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ABSTRACT

Photoemissive surfaces composed of the compounds and 
combinations of compounds of the Na-K-Sb system were formed 
in test phototubes by vapor deposition. The resulting photo
cathodes were tested for photoemission, and the results of 
these tests were expressed as current-voltage characteristic 
curves for each material.

The results of these tests showed that superior photo- 
emissive properties may be achieved only when the composition 
of the photocathode is such that:

(1) the ratio of alkali metals to antimony is 3 to 1 

by atom fraction, and
(2 ) the ratio of sodium to potassium is between 0 .5  and

2 .0  by atom fraction.
Within the region described above the highest photo- 

emissivity was exhibited by Ra^KSb. Pure Na^KSb, therefore, 
was found to be the most photosensitive material in the Na-K-Sb 
system.

iii
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All photocathodes which were not composed of pure I'fê KSb, 
pure NaK^Sb, or Na^KSb plus NaK^Sb exhibited photosensitivity 
values which were only:a few percent of those of photocathodes 
which did contain the pure ternary .compounds or a combination 
of ternary compounds. Therefore, superior photoemissivity in 
the Na-K-Sb system is obtained only when the photocathode 
surface is composed of pure Itê KSb, pure NaK^Sb- or a two-phase 
combination of Na^KSb plus Na^Sb.

iv
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INTRODUCTION

The phenomenon of photoemission may be defined as the 
tendency of a material to give off electrons when struck by 
suitable radiation. The earliest observation of a photo
electric effect was made by Becquerel^ in 1839* He observed 
that when a pair of electrodes in an electrolyte were 
illuminated a current was initiated in the electrolyte. The
actual emission of electrons by a material was first observed

2 1by Hertz in 1887 and later by Hallwachs in 1888, who
measured the photoelectric current resulting from the illumin
ation of a zinc plate by ultraviolet radiation.

The mechanism by which photoemission occurs is best 
described as a three step process. The first step is the 
absorption by an electron of the energy supplied by photon of 
light, and its conversion to electronic energy. The second 
step is the motion of the electron through the solid to the 
surface, and the third step is the escape of the electron 
through the surface barrier. Nith these three steps in mind,

1
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it will be shown that photoemission varies greatly bet ween 
the two classes of materials: metals and semiconductors or
insulators.

Photoemission in a Metal
The first quantitative work in photoemission was done in 

1905 ly Albert Einstein^. The essence of his pioneer work, 
for which he received the Nobel Prize, is the following 
equation:

E = imv2 = hr - 0 (1)
Equation (1) states that the maximum energy of an emitted

pphotoelectron i-mv is equal to the energy supplied by a light 
quantum h.7 minus the energy 0 (known as the work function) 
which must be supplied to an electron to allow it to escape 
the surface. The v/ork function value, which is usually ex
pressed in electron volts, has a distinct value for a given 
material and is closely related to the electron affinity.

Before excitation by photons, the electrons in a metal 
reside in a continuous band of energy levels ranging from 
almost zero electron volts to the Fermi level. The energy 
distribution for a particular metal is shown in Figure 1 of
this report. From Figure 1 it is evident that, if the energy
derived from a photon is just sufficient to eject an electron 
at the Fermi level, the following relation exists:
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Figure 1• Energy distribution of conduction electrons in 
Potassium at temperatures of 0, 300 and 1033 
degrees Kelvin. (ref. 3)
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E = hi? - hc/A<> = 0 (2)
in which h = Planckfs constant; c = the velocity of light; and 

= the ’’threshold wavelength", i.e. the wavelength above which 
no electrons will be emitted.

The relation inay be rewritten as follows:
A 0= 12393/0 angstrom units (3 )

For photoemission by visible radiation, which covers a 
range of from 4000 A.U. to 8000 A.U., the above relation 
shows that the work function of a metal must be lower than
3.0 eV and preferably as low as 1.5 eV. The only metals 
having work functions in this range are the alkali metals and, 
to a lesser extent, the alkaline earth metals (see Table 1).

Remembering that there is a correspondence between the 
work function and the electron affinity, it is seen that the 
work functions of the alkali metals are low because they con
tain only one loosely bound electron in the outermost orbital 
of their atoms. The work function of the alkali metals 
decreases in the order Li-Na-K-Rb-Cs, so cesium is photo- 
emissive over a larger range of the visible spectrum than 
any other metal.

Figure 2 illustrates the spectral-response characteristics 
of the alkali metals and shows the dependence of the photo- 
emissive property on the work function. Note that the peak 
response wavelength increases v/ith increasing ion core size 
and v/ith decreasing electron affinity.
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TABLE 1
Photoelectric work functions and long-wavelength threshold 

values for pure metals, (ref. 3 ,4 >2 1)
Element Work Function Threshold

(volts) (angstroms)
Ag 4.73 2610
A1 2.5 - 3.6 4960 - 3440
As 4.72 - 5.11 2620 - 2420
Au 4 .8 2 2650
B 4.4 - 4 .6 2820 - 2700
Ba 2.51 - 2.52 4920 - 4940
Be 3.92 3160
Bi 4.32 2870
C 4.7 2640
Ga 2 .706 4580
Cd 4.24 2920
Ce 2 .8 8 4300
Co 4.25 - 4.12 2900 - 3000
Cr 4.36 2840
Cs '1.87 - 1.96 6320 — 6630
Cu 4.1 - 4.5 2750 - 3000
Fe 4.63 2680
Ga 3 .8 0 3260
Ge 4.3 2880
Hg 4.53 2735I (rhombic) 2 .8 4430
I (monoclinic) 5.4 2300
I (amorphous) 6 .8 1820 '
Ir 4.57 2710
K 2.24 5530
Li 2 .28 5430
Mg 3 .6 1 3430
Mn 3.76 3300
Mo 4.35 2850
Na 2.46 5040
Ni 4 .86 2550
Os 4.55 2730
Pb 3.5 - 4.1 2980 - 3550
Pd 6.30 1962
Pt 6.20 2000
Pb 2 .1 6 - 2.19 5660 - 5740
Re 5.0 2480
Rh 4.57 2500
Ru 4.52 2740
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TABLE 1 (contj
Element Work Function Threshold

(volts) (angstroms)
Sb 4.01 - 4.60 3100 - 2700
Se 5.63 - 4.64- 2200 - 2670
Si 4.37 - 4.67 2840 - 2660
Sn (B) 4.5 2740
Sn (Y) 4.38 2820
Sn Liquid 4.21 2925Sr 2.07 6000
Ta 4.12 3010
Te 4.04 - 4.76 307O - 2600
Th 3.-40 3650
Ti 3.93 3150T1 3.68 3380
U 3.65 3400
V 3.77 3290
W 4.59 2700
Zn 3.32 3720
Zn Single Crystals 3.57 3460.
Zr 3.76 3300
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Figure 2. Spectral response characteristics for the alkali
metals illustrating the regular progression in the 
order of the Periodic Table, (ref, 3)
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While several metals exhibit the photoelectric effect 
when struck by visible radiation, all metals are impractical 
for use in any photosensitive device because of their low 
quantum efficiency. Cesium, for example, has a quantum 
efficiency of only about 0 .0 1 percent, which means that ten 
thousand incident photons are necessary to emit one photo- 
electron.

The yield of photoelectrons must be low for metals 
because, as stated before, all pure metals contain a contin
uous band of essentially free electrons. Therefore there are 
many electrons available to interact with the incident photon 
this results in a lowering of the quantum efficiency in two 
ways. First, these electrons cause the metal to have a high 
optical reflectivity in the visible and near-ultraviolet 
range. In most cases, then, an excited electron will return 
to its former energy level by releasing an identical photon, 
rather than escape the surface of the metal. Also, the free 
electrons will scatter the excited electrons within the metal 
using up the energy that would otherwise be spent in the 
electron*s escape.

For these reasons, a pure metal*s quantum efficiency is 
so low that all metals have little practical value as photo
emitters, regardless of their spectral response.



T 1138 9

5Photoemission in a Semiconductor^
Unlike metals, which have a continuous band of energy 

levels in ’which an electron can reside, semiconductors con
tain energy gaps for which no electron-energy states exist. 
These gaps are referred to as "forbidden gaps". The highest 
energy band which is full of electrons is known as the 
valence band, and it is separated by a forbidden gap from 
the next highest energy band, known as the conduction band.
At ordinary temperatures, the conduction band of a semicon
ductor contains very few electrons.

Figure 3 is an energy model for a semiconductor photo
emitter. The band gap energy corresponding to the forbidden 
gap is indicated as E^, and is usually expressed in electron 
volts. The potential barrier from the bottom of the conduc
tion band to the vacuum outside the material is represented 
by Ea , and is equal to the electron affinity. For an electron 
to escape from a semiconductor, then, it must be supplied with 
an amount of energy equal to at least (Ea + Eg), However, 
for certain semiconductors this quantity may be considerably 
less than the work functions of pure metal photoemitters.
For this reason many semiconductor photoemitters exhibit a 
spectral response which covers the visible region as well as 
the alkali metals.

Another important advantage of using semiconductors as
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Vacuum
Level
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Forbidden Gap
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Figure Energy model of a semiconductor photoemitter 
(ref. 5)



T 1138 11

photoemitters is that their quantum efficiency is very much 
higher than that of metals. Since there are practically no 
free electrons in a semiconductor, most of the available 
light is absorbed rather than reflected. Also, an excited 
electron is much less likely to lose energy by collision with 
another electron. For these two reasons the quantum efficiency 
is much higher for semiconductors than for metals. (Up to 30 
percent instead of up to 0 .1 percent.)

Semiconductor photoemitters, then, are of great practical 
importance for two reasons. First, they exhibit spectral re
sponse characteristics which cover the visible light spectrum; 
and second, they have a very high quantum efficiency in the 
visible light region.

Practical Photoemissive Materials
Photoemissive materials that are in practical industrial 

use today have several features in common. First of all, as 
indicated above, they are all semiconductors. Also, they all 
contain alkali metals. Third, in all compounds which contain 
a single alkali metal, the threshold wavelength increases in 
the same manner as that of the pure metals. That is, the 
threshold wavelength increases in the order Li-Na-K-Rb-Cs, so 
that the compound containing cesium is always most sensitive 
to visible radiation.
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Since 1936 many photoemissive materials have been found 
which are semiconducting intermetallic compounds. All.of 
these are alkali metals combined with metals of the 4th, 5th 
or 6th group of the periodic system*

Although there are many such combinations which form a 
photoemissive intermetallic compound, the most outstanding

6combination is that of cesium and antimony. In 1936 Goerlich
found that the Cs-Sb photocathode has a higher photosensitivity
than any other photoemitter of the form alkali metal plus
antimony. The Cs-Sb photocathode is also simple to produce
and exhibits a quantum efficiency of up to 20 percent.

