure 10 shows measurements made with the special RCA field test
receiver and two commercial receivers. Receiver input microvolts are
plotted against audio output level. The drop in the commercial receiv-
ers is due to r-f gains insufficient to operate the limiters at low input

INCREASE IN AUDIO OUTPUT IN DB

MICROVOLTS AT RECEIVER INPUT TERMINALS

Fig. 10

voltages. The drop in the field test receiver is due to the noise threshold
limitation and not lack of r-f gain.

THE FIELD INTENSITY SURVEY OF W2XWG

At the Bellmore receiving location all observations and measure-
ments were correlated with field intensity in microvolts per meter, and
also with the number of microvolts across the receiver input terminals.
Similar measurements were also made of the noise voltages. In order
that all of these measurements could be directly related to miles service
radius, a field intensity survey was made of W2XWG. The measure-
ments were carried out to 3.5 microvolts per meter, corresponding to
a distance of approximately 85 miles, as shown on the survey map of
Figure 11. The radiation index for W2XWG is 910. This is defined
as the product of the antenna height, the antenna gain and the square
root of the power in kilowatts.
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One of the Radio Facilities engineering cars used by NBC for such
measurements is shown in Figure 12, Each of these cars is a passenger
sedan in which the body and interior has been modified to house a
756B RCA 500-kc to 20-Mc field intensity measuring set, a 301A RCA
18-Mc to 155-Mc field intensity measuring set, a modified RCA 302A
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Fig. 11

noise meter, 2 Esterline Angus recorders, a driveshaft-to-recorder
gear and clutch system, a special vernier speedometer and distance
recorder, an automobile receiver, an aviation type broadcast loop, a
u-h-f universally mounted antenna, a swivel-mounted searchlight, a
compass and a steel mounting frame with aviation shock absorbers
for instruments. Quick-demountable mechanisms permit easy removal
of measuring gear.
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THE MEASURING LOCATIONS

As a part of this project, field tests and electrical transcriptions
were made under a variety of conditions at the following locations:—

Collingswood, N. J. —85 miles (temporary station)

Hollis, L. 1. —12 miles (temporary station)
i'F T »%%MWW*& £

Fig. 12

Floral Park, L. 1. —15 miles (temporary station)
Port Jefferson, L. I.—50 miles (temporary station)
Commack, L. I. 36 miles (temporary station)
Riverhead, L. I. —70 miles (temporary station)
Hampton Bays, L. I.—78 miles (temporary station)
Bridgehampton, L. I..—89 miles (temporary station)

Eastport, L. L. —65 miles (temporary station)
Bellmore, L. 1. —23 miles (permanent station)
NBC Laboratory — 1 mile (permanent station)
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In addition to making thousands of measurements at the permanent
stations, field intensity measurements, listening tests and orthacoustic
recordings were made at each of the temporary stations. The record-
ings compared on one disc, in each series, AM, FM-15 and FM-75.
Several discs were recorded at each location under various noise con-
ditions, including the random neighborhood noise encountered. For the
observations at the temporary stations a two-car “F-M caravan” was
assembled, equipped and moved from station to station. Figure 13
shows the two cars used to transport the equipment and also shows
one of the typical locations selected. Figure 14 shows the Bellmore

Fig. 13

receiving station, at which most of the measurements reported herein
were made. This receiving station is in a typical suburban neighbor-
hood 23 miles from the transmitter atop the Empire State Building
in New York City.

At the Bellmore station a simple horizontal dipole antenna was
mounted 25 feet above the ground on a wooden pole. At the temporary
receiving stations the receiving antenna consisted of a tripod-mounted
dipole. The temporary station locations were selected over a range of
distances which covered all grades of service ranging from zero to
excellent and a sufficient number of stations were used to insure
authoritative conclusions. The observations, orthacoustic recordings
and comparisons made at these temporary stations provided a broad
overall picture of u-h-f broadcasting without which this thorough field
test would have been incomplete. The recordings remain as permanent
exhibits of the results.
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F-M THEORY

The theory of FM has been presented in the literature® !5 How-
ever, since the following pages compare the actual performance in the
field with the theoretical, there is presented for the convenience of
the reader a very brief review of the reasons why FM is superior,
and the nature of the superiority.

