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ABSTRACT

The objective of this work was to gain a better understanding of
the parameters determining the photoelectric sensitivity of multi-
alkali photocathodes. An improved understanding should lead to
practical improvem nts, in particular greater reproducibility of
the activation process, greater uniformity over the cathode area,
higher quantum ef ficiency, longer threshold wavelengtt, etc. The
studies to be reported cover three approaches. First, an attempt
was made to eliminate the effect of contaminating gases set free
during the release of al ali fmetalbs in the later stages of the
activation Drocess. Second, the effect of systematic modifications
of the cathode activation procedure, such as seque1e of the
processing stages, thickness of the Sb base layer, superficial
oxidation, etc., were investigated. Third, a molecular beam
technique was developed for Cs which made it possible to study
the effect on the photocathode of the extresuly small quantities
of C which correspond to a fraction Of a monatomic layer.
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INTRODUCTION

The basic aim of the experimental work carried out under this
Contract was to study and, if possible, overcome the causes of
non-uniformity of individual mnulti-aikali photocathodes and of the
non-reproducible sensitivity of cathodes made by conventional
activation processes. in the course of the work, two approaches
to the stated objective seemed to hold out the greatest promise and
complemented each other.

One approach consisted of systematic modifications of the con-
ventional activation process of multi-alkali cathodes. Since the
cathode contains four chemical elements and has to be made by a
processing schedule consisting of many separate steps, it is
reasonable to expect that the optimum schedule has not yet been
discovered. Moreover, the modifications should yield useful
innformation as to the relative importance of the Successive steps
and their sequence.

The second approach was of an analytical nature. Attempts were
made to correlate photoelectric characteristics with the absolute
and relative amounts of the three alkali metals contained in the
cathode. As will be shown, the most promising technique for this
aspect of the work has turned out to be the molecular beam method,
supplemented by more conventional chemical analysis.

The main part of this report will be subdivided into three sections
Section I will summarize the problems associated with the fabrication
of multi-alkali photocathodes. Section Ii will describe the results
of modified activation procedures. Section I will deal with the
molecular beam experiments.

Manuscript released by the authors May 22 1962, for publication
as an ASD Technical ? cum#nnt'r, A.-port.
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i PROBLEMS OF MULTImALKALI ACTIVATION

The following discussion will be confined to semitransparent cathodes,
i. e., to cathodes which are illuminated from the substrate interface
as distinct from cathodes where the light is incident from the vacuum
interface. This type of cathode, because of its greater optical and
electronaoptical efficiency, is required for most tubes of technical
importance, such as multipliers, image tubes, etc. For semi-
transparent cathodes, the thickness is very critical because light is
lost by transmission if the cathode film is too thin and photoelectrons
are lost if the film is so thick that an appreciable number of electrons
is produced at distances from the vacuum interface greater than the
escape depth.

The special problems associated with the processing of multialkai
cathodes are best understood by comparing this cathode with the simpler
cesium-antimony (Cs 3 Sb) cathode. The Cs 3 Sb cathode is made essentially
in two steps. First, a thin Sb layer is deposited by evaporation. The
optimum thickness of the Sb film is obtained by monitoring the light
transmission of the film and discontinuing evaporation at a value (around
85%) known from past experience (see, for instance, Ref. 1) to produce
cathodes of highest sensitivity. In the second step, the Sb film is exposed
to Cs vapor at a temperature of approximately 150°C at whith reaction
takes place immediately. During the reaction, the photoemission
increases and goes through a peak when the composition corresponds
to the stoichiometric formula Cs 3 Sb (Ref. 2). Any Cs introduced in
excess over this ratio is not chemically bound (Ref. 2) and is rapidly
removed by baking. The two essential points hre are, first, that the

amount of Sb in the final cathode can be exactly predetermined (at least
within the accuracy with which the relation between thickness and light
transmission is valid) and, second, that the amount of Cs introduced is
not critical because an excess over the optimum amount can easily be
removed. Thus it -s apparent why it is relatively simple to make

Cs 3 Sb cathodes iri large numbers and with reasonably uniform photo-
emissive properties.

In contrast to the Cs 3Sb cathode, the most successful process at present
available for the activation of the multi-alkali cathode does not allow
the use of a predetermined amount of antimony nor does it provide a
simple method of adjusting the content of alkali metal to an optimumamount. To explain these differences, it is necessary to describe
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briefly the processing of a multi-alkali cathode.

it is known (Rief. 3 ) that the composition of the material of highest
sensitivity corresponds to the formula Na2 KSb C where [C@indicates a surface treatment with C s, the amount of Cs being

uninown but small compared with that of the two other alkali metals,
The present method of obtaining this complex material comprises
the following steps

(1) As in the case of the Cs 3 Sb cathode, antimony is
evaporated to a predetermined light transmission of
approximately 8:5%. For this measureftmt a 2870°K
tungsten lamp is used as light source and a Weston
illuminator meter model 756 as detector.

(2) The Sb film is exposed to K at a temperature of
approximately 1600C to form the compound K3 Sb,
as indicated by a peak in photoemission, The photo-
emission is monitored throughout the process in the white
light from a tungsten lamp (approx. 287 0 OK,)

(3) This compound is exposed to Na vapor at a to rnperature
of approximately 220 0 C. At this temperature, K3 Sb
decomposes and the K is gradually replaced by Na. This
process is continued until the decrease in photoemission
indicates that the ratio of Na to K exceeds the value 2:1.

(4) The compound Na42 K4 Sb is exposed at 160 0 C to alternating
additions of K and Sb until a peak in photoem'ssion indicates
that the ratio Na K 2:1 is reached, corresponding to the
formula Na KSb.