For these reasons considerable work has been done to
determine the exact composition of the compound. In 1943 >

7quantitative studies by Sommer suggested the stoichiometric
formula Cs^Sb. This composition was later verified by Jack 

oand Wachtel , who also attempted without success to correlate 
the photo-emissive- properties of the compound with its crystal 
structure.

As stated before, however, photocathodes may be formed by 
replacing Cs with other alkali metals to form semiconducting 
compounds of the form M^Sb. Response curves for Na^Sb and 
K^Sb, for example, are shown in Figure 14*

The Multi-alkali Effect
Although Cs has been found to be superior to all other
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alkali metals in all types of semiconductor photocathodes,
QSommer^ has shown that the combination of two or more alkali 

metals with antimony may produce higher sensitivity than 
antimony combined with any single alkali metal. Sommer^ 
later firmly established this "multi-alkali effect” for 
photocathodes of the general formulae Na-K-Sb and Cs-Na-K-Sb.

In the formation of these photocathodes the alkali metal 
introduction must be carefully controlled, because the com
position appears to be critical. Chemical analysis^ has 
indicated that the most sensitive multi-alkali photoemitters 
are of the form M^Sb and that the ratio of sodium to potassium 
is approximately 2 to 1.

A properly prepared Na-K-Sb photocathode covers the 
visible light spectrum more effectively than any other known 
photoemitter, but the attainment Of its superior photoemissive 
properties is extremely difficult for several reasons. First, 
there is at present no explanation of the multi-alkali effect 
with regard to composition or crystal structure, and so the 
effect is only achieved in a photocathode* by the production 
and testing of several.

Also, the investigators of the multi-alkali effect were 
without knowledge of the phase equilibria of the elements
used to form the photoemissive surfaces. Asidd from the work

12 1  ̂done by Scheer and Zalm and McCarroll , who determined the
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crystal structure of Na^KSb, very little v/ork had been done to 
determine the interior of the Na-K-Sb ternary phase diagram.

In 1966 Villachica^ determined the room temperature 
isothermal section of the Na-K-Sb phase equilibrium diagram.

15The results of his work are shown in Figure A* Also, Spicer  ̂
has shown in his investigations of the Na-K-Sb system that the 
role of cesium may be ignored, since its effect is simply to 
lower the electron affinity of the Na-K-Sb compound.

Therefore, making use of the findings of these two 
investigators, it is now possible to determine the effect of 
composition on the photoemissive properties of the semicon
ductor compounds of the Na-K-Sb system. The investigation 
described in this paper was begun to determine this effect.

Industrial Importance of the Na-K-Sb Photoemitters
Because of their high photosensitivity throughout the 

visible light region, the Na-K-Sb photocathodes are used almost 
exclusively by the television industry, which is probably the 
most important industrial field making use of the photoelec
tric effect. While the complete television circuit is quite 
complex, the actual photoelectric conversion of a visual 
image to an electronic signal occurs in a single piece of 
equipment - the television camera tube. Because of its 
excellent photosensitivity and panchromatic response, the
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Sb

NaSb

Figure 4# Isothermal section of the Na-K-Sb system at 
room temperature. (ref. 14)
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camera tube known as the Image Orthicon is now used in almost 
all television cameras*

Figure 5 is a schematic diagram of the internal con
struction of the Image Orthicon^ television camera tube* 
Electrically, the tube is divided into three sections: the
image section, the scanning section and the multiplier sec
tion.

In the image section the subject being televised is 
focused onto the photoemissive surface. This results in an 
emitted electron image in which, at each point, the density 
of the electrons corresponds to the amount of light at that 
point. The electron image is accelerated toward a target of 
soda-lime-silica glass by a positively charged wall coating 
in the tube. When the photoelectrons strike the target they 
cause secondary electron emission. The secondary electrons 
are collected by a fine, positively charged mesh, thus leaving 
the target with a distribution of positive charge which is 
directly proportional to the distribution of energy in the 
arriving electron image.

The target itself is not photosensitive, but it is 
capable of producing secondary emission; that is, it will 
give off electrons when struck by photoelectrons. By this 
method of forming a positive charge distribution on the 
target, a more intense distribution is obtained than if the
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light rays themselves were the activating agent.
In the scanning section the hack of the target plate is 

scanned by a low velocity electron beam which is slowed down 
just short of the target. At each point the beam gives up 
sufficient electrons to neutralize the positive charge on the 
target. The remainder of the electrons in the beam then re
turn to the multiplier section.

In the multiplier section the return beam goes through 
five stages of amplification by secondary emission. In each 
stage of amplification an incoming electron liberates several 
secondary electrons, so that the current emerging from the 
output of the camera tube is several hundred times that of 
the returning electron beam.

It is evident that the most positive point on the target 
plate returns the least number of electrons from the original 
scanning beam. Hence the voltage developed across the output
load resistor is inversely proportional to the positive charge 
intensity on the target. Therefore the output current of the 
tube is inversely proportional to the intensity of the light 
on the tube (at the point being scanned).

As stated before, the photoemitter used in the Image 
Orthicon is a semiconductor of the general formula Na-K-Sb.
In the camera tube it is in the form of a thin, semi- 
transparent film. The photoemissive surface is semi-
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transparent to simplify the optics of the camera tube,
1 n -I OFormation of the Photoemissive Surface ’

The Na-K-Sb photoemissive surface is formed by vapor 
deposition of successive thin layers of pure metal onto the 
inside of the camera tube envelope, as shown in Figure 5# At 
the same time the tube is "baked” at 180° Centigrade to allow 
the pure metals to diffuse into a photoemissive surface.
During the entire process the light transmission through the 
surface and the photoelectric current are continuously measured.

Alkali metal vapor is produced by heating the alkali metal 
chromate in the presence of silicon; this is done by resistance 
heating of a metal tube containing the reactants. As the mix
ture is heated the Si reduces the metal chromate and the 
alkali metal is given off as a pure metal vapor. Antimony is 
vapor deposited as pure Sb by a similar resistance heating 
element. A guard ring is placed in the tube to allow the
resulting metal vapors to travel only in the direction of the
proposed location of the photoemissive surface, i.e., the end 
face of the image section of the camera tube.

The step by step procedure to form the photoemissive 
surface is as follows:

(1) The tube is evacuated to 5x10 mm of Hg.
(2) A layer Of pure Sb is. deposited until the light
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transmission of a common tungsten filament light source is 
reduced by 10 percent as it passes through the .Sb layer,

(3) Several alternate layers of Na and K are deposited 
until the light transmission is reduced to 50 percent. The 
thickness of each of these layers is monitored by measuring 
the change in electron emission as the metal is deposited.

(4) A final layer of Sb is deposited.
(5) During vapor deposition the tube is continuously 

baked at l80° Centigrade to allow the metals to diffuse into 
a Na-K-Sb photoemissive surface. As the diffusion proceeds, 
the photoelectric current of the tube is seen to rise to a 
peak and level off. At this time the baking is stopped.

(6) The tube is then flooded with Cs vapor, which 
further improves the photoelectric response. As stated before, 
the Cs is thought to lower the electron affinity of the photo
cathode surface, thus expanding the camera tubefs spectral 
response into the red (long wavelength) region.

(7) Finally, the tube is evacuated to 1x10“^ mm Hg and 
sealed off. The Image Orthicon television camera tube is a 
finished product at this point.

There are a few aspects of the formation of the photo
emissive surface of the Image Orthicon which merit further 
discussion. First, a high vacuum must be maintained throughout 
the formation process for several reasons. First, all of the
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alkali metals are highly reactive, so their deposition as 
pure metals requires that the oxygen and v/ater vapor content 
of the surrounding atmosphere be as low as possible. Also, 
the final photoemissive film is only a few hundred angstroms 
thick, and therefore very susceptible to destruction by a 
surface phenomenon such as oxidation. Because of this the 
photoemissive surface, once formed, is virtually inaccessible 
for any investigative purposes, and there is no way to relate 
its performance in the tube with its composition.

Also, it is usually the case that, after the pure metals 
are deposited and the baking process is carried out, the 
photoelectric response is not sufficient to allow the finished 
tube to operate properly. If this is the case, steps (3) 
through (5) are repeated until the photoelectric response of 
the tube is high enough for it to observe and transmit the 
televised scene.

However, since photons of light must strike the outside 
surface of the photocathode and emit photoelectrons from the 
inside surface, the thickness of the photoemissive surface is 
critical. If the film is too thin, much of the light striking 
it will pass through it, and therefore not eject any photo- 
electrons. The resulting camera tube, then, will have a low 
quantum efficiency. If the film is too thick, the photo- 
electrons released just below the outside surface of the
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photo cathode v/ill be scattered before escaping from the inside 
surface. Again, this v/ill lower the efficiency of the result
ing camera tube. Therefore, the successful formation of the 
photoemissive surface depends on the attainment of two 
optimums at the same time. That is, the surface must have 
both an optimum thickness and an optimum composition to give 
the Image Orthicon a high enough quantum efficiency for use 
in the television camera.

From these considerations it is evident that the diffi
culties in forming a photoemissive surface result in a great 
number of finished Image Orthicon television camera tubes 
which do not work well enough to be useful to the television 
industry. It is estimated that for every dozen Image Orthicons 
produced, only one has high enough quantum efficiency to be 
functional as a television camera tube.

The investigation described in this paper was begun in an 
effort to propose a solution to this problem. It is the 
premise of this investigation that the compounds that are 
formed during the baking process determine the resulting 
photosensitivity of the Image Orthicon. Photocathodes of the 
compounds of the Na-K-Sb system will be produced and tested 
for photosensitivity. Also, combinations of compounds will 
be investigated as possible optimum photocathode compositions. 
In this manner, the optimum composition of the photocathode 
of the Image Orthicon television camera tube will be determined.
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EXPERIMENTAL APPARATUS

The following section describes the apparatus used in 
preparing, vapor depositing and .testing the compounds and 
combinations of compounds of the Na-K-Sb system. Since the 
investigation described in this paper involved the use of 
several pieces of equipment, each will be discussed separately.

The apparatus involved in this study consisted of five 
separate units:

(1) a dry box
(2) a high vacuum system
(3) a vapor deposition circuit
(4) a photocathode testing circuit
(5) a light intensity measuring circuit

The Dry Box
Because of the very high affinity for oxygen of the alkali 

metals, the preparation of the compounds involved in this study 
had to be done in a protective atmosphere. A dry box containing 
high purity, dry nitrogen was used for this purpose.

23
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Rubber gloves extended into the dry box to allow the man
ipulation of the equipment which it contained, and an airlock 
enabled items to be inserted and removed at any time.