The advantages of FM over AM in noise suppression are contributed
by three factors:

1. The triangular noise spectrum of FM.

2. Large deviation ratios.

3. The greater effect of de-emphasis in FM compared to AM.

Fig. 14

THE TRIANGULAR NOISE SPECTRUM

An F-M system with a deviation ratio of one has an advantage
in signal-to-noise ratio of 1.73 or 4.75 db for tube hiss or other types
of fluctuating noise.

Tube hiss consists of a great many closely overlapping impulses.
When combined with a steady carrier of fixed frequency, the noise

3 A Method of Reducing Disturbances in Radio Signaling by a System
of Frequency Modulation, Edwin H. Armstrong, Proc. I.R.E., pp. 689-740,
Vol. 24, May, 1936.

4 Frequency Modulation Characters, Murray G. Crosby, Proc. I.R.E.,
pp. 472-514, Vol. 25, April, 1937.

5 The Service Range of Frequency Modulation, Murray G. Crosby, RCA
REVIEW, pp. 349-371, January, 1940.
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peaks beat with it. In the following it is convenient to consider an
individual noise frequency as a separate carrier, of which there are
many present at any time.

Since a combination of two station carriers differing in frequency
is equivalent to a station carrier and a single noise voltage, both cases
may be considered at the same time. The effect is most easily shown
and understood by means of a simple vector diagram.

The desired carrier vector continuously rotates through 360 degrees
and is indicated in Figure 15. A weaker carrier, or a noise voltage,
rotates around the carrier vector at a frequency which is equal to the
difference between the two. Amplitude modulation is produced as
shown. As the undesired vector rotates around the desired vector,
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phase modulation also is produced between the limits A and B. The
faster the undesired vector rotates, or the faster the rate of phase
change becomes, the greater becomes the momentary change in fre-
quency and, therefore, the greater the frequency modulation becomes,
because frequency modulation is a function of the first differential of
phase modulation. Therefore, the amplitude of the F-M noise or beat
note varies directly with beat frequency. This results in a triangular
noise spectrum.

In amplitude modulation there is no such effect as this. All noise
components combine with the carrier equally, resulting in a rectangular
noise spectrum. The ratio of r-m-s fluctuation noise voltages in FM
and AM is, therefore, the ratio between the square root of the squared
ordinate areas of these spectrums. This ratio is 1.73 or 4.75 db.
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THE DEVIATION RATIO

The deviation ratio, or modulation index, is obtained by dividing
the maximum carrier deviation by the highest audio frequency trans-
mitted. For an F-M system, the suppression of fluctuation noise is
directly proportional to the deviation ratio. In Figure 16 the A-M
noise spectrum corresponds to the total hatched area below 15 ke
because the i-f and a-f system would cut off there. The FM-75 receiver
i-f system actually accepts noise out to 756 Mc and it has the usual F-M
triangular noise characteristic. However, the audio amplifier and the
ear respond only to noise frequencies within the range of audibility,
around 15 ke, and reject everything else. Therefore, the FM-75 noise
we actually hear corresponds only to the small cross-hatched triangle.
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The maximum height of this F-M triangle, corresponding to voltage, is
only one-fifth of the height of an FM-15 triangle or the A-M rectangle.
Such being the case, the FM-75 advantage over FM-15 is 5 to 1, or
14 db, and over AM it is 1.73 x 5 or 18.75 db.

DE-EMPHASIS

The use of a 100-microsecond filter to accomplish this high-fre-
quency pre-emphasis and de-emphasis has been adopted as standard
practice in television and u-h-f sound broadcasting by the Radio Manu-
facturers Association and re