After repairs were made on the-dry box it proved to be 
airtight and capable of sustaining a protective atmosphere. 
Sodium and potassium chips were exposed to the atmosphere 
inside the box to further reduce the oxygen content. The box 
also contained phosphorus pentoxide (phosphoric acid, anhy
dride) to lower the humidity. As a further precaution, the 
dry box was kept at a pressure higher than that of the outside 
air, so that leakage would occur from the inside of the dry 
box to the outside air.

Inside the dry box, the alkali metals were kept submerged 
under paraffin oil and were removed only when needed to form 
a compound. However, when the metals were being weighed and 
combined, it was noticed that their surfaces remained shiny 
throughout the time in which they were exposed to the dry box 
atmosphere. This indicated that the dry box atmosphere was 
indeed protecting the alkali metals.

19The Vacuum Equipment
A National Research Corporation vacuum furnace (type 

290A B) was adapted for use in vapor depositing and testing of 
the Na-K-Sb compounds for photoemission. The vacuum chamber of
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this equipment is an l8-in. diameter pyrex hemisphere attached 
by a hinge to a stainless steel plate. Evacuation of the 
hemisphere was accomplished with an NRC type H-Jf-P oil dif
fusion pump connected with an NRC6S-rotary gas ballast 
mechanical pump.

The resistance furnace contained in this vacuum chamber 
was removed to allow room for the installation of the vapor 
deposition and photoemission testing apparatus. Also, rubber 
stoppers.were placed into the holes left in the stainless steel 
plate when the resistance furnace was removed. Copper wires 
were pushed through these stoppers inside the vacuum chamber 
to act as electrical contacts. After the insertion of the 
wires, the plugs were sealed against leaks with Glyptal paint.

Considerable repair work was done on the vacuum system
before testing began, after which the system was capable of

-5producing a vacuum of 2x10  ̂mm Hg.
The vapor deposition and photoemission testing equipment 

was then placed inside the hemisphere and wired to the 
electrical contacts which extended to the outside of the 
chamber. This equipment included an RCA Model 929 phototube 
with the glass envelope removed, a molybdenum wire heating 
filament, tungsten filament light sources and a shield to pre
vent the evaporated compound from depositing on the light 
sources. The pyrex hemisphere was later painted black to 
prevent outside radiation from reaching the phototube.
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The Vapor Deposition Circuit
The vacuum furnace used in this investigation was equipped 

with a 15.1 KVA variable transformer to supply power to the 
resistance furnace which it originally contained. It was 
therefore convenient to use this transformer as a power supply 
to a molybdenum filament coil inside the vacuum chamber. The 
output of the variable transformer was 0 to 270 volts at 66 
amps, and was sufficient to readily vaporize all of the compounds 
studied in this investigation.

The filament in which the compounds were evaporated was a 
cylindrical basket of 0.026-in. diameter Mo wire. The basket 
itself was 0.45-in. in diameter and 0.30-in. deep; and it was 
formed by wrapping the wire around the threaded end of a 3/8- 
in. bolt and then removing the bolt.

A diagram of the vapor deposition circuit is shown in 
Figure 6. As shown in the diagram, an ammeter was employed 
as a measure of the temperature of the filament, since the 
temperature is a direct function of the current through the 
filament. Tests of various Na-K-Sb compounds showed that an 
agglomerate of pure metals would react to form a compound at 
approximately 2 amps, and that the resulting compound would 
evaporate suddenly and completely at about 7 amps.

The Photocathode Testing Circuit
The circuit used to test the compound for photoemission
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Figure 6 The vapor deposition circuit.
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was similar to the circuitry used by industry for the same 
20purpose . A diagram of this circuit is shown in Figure 7.

A microammeter is wired in series with the phototube to be 
tested, as shown in Figure ?• A one-megohm resistor is also 
used in series with the phototube because it represents a 
typical load and, in addition, provides a measure of safety 
for the meter in case of a short circuit. A 1/100 amp fuse 
was also used in series with the meter to further guard against 
short circuiting.

A convenient direct durrent voltage supply was built from 
a surplus General Electric Model 3DY82AB16 dynamotor. Stand
ard 115v current was used to operate a variable resistor which 
supplied from Ov to 115v of alternating current. This output 
was rectified using a Westinghouse Model 1N13A2 silicon rec
tifier. After rectification, the power was used as the input 
to the dynaxnotor. In this manner, adjustment of the variable 
resistor produced an output from the dynamotor of from Ov to 
250v d.c., which coincides with the range in which commercial 
phototubes are tested.

As shown in Figure 7, this voltage supply was used to 
place a potential of between 0 and 230 volts d.c. across the 
electrodes of the phototube. The photocathode is placed at a 
negative potential with respect to the anode, so that any 
electrons released by photoemission at the cathode will travel
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to the anode. The photoelectrons, then, are detected as a 
current flowing from the photocathode to the anode of the 
phototube; and the amount of current'flowing, as measured by 
the microammeter, is a direct measure of the number of photo
electrons being liberated.

The phototube used in this investigation was an RCA Model 
929 vacuum photodiode. Almost any commercial phototube would 
have served as well, but the 929 photodiode was chosen because 
of its low cost, convenient size and ready availability. A 
diagram of this phototube is shown in Figure 8. The glass 
envelope of this phototube was removed, and its photoemissive 
surface, which was a thin layer of Cs^Sb deposited onto the 
inside of the semicylindrical cathode, was removed by washing 
the cathode with a dilute solution of hydrochloric acid.

The tube was then positioned'directly above the evaporator 
filament inside the vacuum chamber, as shown in Figure 9» The 
light sources were placed below and to the left of the photo
tube, so that the photocathode was perpendicular to the path 
of the light from the sources. Also, the -phototube was tilted 
with respect to the axis of the evaporator filament, as shown 
in Figure 9> to allow its cathode to intercept and be coated 
by the compound during vapor deposition.

When a compound was evaporated by the Mo filament it. 
tended to deposit on all surrounding surfaces, including the
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Figure 8. The RCA Model 929 Vacuum Photodiode.



T 1X38 33

-P -P (D

-P

-P•H

cti o
rH U  
•rl 3  
«H O

£j rH 2

Fi
gu
re
 

9« 
The

 
ar
ra
ng
em
en
t 

of 
the

 
eq
ui
pm
en
t 

in
si
de
 

the
 
va
cu
um
 

ch
am

be
r



T 1138 33

light sources, thereby preventing the sources from giving off 
light. Therefore it was necessary to construct a shield to 
protect the light sources during vapor deposition. A diagram 
of the shield is shown in Figure 10-

The shield itself consisted of a weighted wire from which 
was suspended a rectangular piece of tissue paper. This assem
bly, in turn, was suspended from a very thin copper wire. The 
copper wire was connected to an open electrical circuit which 
could be closed at any time by closing a switch situated out
side of the vacuum chamber. Whenever the switch was closed 
the copper wire would melt immediately, dropping the shield 
from in front of the light sources. With this arrangement the 
shield could be held in place during the evaporation process; 
then dropped to expose the photocathode to the light sources 
during the photoemission testing sequence.

The Light Intensity Measuring Circuit
During the photoemission testing sequence, the photocathode 

testing circuit was used , to measure the current flowing through 
the phototube as a result of the photoelectric effect. After 
such measurements were taken for a certain compound, it was 
necessary to determine the exact amount of light that had been 
present to cause the measured current. For this purpose an 
RCA Model 929 vacuum phototube v/as used. The tube was placed 
in the vacuum chamber and connected to the photocathode testing
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Figure 10. The light source shield.
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circuit. This "known" phototube was then activated by the 
circuit and, at a specified voltage, gave a current reading 
which was proportional to the light on the tube.

The characteristic curves for this phototube, shown in 
Figure 11, were then used to determine the amount of light 
impinging on the cathode of the tube. Because the "known" 
phototube was placed in the exact orientation of the test 
phototube, this light measurement was equal to the light on 
the test phototube. (See Appendix I for a discussion of light 
measurement.)
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EXPERIMENTAL PROCEDURE

The purpose of this section is to describe in detail the 
experimental techniques and procedures used in producing pure 
metal agglomerates, the conversion of these agglomerates to 
photoemissive compounds, the vapor deposition of the compounds 
onto the cathode of the test phototube, and the testing of the 
resulting photocathode for photoemission. Once again, for 
clarity, each of these steps will be discussed individually.

Preparation of Pure Metal Agglomerates
As stated before, all manipulations of the pure alkali 

metals were done in a protective atmosphere. Therefore, all 
of the equipment and techniques mentioned as having been used 
in this step were contained and used inside the dry box.

The dry box was evacuated until its rubber gloves extended 
stiffly into the interior of the dry box. The dry box was then 
flushed with high purity, dry nitrogen until the gloves extend-

r,

ed stiffly out of the box. This procedure was repeated three 
times to help maintain the protective atmosphere in the dry box.

37
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Nitrogen was then admitted to the dry "box until the gloves 
lay limply inside the box.

The author then put the gloves on and balanced an analy*-
tical balance contained in the box. Pure antimony was then
ground to a fine particle size in a mortar. Three or four
particles of Sb were chosen from the mortar and placed on the*
balance. These particles were chosen with regard to size, and 
were as small as possible while being just large enough to be 
handled separately. Each had an approximate weight of from 
5 to 10 mg.

The particles of Sb were weighed to within 0.1 mg and 
placed on a watch glass for later use. The weight of the Sb 
particles was then used to calculate the stoichiometric 
equivalent weight of alkali metals needed to combine with the 
Sb to form the desired compound. The balance was then adjusted 
to this weight.

A piece of sodium metal was then chosen from a beaker 
containing chunks of Na submerged in paraffin oil. (See 
Appendix II for the chemical analysis of all metals used.)
The piece of Na was dried with a paper towel,, and a slice of 
the metal was removed. The remaining piece of Na was immedi
ately returned to the paraffin oil.

Each face of the slice of Na was then removed with a 
sharp chisel. The resulting piece of Na was then clean and
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dry, and it was reduced in size by further cutting to approx
imately the weight' needed. It was- then placed on the balance, 
which had already been adjusted to within 0,1 mg of the 
necessary weight. If the piece of Na did not balance the 
scale, it was further reduced in size by either cutting or 
rubbing with a paper towel. This process was repeated until 
the piece of Na was the stoichiometric amount needed to form 
the desired compound with the previously weighed Sb. However, 
if an inordinate amount of time was necessary to obtain the 
correct weight of Na, the piece was discarded and a new piece 
chosen from the paraffin oil. After weighing, the piece of 
Na was immediately submerged in a crucible containing "dry" 
ether.

%

Since potassium oxidizes more rapidly than Na, the weigh
ing of a piece of K was left as the last step in forming the 
pure metal agglomerate. The balance was first adjusted to 
the stoichiometric weight of K desired to form the compound. 
Then a piece of pure K metal of the correct weight was ob
tained by the same procedure as that used,for the Na.

After all three metals had been weighed, the largest 
piece of alkali metal was removed from the ether and placed 
on the watch glass which held the Sb particles. (This piece 
could be either Na or K, depending on the compound being 
formed.) Each Sb particle was placed on top of the piece of
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alkali metal and imbedded in the metal. Tweezers were used 
to position the Sb particles and a pestil was used to push 
them into the piece of alkali metal.

The remaining piece of alkali metal was then removed from 
the ether and placed on top of the Sb particles. It was then 
pressed down onto the Sb particles. In this manner, a 
,f sandwich11 was formed consisting of tiny Sb particles imbedded 
between alkali metal slices. The resulting agglomerate.was 
immediately returned to the crucible containing dry ether and 
removed through the air lock to the outside of the dry box.

This procedure resulted in forming an agglomerate of pure 
metal having the stoichiometric equivalent weight of the com
pound or combination of compounds to be tested for photo
emission. In this procedure the pure alkali metals were 
exposed to the dry box protective atmosphere for a total time 
period of considerably less than one minute.

The Formation and Evaporation of the Photoemissive Compounds 
The crucible containing dry ether under which the metal 

agglomerate was submerged was carried to the vacuum furnace 
unit. Tweezers were used to transfer the sample (agglomerate) 
to the Mo wire resistance filament heater. The vacuum chamber 
was immediately roughed down by the mechanical pump to 70 
microns pressure, as read from the thermocouple gauge. This 
gauge was a National Research Corporation Type 501 thermocouple
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gauge, and was connected to the vacuum chamber.
The vacuuip chamber was then flushed to just below atmos

pheric pressure with high purity, dry argon to provide a 
protective atmosphere for the metal sample while the system 
was being evacuated to a high vacuum.

After the chamber was flushed with argon the system was 
evacuated to 0.2xl0~^ mm Hg by use of the oil diffusion pump.
A National Research Corporation Model 501 ionization vacuum 
gauge was used to measure pressures below 5 microns. Like the 
thermocouple gauge, it was attached to the vacuum chamber of 
the vacuum system.

When the system reached a high vacuum and the pressure 
became constant with time, the sample was checked by visual 
observation for any evidence of oxidation or. any compounds 
which may have spontaneously formed. If either was observed 
the experiment was rejected at that point. It should be noted 
that, although the glass hemisphere enclosing the vacuum chamber 
was painted black, observation of the sample was made possible 
by a tiny "window” in the hemisphere where the paint had been 
removed.

Once a high vacuum had been reached, Z amps of current 
were directed through the heating element to initiate forma
tion of the compound. Since all compounds of the Na-K-Sb 
system form with an extremely exothermic reaction^, just a
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slight temperature rise was necessary to initiate the forma
tion reaction," The beginning of the formation was indicated 
by a sharp rise in current flowing through the ionization 
gauge. When this was observed the heating circuit was turned 
off immediately, after which the compound was observed to form 
quickly and completely with no outside heating. If any pure 
metal evaporated before the compound formed, it was detected 
as it deposited onto the inside surface of the glass hemisphere 
of the vacuum chamber. If such a deposition was seen to occur, 
the experiment was halted at that point.

As soon as the compound formed, current was applied to the 
heating element at a rate of increase of about one ampere per 
second. As the temperature of the heating element increased, 
no reaction of the compound was observed until it suddenly 
melted and evaporated. Once again, the reaction was sudden 
and complete. However, if any liquid or residue was observed 
as having been left in the heater after evaporation had 
occurred, the experiment was rejected.

Evaporation occurred at about 7 amps, and the resulting 
vaporized compound deposited on the cathode of the test photo
tube, as well as on all other surrounding surfaces. Immed
iately after evaporation of the compound, the shield was 
dropped from in front of the light sources by short circuiting 
the wire from which it was suspended.
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At this point, the formation and vapor deposition of the 
compound was completed, and the phototube was ready for its 
test for photoemission*

The Photoemission Test
As a preliminary test, the maximum potential of 230 volts 

was placed between the anode and cathode of the phototube, and 
all light sources were turned off* If the resulting current 
flowing through the phototube was not zero, a short circuit 
or outside radiation was indicated to be interfering with'the 
test, and it was rejected at this time. A reading of zero 
microamps indicated that any current flow measured in later 
testing was the result of photoemission only*

The light sources were then turned on, and the photo
electric current resulting from photoemission' was measured 
for various potentials across the tube. Current readings 
were taken in the following order: 0 v, 50 v, 70 v, 100 v,
150 v, 200 v, and 250 v. After these readings.-were taken, 
they were then rechecked at random for the same voltage incre
ments. That is, after all current values were read in the 
order listed above, the current was rechecked for 70 volts, 
and then for 200 volts, and so on.

After the photoelectric current was measured, other
z

pieces of data were also taken. The pressure at which the 
photoelectric data had been taken was recorded, and then the
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diffusion pump was turned off and cooled. The vacuum chamber 
was then opened to permit further experimentation.

First, the photocathode was inspected to determine how 
much of the surface of the cathode had been coated in the 
vapor deposition process. In general, the coating always 
appeared the same. That is, the cathode was covered completely 
except for an area directly behind the wire anode. This area, 
which constituted 8.7 percent of the cathode surface, was 
shielded from the compound. vapor, and therefore usually was 
not covered. The cathode coverage, then, was 91*3 percent, or 
5.03 cm2.

To determine the exact amount of cathode area covered by 
the compound, the cathode area was enlarged 10 times and 
plotted as a rectangle on a sheet of graph paper. The bound
ary between the covered and uncovered areas of the cathode was 
then measured at various points and plotted as a curve within 
the cathode area rectangle. Then the author counted squares 
inside the curve and divided the number by the total number of 
squares within the rectangle. The result .indicated the frac
tion of the cathode area which was not covered.

A careful measurement of the cathode area covered by the 
compound was necessary to the study described in this paper 
because the photoelectric current flowing through the tube is 
directly proportional to the amount of cathode area covered,
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all other things being equal. Therefore the value was
measured for each test (to he taken into account in later /
photoemissivity calculations).

After each test it was necessary to determine the exact, 
amount of light which had struck the test phototube. The 
test phototube was removed from the testing circuit and was 
replaced with an RCA 929 photodiode (phototube). Great care 
was taken to orient this "known” phototube in the same position 
as the test phototube. A potential of 230 volts was placed 
across the phototube and the same light sources which had been
used in the test were turned on. The vacuum chamber was then
closed to eliminate outside radiation, and the current through 
the phototube was measured.

To convert this current reading to a light flux value,
usually expressed in lumens, the characteristic curves for the
929 phototube (shown in Figure 11) were used. For convenience, 
a crossplot of Figure 11 was made for a potential of 250 volts, 
as shown in Figure 12. The resulting graph of light flux 
intensity versus phototube current is a straight line extend
ing through the origin and having a slope of 0,02.2.1+, This

20result is verified by the First Lav/ of Photoelectricity , 
which states that the photoelectric current is proportional 
to the intensity of the incident radiation.

For the purposes of this paper, then, the light flux on
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the test phototube is equal to the current through the known 
929 phototube multiplied by 0.022A.

To summarize, the pieces of data taken for each photo- 
emission test were as follows:

(1 ) The photoelectric current through the test photo- . 
at various potentials ranging from 0 volts to 230 
volts,

(2) The pressure of the vacuum chamber during the test.
(3) The fraction of the cathode area covered by the 

compound.
(^) The intensity of the light flux on the test photo

tube.
After a test was completed, the test phototube and Mo 

wire filament heater were cleaned with a dilute hydrochloric 
acid solution, rinsed with acetone and dried with an air jet. 
The test phototube was then returned to the vacuum chamber, 
and the system was immediately evacuated until the next test.
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EXPERIMENTAL RESULTS AND DISCUSSION

Photoemissive surfaces of compounds and combinations of 
compounds of the Na-K-Sb system were produced and tested as 
discussed in the previous section. The purpose of this sec
tion is to examine the results of these tests and to determine 
the photosensitivity of the various compounds and combinations 
of compounds in the Na-K-Sb system.

The most popular method of expressing the photoemissive 
characteristics of a phototube containing a particular photo- 
emissive compound is the "Current-Voltage Characteristic’1 
curve. The curve is basically a graph of photosensitivity, 
expressed in microamps per lumen, versus voltage, expressed in 
volts.

Figure 13 is a diagram of a typical current-voltage 
characteristic curve. The regions of interest on this curve 
are labeled.

In region A the potential between the anocje and the cathode 
of the phototube is zero volts, and therefore zero current is
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Figure 13* The Current-Voltage Characteristic curve for a 
photocathode operating at 0,5 x (10)”^mm Hg.
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flowing through the phototube. This does not mean that 
photoemission is not occurring, however; but because the 
potential between the anode and thfe cathode is zero, the 
emitted electrons have no tendency to travel to the anode, 
and the current through the phototube is zero.

The surface from which photoelectrons are escaping has 
a net positive charge which attracts the emitted electrons.
At zero voltage, then, the photoelectrons form a cloud of 
electrons above the surface known as.a ’’space charge”. When 
a slight amount of voltage is applied, the space charge 
electrons begin to move to the anode, and the photosensitivity 
of the phototube shows a sudden increase, as shown in region 
(B) of Figure 13*

In region (C), which occurs between 30 and 70 volts, the 
space charge is dissipated, and the photosensitivity of the 
phototube levels off, indicating that all electrons liberated 
by photoemission are moving toward the anode.

As voltage is increased, the photosensitivity does not 
become constant. Even though all photoelectrons are now 
traveling toward the anode, the photosensitivity continues to 
rise slightly through region (D), which extends from 70 volts 
to about 130 volts. Some of the increase is due to the 
increased efficiency of the anode to collect the photoelectrons 
at higher voltages.



T 1 1 3 8 51

Also, photoemission is increased by the increase in the 
applied electric field at the cathode. This aids photo
emission by reducing the voltage barrier at the surface, 
which is directly associated, to the .photoelectric work func
tion, The lowering of the photoelectric work function results 
in increasing the threshold wavelength of the photoemissive 
surface, and the phototube becomes more red-sensitive. For 
this reason the phototube becomes more responsibe to white 
light, and its photosensitivity increases with voltage, as 
shown in Figure 13,

At voltages above approximately 150 volts, the photo
sensitivity of the phototube was found to increase more 
rapidly with increasing voltage. This is indicated as region 
(E) in Figure 13. This is the result of an amplification 
effect on the primary photoelectron current, and it is caused 
by several factors.

First, the applied voltage causes an emitted photoelectron 
to accelerate through the vacuum to the anode. In doing so, 
the photoelectron may strike an atom of gas. If the electron 
has a kinetic energy greater than the ionization potential of 
the gas, ionization will occur. That is, the collision will 
result in the production of a positive ion and another elec
tron. The ionization potential for argon, for example, is 
13-7 electron-volts. While not every collision results in
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ionization, the degree of ionization occurring increases with 
the voltage across the phototube* The ionization effect, then, 
causes amplification of the primary photoelectron current, as 
shown in region (E) of Figure 13.

Also, at higher voltages, other secondary amplification 
effects also become important* The most important of these 
effects is the release of secondary electrons when the posi
tive ions that are produced by ionization strike the cathode* 
Other effects of minor importance are the release of secondary 
electrons, metastable atoms produced by electron excitation 
of the gas, ionization by positive ions and electron emission 
by photons created in the gas*

With regard to the overall current-voltage characteristic 
curve, it is important to note that all of the factors which 
effect the curve are functions of voltage and pressure only*
The degree of amplification of the photoelectron current, for 
example, is determined only by the vacuum pressure and the 
voltage between the anode and the cathode, and not by the mag
nitude of the original photoelectric current.

Therefore it is seen that the current-voltage character
istic curves for various photoemissive surfaces provide a 
direct measurement of the relative photosensitivity of the 
surfaces, provided only that the curves are obtained the 
same pressure and that they are compared for the same anode
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to cathode potential.
To assure the accuracy of the results presented in this 

paper, three independent tests were conducted for each compound 
or combination of compounds investigated, with the exception 
of compounds exhibiting zero photoemission, in which case 
five tests were performed.

All experimental data derived from these tests are listed 
in Appendix III of this report. From this data the photo
sensitivity of each compound or combination of compounds was 
calculated for each test. The results of these calculations 
are tabulated in Appendix V of this report. Also, a sample 
calculation is included to illustrate the relation between the 
experimental data and the final current-voltage characteristic 
curve for each compound or combination of compounds, (See 
Appendix IV,)

In this discussion it shall be necessary to refer to a 
class of compounds as being 1,of the form M^SbH, In Figure k 
it is seen that the Na-K-Sb system contains four such com
pounds: Na-^Sb, K^Sb, Na^KSb, and NaK^Sb. ' All discussion of
compounds of the form M^Sb, then, will be in reference to one 
or more of these four compounds.

Photosensitivity of the Pure Na-K-Sb Compounds
%

The current-voltage characteristic curves for the pure 
compounds of the Na-K-Sb ternary system are shown in Figure lh
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of this report. For clarity, these compounds will be discussed 
with regard to the particular binary or ternary system of 
which they are a part.

The pure binary Na-Sb compounds
The Na-Sb binary system contains two intermetallic com

pounds: NaSb and Na-Sb. No mention of NaSb as a photoemitter
was found in the literature, and five tests performed in this 
investigation showed that NaSb is not photoemissive in the 
visible light region.

The compound Na-^Sb is a known photoemitter of the form 
M^Sb, where M is any alkali metal. Although all intermetallic 
compounds of this form are photoemissive, the test photo
cathodes of pure Na^Sb exhibited a maximum photosensitivity 
of only l.h microamps per lumen at an anode voltage of 250 

volts. Therefore, as seen in Figure 1A, Na^Sb is a weak 
photoemitter as compared to the other compounds of the Na-K-Sb 
system of the form.M^Sb.

This result verifies the contention of Sommer^ that the 
photoemissivity of binary M-̂ Sb compounds increases with increas
ing atomic v/eight of the alkali metal in the compound.

The pure binary K-Sb compounds
In I.915 Parravano^ identified two intermetallic com

pounds of the K-Sb system having the formulae.KSb and K^Sb.
Later work by Villachica^ revealed two other compounds of
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the formulae KSfcu and Kr-Sb, •2 5 4
As shown in Figure 1̂ -, both of the previously known 

compounds are photoemitters, and both have a high photo- 
emissivity as compared with.Na^Sb. - The photosensitivity of 
KSb, for example, is seen to be 2.8 times that of Na^Sb in 
the 100 volt to 200 volt region of the current-voltage curve. 
This shows that the type of alkali metal which the compound 
contains may be more important than the alkali metal-to- 
antimony ratio in determining the photoemissivity of the re
sulting compound. That is, the photoemissivity of binary 
alkali metal-antimony compounds depends to a greater extent 
on the type of alkali metal contained than on the ratio of 
alkali metal to antimony.

The current-voltage characteristic curve for K-̂ Sb, also 
shown in Figure 14, illustrates the importance of the alkali 
metal-to-antimony ratio in determining the photoemissivity of 
compounds in a particular binary system. The photosensitivity 
of test photocathodes of K^Sb was found to.be 1.3 times as 
great as that of KSb photocathodes. This result indicates 
that, in general, the photoemissivity of a binary compound
increases with the weight percent content of alkali metal,

5as suggested by Sommer .
Also, K-jSb is of the form MzSb, as was Na-̂ Sb: and it was ’ 3 j 3

found in this investigation that K^Sb is 3.6 times as photo-
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emissive as Na-̂ Sb. This shows that, for compounds containing 
one alkali metal and of the form M^Sb, the photoemissivity 
increases with increasing atomic weight of the alkali metal 
contained.

As stated before, Villachica^ identified two new inter
metallic compounds of the K-Sb system: KSb^ and K^Sb^.

Initially, three photocathodes were produced containing 
KSb2 as a photoemissive surface. In all three tests, no 
photoemission was observed. To verify this result, two more 
photocathodes of KSb2 were produced; and once again no photo
emission was observed. This result indicates that the presence 
of a compound of the form alkali metal plus antimony does not 
guarantee that the resulting surface will be photosensitive 
to visible light.

This result is further substantiated by the tests con
ducted using NaSb as a photoemissive surface. As with KSb2 , 
five independent tests revealed no photosensitivity, even 
though KSb,' also of the form MSb, was one of the most photo
sensitive of the binary compounds of the Na-K-Sb system.

The second new compound identified by Villachica proved 
to be the most photosensitive binary compound in the Na-K-Sb 
system. Three photocathodes were prepared having K^Sb^ as a 
photoemissive surface, and the resulting current-voltage 
characteristic curves, as shown in Figure Ik, indicated that
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K^Sb^ is 1.03 times as photoemissive as IĈ Sb. This result is
contrary to the general rule which states that the photo-
emissivity of a binary compound increases with the weight
percent content of the alkali metal. For this reason, three
extra photocathodes were prepared to substantiate the result. 
The results of the extra tests were identical with-the first 
three tests.

Therefore, although photoemission of a compound does 
increase with weight percent content of alkali metal, it is 
shown that this is only a general rule, and may not be true 
for specific compounds, such as K^Sb^.

The pure ternary Na-K-Sb compounds
The Na-K-Sb system contains two ternary compounds:

11Ife^KSb, identified by Sommer , and NaK^Sb, found by Villa- 
chica^

Both compounds exhibited the "multi-alkali effect", as 
shown in Figure Ilf*. That is, photo cathodes of both compounds 
were far more photosensitive than any photocathode containing 
a compound of only one alkali metal as its photoemissive 
surface.

Photo cathodes of ITaK^Sb resulted in current-voltage 
characteristic curves whose photosensitivity was 1.5 times 
that of K^Sb and 3*33 times that of Na-̂ Sb, even though all 
of the compounds are of the form M^Sb..
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The remaining ternary compound, Na^KSb, was found to be 
the most photoemissive compound of the Na-K-Sb system. The 
current-voltage characteristic curves for I^^KSb were found 
to be 2.0 times as photosensitive as K^Sb and 7*3 times as 
photosensitive as the Na-^Sb photocathodes.

Since compounds containing potassium are invariably more 
photoemissive than compounds containing sodium, it might be 
suspected that the potassium-rich NaK^Sb compound would prove 
to be more photoemissive than the sodium-rich Na^KSb ternary 
compound. This was found to be not the case. Several photo- 
cathodes of each ternary compound showed conclusively that 
the Na^KSb compound is more photosensitive than NaK^Sb, even 
though the latter is richer in potassium.

In Figure lif, it is shown that the photocathodes of 
ila^KSb are 1.4- times as photosensitive as the HaK^Sb photo
cathodes. Therefore, Na^KSb is shown to be the most sensitive 
photoemissive compound in the Na-K-Sb system.

Photosensitivity of Combinations of .Na-K-Sb Compounds
Current-voltage characteristic curves were determined 

for all existing combinations of photoemissive compounds of 
the Na-K-Sb system. In tests involving two photoemissive 
compounds, the photoemissive surface consisted of 30 weight 
percent of each cathode. If a photocathode containing three 
photoemissive compounds was being tested, the photoemissive
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surface was composed of 33 1/3 weight percent of each com
pound, The current-voltage curve for each combination was 
determined in the same manner as that used for the pure com
pounds.

Combinations of compounds of the form M?Sb
The current-voltage characteristic curve for the compound 

combination NaK^Sb plus K^Sb is shown in Figure 13 of this 
report. In the same diagram the characteristic curves for 
NaK^Sb and K^Sb .are also plotted. In comparing the curves in 
Figure 13> it is seen that both pure compounds are decidedly 
more photoemissive than the combination of compounds. For an 
anode voltage of between 100 volts and 200 volts, pure K-̂ Sb 
is 2.3 times as photosensitive as the combination, while 
NaK^Sb averages 3*3 times as photosensitive as NaK^Sb plus 
KySb.

Villachica^ found that the region between NaK^Sb and 
K^Sb exhibits complete solid solubility. In this investigation 
it was found that, although NaK^Sb and K^Sb are both strong 
photoemitters, a combination of the two compounds consistently 
exhibits a relatively low photosensitivity. Therefore it 
appears that a solid solution of two strong photoemitters will 
exhibit a photoemissivity that is considerably less than 
simply the average of the two photoemissive values of the pure 
compounds, calculated on the basis of volume percent or weight 
percent.
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Figure 15# The current-voltage characteristic curves for 
photocathodes of pure NaK^Sb, pure K^Sb and a 
combination of 50 weight oercent NaK^Sb plus 
K^Sb.
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The current-voltage characteristic curve for the compound 
combination Na^KSb plus NaK^Sb is shown in Figure 16 of this 
paper. Characteristic curves for pure NaK^Sb and pure Na^KSb 
are included for comparison purposes. In this particular 
region of the Na-K-Sb phase diagram, Villachica"^ found no 
solid solubility between the pure compounds. Therefore it •• 
would be expected that the photosensitivity of the combina
tion of NaK^Sb and Na^KSb would lie somewhere between the 
photosensitivities of the pure compounds. However, it is 
shown in Figure 16 that this is not the case. The photosen
sitivity is seen to be less than that of either pure tenary 
compound. In this case, pure NaK^Sb ]_Bg times as photo- 
emissive as the compound combination, and Na^KSb photocathodes 
exhibit a photosensitivity that is 2 .1 3 times as great as 
that of Nal^Sb plus Na^KSb.

This result indicates that some slight solubility must 
exist between NaK^Sb ancj Na^KSb, and that this slight solid 
solubility results in a decrease in the photoemissivity of 
the pure compounds. This must be the case because, if no 
solid solubility existed between NaK^Sb and Na^KSb, then the 
photosensitivity of the combination would have to lie some
where between that of the two compounds. In other words, if

zno solid solubility existed between two compounds, then a 
graph of photosensitivity versus volume percent composition



Ph
ot
os
en
si
ti
vi
ty
 

(m
ic
ro
am
ps
 
per

 
lu
me
n)

T 1133 63

16

12

10

8

6 NaK~Sb + Na~KSb

k

2

0
50 100 1500 200 230

Anode Voltage (volts)
Figure 16* The current-voltage characteristic curves for

photocathodes of pure NaKpSb, pure NapKSb and a 
combination of 30 weight percent NaKpSb plus 
HapKSb.
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between the two compounds would be a straight line. In the 
case of NaK^Sb and Na^KSb, as shown in Figure 16, this is not 
the case.

The current-voltage characteristic curve for the ternary 
compound combination also shows that the "multi-alkali effect" 
is not only true for pure compounds, but for combinations of 
multi-alkali compounds as well. In comparing this curve with 
those in Figure 14, it is seen that the NaK^Sb plus Na^KSb 
photocathode has a higher photosensitivity than any pure com
pound containing only one alkali metal. The combination, for 
example, exhibits a photosensitivity that is 1.1 times as 
great as that of K^Sb^ at an anode voltage of 200 volts. 
Remembering that K^Sb^ is the most photoemissive binary com
pound of the Na-K-Sb system, it is seen that a compound of the 
form M^Sb need not be a.pure ternary compound to exhibit the 
multi-alkali effect.

The current-voltage characteristic curve for the compound 
combination Na^KSb plus Ka^Sb is shown in Figure 17 of this 
report. As shown in Figure 14, this combination represents 
the strongest photoemitter, Ua^KSb, and the poorest photo
emitter, Na-̂ Sb, in the Na-K-Sb system. In this case it is 
seen that the photosensitivity of the compound combination 
is considerably less than that of Na^KSb, but higher than the 
photosensitivity of Na^Sb.
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Figure 17- The current-voltage characteristic curves for 

photo cathodes of pure Na2K.Sb, pure Na^S.b and a 
combination of Na£KSb plus 30 weight percent Na^Sb.
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Also, the photosensitivity of the combination is seen to 
lie much closer to Na^Sb than to Na^KSb. That is, the com
bination is 1.9 times as photosensitive as pure Na^Sb, but 
Na^KSb is 3*75 times more photoemissive than the combination 
of Na-^Sb and I^^KSb. Once again, this is probably because 
some solid solubility does exist between the two compounds, 
lowering the photoemissivity of each v/ith. respect to their 
photoemissive values in the pure state. If this were not the 
case, the current-voltage characteristic curve for the Na^KSb 
plus Na-^Sb combination would lie approximately half-way 
between those of the pure compounds.

Combination of compounds different from the form M?Sb
As shown in Figure 1̂ -, only one pure compound not of the 

form M^Sb is a strong photoemitter of the Na-K-Sb system.
The compound, which is K^Sb^, was found to be the most photo- 
emissive of the binary compounds. The two other compounds 
v/ith which K^Sb^may exist at equilibrium are K-̂ Sb and NaK^Sb, 
as shown in Figure Photocathodes of these two combina
tions, then, were also prepared and tested for photosensi
tivity.

In both cases, the photosensitivity of the resulting 
photocathodes was extremely low. See Appendix V of this 
report. The current-voltage characteristics of the compound 
combinations K^Sb^ plus NaK^Sb and K^Sb^ plus K-̂ Sb are shown
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in figure 18 of this paper. It is seen that, in comparison 
with a compound combination of the form M-̂ Sb, the photo
sensitivity of both combinations containing K^Sb^ is quite 
low. Within the anode voltage range of from 100 volts to 
200 volts, the photosensitivity of NaK^Sb plus K^Sb is 
times as high as K^Sb^ plus K^Sb and 6,k times as great as 
the photosensitivity of NaK^Sb plus K^Sb^.

For this reason it is seen that the most photosensitive 
combinations of compounds are composed of Na-K-Sb compounds 
of the form KUSb. The M- Ŝb combinations of compounds, then, 
form photoemitters which are inferior to the pure metal com
pounds of v/hich they are comprised, but superior to combina
tions of compounds that are not of the form M-z-Sb.

Consideration of the photosensitivity results for the 
pure Na-K-Sb compounds and of the Na-K-Sb ternary diagram 
reveals that only one alkemade triangle v/hich has a strong 
photoemitter at each corner. That is, the only combination 
of three photoemitters which can exist at equilibrium is that 
of Na^Sb plus K-̂ Sb plus K^Sb^. Therefore, photocathodes 
were produced which contained 33 1/3 weight percent of each 
of these compounds. The resulting characteristic curve for 
each combination of compounds is shown in Figure 18 of this 
report.

The photosensitivity of the combination of three compounds
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(1) NaK^Sb + K^Sb
(2) NaK^Sb + K^Sb
(3) KKSb.. + KzSb5 4 3(4) NaK~Sb + K-zSb
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Figure 18. The current-voltage characteristic curves for the
combinations of compounds of the alkemade triangle
NaK-Sb-K-zSb-Kc-Sb. .2 ^ 5 4
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was found to be only slightly greater than the photocathodes 
containing two compounds that were not both of the form 
M-̂ Sb. However, the compound combination NaK^Sb plus K-̂ Sb is 
seen to be times as photosensitive as the three compound 
combinations NaK^Sb plus K-̂ Sb plus K^Sb^.

This result indicates that, while no combination of 
relatively strong photoemissive compounds is as photoemissive 
as the pure compounds of v/hich it is comprised, the compound 
combinations of the general form M^Sb exhibit the highest 
photoemissivity of all possible compound combinations of the

Na-K-Sb ternary system#
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CONCLUSIONS

The results of this investigation yield the following 
conclusions regarding the "binary compounds of the Na-K-Sb 
system:

'1. The photoemissivity of compounds of the form M-̂ Sb, 
where M is any single alkali metal, increases with increasing 
atomic weight of the alkali metal which the compound contains,

2. The empirical observation that the photoemissivity 
of a binary intermetallic compound increases v/ith weight 
percent content of alkali metal is valid as a general rule, 
but may not be assumed true for every specific compound,

3* The photoemissivity of binary alkali metal plus 
antimony compounds depends to a greater extent on the type of 
alkali metal contained than on the ratio of alkali metal to 
antimony.

Not all compounds of the form alkali metal plus anti
mony are photoemissive to visible light radiation.

The following conclusions have been established regarding

70
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the ternary compounds of the Na-K-Sb system:
1. Both Na^KSb and NaK^Sb exhibit the multi-alkali 

effect as pure compounds,
2. Compound combinations containing only the ternary 

compounds exhibit the multi-alkali effect.
3. The multi-alkali effect is not observed in any com

pound combination which contains an appreciable amount of 
binary compound.

The following conclusions have been reached concerning 
combinations of compounds of the Na-K-Sb system:

1. The photoemissivity of a combination of compounds is 
less than the photoemissivity of the pure compounds which make 
up the combination, if the compounds are all good photoemitters.

2. If the combination of compounds consists of a strong 
photoemitter and a weak photoemitter, the photoemission of the 
combination may be higher than that of the weak compound, but 
considerably lower than the photoemissivity of the strong 
photoemitter.

3« Combinations of compounds which are all of the form 
M-̂ Sb form photoemitters which are superior to combinations of 
compounds which are not all of the form M-̂ Sb.

The results of the investigation described in this paper 
show conclusively that, photo emission in the Na^K-Sb system is 
extremely composition dependent, and that the photoemissivity
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of any batch composition is sharply defined by the compounds 
of which it is comprised. This is illustrated by observing 
that the photoemitters of the Na-K-Sb system form five dis
tinct groups, according to relative photoemissivity, and that 
each particular group has a characteristic type of composition.

Group 1 consists of Na^KSb, NaK^Sb, and compound combina
tions of these two ternary compounds. This group alone 
exhibits the multi-alkali effect, and therefore contains the 
most photoemissive materials in the Na-K-Sb system. There
fore, to obtain superior group 1 photosensitivity, the photo
cathode must have a composition of the form M^Sb and have a 
Na to K ratio of between 0.5 and 2.0.

The group 2 photoemitters are pure compounds of the 
binary K-Sb system. These compounds were found to be superior 
to all other photoemitters of the Na-K-Sb system that do not 
exhibit the multi-alkali effect. Once again, group 2 photo- 
emissivity is obtained only by a photocathode composition such 
that a single pure compound is present.

Group 3 consists of the single photoemissive compound of 
the Na-Sb binary system: Na-̂ Sb. This compound was found to
be the least photoemissive of all pure compounds of the Na-K-Sb 
system; but it is more photosensitive than any combination of 
compounds in the system which are not of the form M^Sb.

The group k photoemitters are combinations of compounds
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of the form M^Sb. All of these combinations exhibit photo
sensitivities which are considerably less than the compounds 
of which they are comprised, but several times as great as 
the photosensitivities of compound combinations not of the 
form M-zSb.

Group 5> then, contains the combinations of compounds 
not of the form M-̂ Sb and constitutes the weakest group of 
photoemitters in the Na-K-Sb system.

The existence of these five distinct groups illustrates 
the extreme composition dependence of the resulting photo
emission in the Na-K-Sb system.
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RECOMMENDATIONS

The conclusions reached through the investigation des
cribed in this paper suggest several recommendations to the 
producers of the Na-K-Sb type phototubes and photocells.

The extreme composition dependence of the resulting 
photoemissive surface suggests that the formation of such a 
surface by evaporation and diffusion of pure metals should be 
avoided. In lieu of this practice pure Na^KSb may be pro
duced and deposited as a photoemissive surface in compound 
form. Pure Na^KSb is suggested for use because it was found 
in this investigation to be the most sensitive photoemissive 
composition in the Na-K-Sb system.

If vapor deposition of pure metals is necessary, arrange 
ments should be made to assure that the ratio by atom frac
tion of alkali metal to antimony is as close to 3 to 1 as 
possible, and that the sodium to potassium ratio is as close 
to 2 to 1 as possible; however, extreme care.must be taken 
not to exceed this ratio.

7k
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The results of this investigation indicate that, regard
less of the production process, photocathodes whose surface 
composition is that of pure Na^KSb will exhibit consistently 
superior photoelectric properties.

The results of this paper illustrate the existence, mag
nitude and extreme composition dependence of the multi-alkali 
effect in semiconducting photoemitters of the Na-K-Sb ternary 
system. However, at present the mechanism of the multi-alkali 
effect is not known; nor is it known whether or not the multi
alkali effect exists in other ternary systems containing semi
conducting photoemitters.

V/hile the question of the exact nature of the multi
alkali effect may have limited practical significance, further 
study should be directed at discovering the multi-alkali 
effect in other photoemissive ternary systems. In general, 
the systems to be investigated should contain two alkali 
metals plus metals of the .4th, 5th or 6th periodic groups.

The multi-alkali effect might first be investigated in 
systems containing two alkali metals plus Sb. While fifteen 
such systems exist, only one of these systems has ever been 
investigated. It is conceivable, then, that the multi-alkali 
effect does exist outside the Na-K-Sb system; and that multi
alkali photoemitters may be found which have photoelectric 
properties superior to the best of the Na-K-Sb system. One
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example of such a system is the K-Cs-Sb system, v/hich has

never been investigated for photoemission or for the multi
alkali effect.

Other systems to be investigated are those containing 
two alkali metals plus a metal other than Sb. It is known 
that many metals other than Sb produce photoemissive compounds 
when combined v/ith a single alkali metal. Some examples of 
these are Ge, Sn and Pb of the ^th periodic group, As and Bi 
of the 3th group, and Te or Se of the 6th group. However, 
ternary systems containing one of these metals plus two alkali 
metals have never been investigated for the multi-alkali 
-effect and photoemission. Two such systems which should be 
of immediate interest are those of Na-K-As and Na-K-Bi.
Since the metals As and Bi are most similar to Sb, investiga
tion of these tv/o systems should determine whether or not the 
multi-alkali effect exists outside of the Na-K-Sb system.

If the multi-alkali effect does indeed exist outside of 
the Na-K-Sb system, as is suspected by the author of this 
paper, investigations of the type outlined in this section 
should lead to the discovery of semiconducting photoemitters 
superior to any photoemissive compound known at this time.
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APPENDIX I

The Measurement of Light
Photoelectric measurements are related to the measure

ment of light, or Photometry. Three basic quantities are 
used to define the form of the light radiating from a given 
source: luminous intensity, luminous flux and luminance, or
illumination.

Luminous intensity, measured in candlepower, is a measure
ment of the light source itself, with regard to how much light 
the source is radiating. Before 19̂ -8, the standard unit of 
measurement of luminous intensity was the ’‘international 
candle”, and was defined as the luminous intensity of the 
flame of a spremaceti candle, burning at the rate of 120 
grains per hour, when viewed in a horizontal plane.

The present national standard source, which is reproducible 
in a laboratory, is related to a glowing cavity with a tempera
ture equal to that of solidifying platinum (1769° C). One

pcandle of light is defined as the light given off by a 1/60 cm



T 1138 78

area of such a cavity.
Luminous flux, measured in lumens, is the time rate of 

flow of light energy. The lumen is defined as the flux 
emitted in a unit solid angle by a light source of one candle. 
A light source of one candle, then, produces Ij.ff' lumens of 
light flux. The flow of light energy is the characteristic 
of light which produces the photoelectric effect as well as 
the visual sensation. Therefore, all photoelectric measure
ments and specifications are related to the amount of luminous 
flux v/hich the photocathode is intercepting.

Illumination is the density of luminous flux incident on 
a surface. A common unit of illumination is the lux, which 
is defined as the illumination produced by one lumen dis
tributed over an area of one square meter. It follows, then, 
that a source of one candle produces an illumination of one 
lux at a distance of one meter.
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APPENDIX II

Purity of Materials 
Lump sodium (reagent, A.C.S.) was obtained through a 

local supplier from the J. T. Baker Chemical Company of 
Phillipsburg, New Jersey. The impurities in the metal, as 
listed in the chemical analysis which accompanied it, were 
as follows:

Chloride (Cl) 0.0010 % (by. wt.)
Nitrogen (N) 0.001 %

Phosphate (PO^) 0.000A %
Sulfate (SO^) 0.001 %

Heavy Metals (as Pb) O.OOO^f %

Iron (Fe) 0.0003 %

By subtraction, the sodium content was 99*9955+ %• 
Potassium sticks (reagent, A.C.S.) were obtained from 

Matheson Coleman & Bell, of Norwood, Ohio, through a local 
supplier. The analysis of this metal, as received from the 
supplier, was as follows:

79
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Chloride (Cl) 0.0015 %
Nitrogen (N) 0.003 %

Phosphate (PO^) 0.0005 %
Sulfate (SO^) 0.002' %

Heavy Metals (as Pb) 0.0005 %
Iron (Fe) 0.001 %

By subtraction, then, the potassium content was 99*9915+ %• 
Lump antimony was also obtained from the J. T. Baker 

Chemical Company. The weight percent' analysis which accompanied 
the metal was as follows:

Assay (Sb) 100.0 %

Iron (Fe) 0.002 %

Arsenic (As) 0.00V %
Lead (Pb) O.OOZf %
Copper (Cu) 0.002 %

The argon and nitrogen gas used in this investigation 
were obtained from Linde Company through a local supplier.
Both gases were reported by the manufacturer to be of 99*995 % 
purity, and dry.
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APPENDIX III

Experimental Data

Na^Sb
Cathode
Coverage

(%)
Pressure
(torr)

RCA 929 
Phototube 
Current 
/̂/amps)

Test
30v

Phototube 
70v lOOv

Current (//amps) 
150v 200v 250v

91.3 % 0.5(10)_if 29.0 --- — 0.5 --- --- 0.7
7k.h % 0.5(10)-Zf 2 9 .0 --- 0.3 — - 0.5 0.6 0.7
&9.k % Q.5(10)-/f 29 .0 --- --- — - 0.6 0.6 0.7

KSb
Cathode
Coverage

(%)
Pressure
(torr)

PCA 929 
Phototube 
Current 
(//amps)

Test 
50 v

Phototube 
70v lOOv

Curren
150v

t ^an 
200v

ips)
250v

xoo.o % 0.7(10)_Zf 22.2 0.7 --- 1.1 1.4 1.9 2.4
91.3 % 0.6(10)_if 21.9 --- 0.8 0.9 1.4 1.9 2.4
91.3 % 0.6(10)"^ 22.2 — — 1.0 1.5 2.0 2.4
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Cathode
Coverate
{%)

91.3 %
91.3 %
91.3 %

Cathode
Coverage
(56)

91.3 %
91.3 %
91.3 %

Cathode
Coverage(%)
91.3 %
91.3 %
91.3 %

KcSb. 5 4
Pressure
(torr)

RCA 929 
Phototube 
Current 
(y/amps)

Test
50v

Phototube 
70v lOOv

Current (//amps) 
150v 200v 250v

0.5(10)-if 26.0 0.5 0.7 1.5 2.4 3.0 3.6
0.5(io)-if 24-5 0.3 0.5 1.2 2.0 2.7 3.5
0.5(10)_Zt

K3

0.4

Sb

0.5 - 1.2 2.0 2.6 3.5

Pressure
(torr)

RCA 929 
Phototube 
Current 
(^amps)

Test
30v

Phototube 
70v lOOv

Curren
150v

t (//amps) 
200v 230v

0.5(10)_2f 21.9 0.8 --- 1.4 1.8 2.3 3.0
0.5(lo)_Zf 21.9 0.7 --- 1.1 1.6 2.1 2.8
0.5(10)-Zf 21.9

Na2

0.8

KSb

1.4 1.9 2.4 3.1

Pressure
(torr)

RCA 929 
Phototube 
Current 
(^Mamps)

Test 
50 v

Phot 
70 v

otube
lOOv

Current (//amps) 
130v 200v 250v

0.5(10)-Zf 19 .0 1.2 --- 1.8 3.1 5.2 7.0
0.5(10)_2f 17.2 1.0 --- 1.8 2.8 4.6 6.7
0.5(10)-4 16.8 1.0 —— . 1.3 2.4 4.4 6.4
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NaK2Sb

Cathode
Coverage

Pressure
(torr)

RCA 929 
Phototube

Test Phototube Current p/amps)
(%)

0.5(10)“**

Current
(^amps)

30v 70v lOOv 130v 200v 250v

91.3 % 19.0 0.3 1.6 2.2 3.4 3,0
97.0 % 0.5(10)“** 19.0 --- 0.8 1.6 2.6 3.6 5.0
97.0 % 0.5(10)“** 23.6 0.8 1.8 2.7 4.2 6.2

NaSb
No emission detected in five tests.

KSb2
No emission detected in five tests.

NaK2Sb + 30 wt. % Na2KSb

Cathode Pressure RCA 929
Coverage (torr) Phototube

(%) Current
(^amps)

97.0% 0.5(10)“** 17.5
91.3 % 0.5(10)“** 21.1
91.3 % 0.5(10')“**' 21.2

Test Phototube Current Champs) 
50v 70v lOOv 150v 200v 250v

0.6 -- 0.8 1.5 2.4 3.8
0.8 0.9 1.0 1.7 3.1 5.2
0.3 0.6 0.8 1.2 2.1 3.4
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NaK-,Sb + 30 wt. % K^Sb

Cathode
Coverage

(%)
Pressure
(torr)

RCA 929 
Phototut 
Current 
(//amps)

>e
Test
50v

Phototube 
70v lOOv

Current
150v

; £//amps) 
200v 250v

91.3 % 0.6(10)_it 24.7 0.4 0.5 0.6 0.8 1.0 1.3
97.k % 0.if(10)-£f 24.7. 0.4 0.4 0.6 0.8 1.0 1.3
93.8 % 0.6(10)"^ 11.7 

Na2KSb + 50

0.2

wt. '

0.4

% Na*5

0.5

Sb

0.5 0.5 0.7

Cathode
Coverage

(%)
Pressure
(torr)

RCA 929 
Phototube 
Current 
(//amps)

Test 
50 v

Phototube 
70v lOOv

Current
150v

, (̂famps) 
200v 250v

91.3 % 0.5(io)-4 25.6 0.5 0.6 0.8 1.1 1.5 2.8
91.3 % 0.35(10)_if 25.6 0.6 0.6 0.8 1.2 1.5 3.0
91.3 % 0.it(10)-if 29.0 0.5 0.7 0.8 1.1 1.8 3.0

NaK^Sb + 50 wt. 1% K^Sb, 5 .4
Cathode
Coverage

(%)
Pressure
(torr)

RCA 929 
Phototube 
Current 
(//amps)

Test
50v

Phot
70v

otube
lOOv

Current
150v

; £//amps)
20Ov 250v

91.3 % o.moy1* 24.7 --- -— . 0.05 0.10 0 .1 5 0.3
91.3 % 0.5(10)-Zf 29.0 0.05 o.l 0.1 0.15 0.2 0.3
91.3 % 0.4(10)“^ 26.2 0.08 0.1 0.15 0.2 0.25 0.5
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+ 50 wt. % K^Sb

Cathode
Coverage

(%)
Pressure 
(torr)

RCA 929 
Phototube 
Current 
^amps)

Test
50v

Phototube 
70v lOOv

Current (//amps) 
150v 200v 250v

91.3 % 0.5(10)-if 2/f.5 0.05 0.05 0.05 0.10 0.10 0,20
91.3 % 0.5(10)_Zf 26.5 0.05 0.05 0.08 0.10 0.10 0.20
91.3 % 0.Zf(10)_if 26.2 0.05 0.05 0.08 0.10 O.I5 0.30

HaK2Sb + 33 wt. % K.-.Sb + ;? 33 wt. % K^Sb,

Cathode
Coverage
{%)

Pressure
(torr)

RCA 929 
Phototube 
Current 
(^amps)

Test
50v

Phototube 
70v lOOv

Current (^amps) 
150v 200v 250v

91.3 % 0.3(10)-Zf 29.5 0.1 0 .1 0 .1 5 0.2 0.5 0.9
91.3 % 0.5(10)_Zf 29.9 0.1 0 .1 0 .1 5 0.2 O.A 0.7
91.3 % 0.3(10)“^ 29.5 0.1 0 .1 0 .1 5 0.2 0 .3 0.6
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APPENDIX IV

The Calculation of Photosensitivity from Experimental Data
The data received from each test by direct measurement was 

as follows:
(1 ) The current through the test phototube = I (microamps)*
(2) The current through the PCA 929 phototube = I1 (micro

amps)*
(3) The percent coverage of the test phototube = C (%).
(Zf) The vacuum pressure = P (torr),
(5) The anode voltage of the test phototube = V (volts).

(A) From the anode characteristics of the RCA 929 phototube, 
shown in Figure 12, the light flux on the phototube is:

Light Flux = 0.022^- I1 (lumens)
(B) Since the cathode of the RCA 929 phototube cathode is 
semicylindrical,

Cathode Area = Trrl (square meters) 
where r and 1 equal the cathode radius and length, respectively.
(C) The illumination of the cathode is therefore:

86
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Illumination = (lux)

(D) The test photocathode area is also frrl. The covered area, 
therefore, is

Surface Area = (square meters)

(E) The light flux received by the photoemissive surface is 
therefore equal to

Light Flux = 4EE1C x 0 ^ 1 1  = 0-0334,q I1C (luffiens)

(F) The current through the test phototube was I. The photo
sensitivity is therefore

Pbntnc,pric,,  I .. _ 100 I Tir microampsPhotosensitivity - Q<0224 XtC - 0#022Zf 1 lumen
100

As a specific example, consider Test # 2 of pure NaK~5b. 
From Appendix III, the current through the RCA 929 phototube 
was 19.0 microamps at 230 volts. Also, the test phototube 
cathode was 97 percent covered by the evaporated compound.

At 130 volts, the current through the test phototube was 
measured to be 2.6 microamps.

For this particular test, then, at an anode voltage of 
130 volts:

I = 2*6 (microamps)
I* = 19.0 (microamps)
C = 97-0 (%)
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From equation (F), then, the photosensitivity of the test 
phototube is:

Photosensitivity = X o T ^ j  (If i o )  (97.0)
= 6.292 microamps per lumen, 

at an anode voltage of 150 volts, as reported in Appendix V.
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APPENDIX V

Calculated Data 

Na^Sb

Compound Photosensitivity (microamps per lumen)
Test
Number 30 v 70 V 100 v 150 V 200 V 230 v

1 ----- - ----- 0.843 '1.180
2 ----- 0.620 1-034 I .241 1.447
3 -----  ----- 1.330 1.330 1.532

Test
Number

KSb
Compound Photosensitivity (microamps per 
30 v 70 v 100 v 150 v 200 v

lumen) 
230 V

1 1.408 — --- 2.213 2.817 3.823 4.829
2 ----- 1.783 2.008 3-123 4.238 5.354
3 2.204 3.306 4.408 5.289

89
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Kc-Sb.7f.
Compound Photosensitivity (microamps per lumen)

Test
Number 30 v 70 v 100 v 150 v 200 v 230 v

1 0.939 1.313 2.818 4.309 3.636 6.763
2 0.599 0.998 2.394 3.990 5.387 6.983
3 0-698 0.998 2.394 3.990 5.187 6.983

KzSb

Compound Photosensitivity (microarnps per lumen)
Test
Number 50 v 70 v 100 v 150 v 200 v 250 v

1 1.785    3.123 4.015 5.131 6.692
2 1.562 -  2.454 3.569 4.685 6.246
3 1.785 ~  3.123 4.238 5.354 6.915

Na2KSb

Compound Photosensitivity (microamps per lumen)
Test
Number 50 v 70 v 100 v 150 v 200 v 250 v

1 3 .0 8 5  —  4.628 7.970 13.370 17.998
2 2.838 — —  5.108 7.945 13.053 19.012

3 2.913   3.787 6.991 12.817 18.643
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NaK2 Sb

Test
Number

Compound Photosensitivi 
30 v 70 v 100 v

ty (microamps per 
150 v 200 v

lumen) 
250 V

1 1*286 4 .114 5.656 8.742 12.856
2 1.936 3.872 6.292 8.712 12.100
3 1.559

NaKpSb

3.508 

+ 50 wt.

5.262 

% Na-KSb

8.185 12.083

Test
Number

Compound Photosensitivity (microamps per 
30 v 70 v 100 v 130 v 200 v

lumen) 
250 V

1 1.578 2.104 3.945 6.312 9.974
2 1 .852 2 .08/+ 2.316 3.937 7.178 12.041
3 0 .691 1.384

NaKpSb

1.845 

+ 50 wt.

2.767 

% K,Sb

4.842 7.840

Test
Number

Compound Photosensitivity (microamps per lumen' 
50 v 70 v 100 v 150 v 200 v 250 v

1 0.693 0.990 1.188 1.585 1.981 2.575
2 0.650 0.743 1.021 1 .485 I .856 2.414
3 0.814 1.628 2 .0 34 2.034 2.034 2.848
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Na2KSb + 50 wt. % Na^Sb 5

Test
Number

Cathode Photosensitivity (microamps per 
30 v 70 v 100 v 130 v 200 v

lumen) 
250 V

1 0.954 1.145 1.527 2.079 2.862 5.343
2 1.145 1.145 1.527 2.290 2.862 5.724
3 0.842 1.180

NaK2Sb

1.348 

+ 50 wt.

1.854

% Kc-Sb,5 4

3.033 5.055

Test
Number

Cathode Photosensitivity (microamps per 
50 v 70 v 100 v 150 v 200 v

lumen) 
250 V

1 ----- 0.099 0.198 0.297 0.594
2 0.084 0.169 0.169 0.253 0.337 0.506
3 0.148 0.187

KcSb, 5 4

0.279

+ 50 wt.

0.373

% K-zSb 
j

0.466 0.933

Test
Number

Cathode Photosensitivity (microamps per 
50 v 70 v 100 v 150 v 200 v

lumen) 
250 V

1 0.099 0.099 0.099 0.197 0.197 0.399
2 0.092 0.092 0.147 0.184 0.184 0.369
3 0.093 0.093 0.149 0.187 0.279 0.560



*T 1133 93

NaKgSb + 33 wt. % K^Sb + 33 wt, %
Cathode Photosensitivity (microamps per lumen)

Test
Number 50 V 70 V 100 v 130 V 200 v 230 V
1 0.166 0.166 0.248 0.331 0.828 1.491
2 0.163 0 .163 0.245 0.327 0.654 1.144
3 0.166 0 .166 0.2 ̂ 8 0.331 0.497 0.994



T 1138

LITERATURE CITED

1. Richards, J. A,, Sears, F. W., Wehr, M. R., and Zemansky,
M. W., Modern University Physics: Reading, Mass.,
Addison-Wesley, 993 P* (I960).

2. Shortley, G. and Williams, D., Elements of Physics: 
Englewood Cliffs, N. J., Prentice-Hall, 928 p. (1961).

3. Zworykin, V. K. and Ramberg, E. G., Photoelectricity
and its Application: John Wiley and Sons, New York,
New York. (19^9)•

4. Hughes, A. L. and DuBridge, Photoelectric’ Phenomena: 
McGraw-Hill, New York, New York. (1932).

3. Sommer, A. H., Semiconducting photoemitters: Opt. Acta.,
v. 7, no. 2, p. 121-127. (I960).

6. Goerlich, P., Z. Phys., v. 101, p. 333. (1936).
7. Sommer, A. H., Photoelectric alloys of alkali metals:

Pr.c Phys. Soc., v. 55» p. 1^5* (1943).
8. Jack, K. H. and Wachtel, M. M., The characterization

and crystal structure of caesium antimonide, a photo- 
electric surface material: Proc. Roy. Soc., v. A239,
p. Zf6-60-. (1957).

9 k



1T 1138 95

9. Sommer, A. H., New■photoemissive cathodes of high sensi
tivity: Rev. Scient. Instr., v. 26, p. 725* (1955)*

10. Sommer, A. H., Photoelectric cathode: U.S. 2.770.561,
Nov. 13, 1956.

11. Sommer, A. H., A new alkali antimonide photoemitter 
with high sensitivity to visible light: Appl. Phys.
Letters, v. 3, p. 62-63. (1963).

12. Scheer, J. J. and Zalm, P., Crystal structure of sodium- 
potassium antimonide (Na^KSb), Phillips Research Repts., 
v. 14, P. 143. (1959).

13. McCarroll, W. H., Phases in the photoelectric sodium- 
potassium-antimony system: J. Phys. Chem. Solids, v.
16, p. 30-36. (I960).

14. Villachica, C. A., Solid state phase relationships in 
the sodium-potassium-antimony ternary system: Colorado 
School of Mines - Thesis T-1081. (1966).

15. Spicer, W. E., Photoemissive, photoconductive and optical 
absorption studies of alkali-antimony compounds: Phys. 
Rev., v. 112, p. 114. (1948).

16. Kiver, M. S., Television Simplified: D. Van Nostrand, 
Princeton, N. J., 637 p. (1962).

17. Radio Corporation of America, Standardizing notice 
3-1K-5820A, Lancaster, ?a., May l'2, 1961. -



* T 1138 96

18. Herold, P. G., Personal communications.
19• National Research Corporation, Installation and operating 

instructions for vacuum furnace type 2904 B, Form 2904 B, 
Newton 61, Mass. (1955)•

20. Radio Corporation of America, Phototubes and photocells-; 
Technical Manual PT-60, Lancaster, Pa. (1963).

21. Chemical Rubber Company, Handbook of chemistry and 
physics: 46th ed., p. E-63.