(5) Finally, this two-alkali photocathode is exposed to Cs vapor
at approximately 160 0 C to obtain the high red response typical
of the three-alkali cathode. In some cases, further addition
of Sb is also required to achieve peak senitivity. The addition

of Cs is discontinued when peak photoemission is reached.

From the above schedule, it is evident why the amount of Sb in the final
cathode cannot be predetermined, Although the initial amount of
evaporated Sb is reproducible, the additional amounts required during steps
(4) and (5) vary from cathode to cathode, depending on the degree of deviation
from the 2:1 ratio at the end of step (3).

From the details of the schedule, it is also apparent that the correct
ratio of Na to K has to be obtained by a slow and cumbersome method
very much in contrast to the simple and almost automatic way in which
the right amount of Cs is incorporated into the Cs 3 Sb cathode. This
difficulty of adjusting the Na: K ratio is the major obstacle to fabricating
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multi-alkali cathodes in quick succession or simultaneously as
would be required for large scale production. An additional
complication is the final Cs activation which, as pointed out above,
may require further evaporation of Sb and, in general, is still the
least understood phase of the process.

Another source of irreproducible photosensitivity which can be
eliminated more easily in Cs 3 Sb cathodes than in multi~alkali cathodes
should: be mentioned. It is custom ary to produce the alkali metals
within the tube by a chemical reaction between an alkali metal sale
and a reducing agent (see, for instance, Ref, 4). Even with thorough
preliminary outgassing, it is unavoidable that during this chemical
reaction some gas be released which may affect the sensitivity of
the photocathode. in Cs 3 Sb cathodes, this contamination can be
avoided by releasing the Cs metal before the Sb film is deposited.
In multi-alkali cathodes, the alkali metals are produced one by one
in the course of the procesS; especially during the release of Cs in
step (5) the presence of contaminating gas is often indicated by an
initial drop in sensitivity, accompanied by a transient rise in
pressure.

After the above description of the most serious problenus associated
with the multi-alkali process, it may be appropriate to formulate
below some of the questions that may be answered by experimental
studies of the kind reported in Sections H and MI.

(1) Is it possible to release all three alkali metals before
the Sb deposition to avoid gas contamination?

(2) Can an activation process be devised in which the "right"
amount of Na and K is introduced without the need for
later readjustment of the ratio?

(3) How critical is the Na:K ratio? This is perhaps the most
important question. To illustrate by an arbitrary example:
if high sensitivity requires that the Na to K ratio of 2:1 be
accurate within * 5%, the chances are good that a procedure
may be developed whereby predetermined amounts of Na
and K are introduced. If - as may well be possible - a
deviation from stoichiometry by 1% or even . 1% is detri-
mental, it may be difficult to improve on the present method
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involving steps (2), (3), and (4).

(4) Is there an optimum amount of Cs and, if so, how great
is it? (For example, does it correspond to one monatomic
layer, to several monatomic layers, or to a fraction of
one monatommic layer?)

(5) if, as observations indicate, the Optimum amount of Cs
varies from cathode to cathode, what determines this
optimum amount? Is there one particular step in the
previous history of the cathode which is important?

(6) What is the effect of superficial oxidation on the photo-
electric properties?

These are the main questions considered in the following sections,
However, the list is by no means complete and many other characteristics
deserve further study; for instance, what determines the long wavelength
threshold and, can it be extended into the infrared? How is the photo-
electric sensitivity related to the crystal structure? What is the effect
of varying the temperature durinig one or more of the processing steps?
What is the relationship between the photoelectric response and the dark
resistance of the cathode material?

II. ACTIVATION PROCESS EXPERIMENTS

A. Tlube Design

Since each activation experiment requires a separate tube,
significant results can be obtained within a reasonable time
only by using the simplest possible tube design. Therefore al
the experiments described in this section were made with
diodes of the type shown diagrammatically in Fig. 1. Sb
is evaporated from a bead in the center of the spherical glass
envelope onto approximately one-half of the bulb area. The
thickness of the layer is monitored in the usual way by
measuring the light transmission during the evaporation. Two
Pt strips are sealed into the glass to make contact to the
cathode and to permit resistance measurements across the
cathode filas. The central evaporator is used as the anode
by maintaining it at about 100 volts above cathode potential.
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Since very thin cathode films are often so resistive
that photoemission measurements are difficult to make,
a conducting substrate was provided in some tubes by
evaporating tungsten from a helix made of 0. 005" W
wire and mounted close to the Sb bead in the center of
the tube, It was found that in this way a sufficiently
conducting substrate for the cathode Could be produced
with a light loss of only about i0%,

B. Attempts to Produce Clean Alkali Metals

Two approaches were tried to eliminate the contanination
of photocathodes by gas evolved during the release of
alkali metals. The first consisted of inodifying the method
of producing the alkali metal in such a way that less or no
gas is released during the chemical. reaction, The second
was to explore a procedure whereby all the gas is released
before the cathode has reached the stage where it is readily
contaminated. The results obtained are described below.

a, New Cesium Generators

The conventional Cs generator consists of a narrow
(about 1 mm diameter) nickel cylinder filled with a
mixture of cesium chromate and silicon powder. With
the object of obtaining a generator which may contain
less gas and is less likely to be affected by water vapor,
tests were made on generators composed of thin nickel
strips carrying evaporated coatings of cesium chromate
and aluminum, the latter to serve as the reducing agent.
Contrary to expectation, these generators were quite
gassy. In the next experiment, the generators were

therefore baked in air prior to incorporation in the tube,
but the gas release on flashing was still excessive.
Further investigations would be required to find and
eliminate the origin of this unexpected gas content.

b. Pre-flashing of Alkali Metal Generators

To eliminate the effect of gas release durir. later stagey
of the process, three tubes of the type shown in Fig. 1
were made in which the chaels were heated to the

reaction temperature before the evaporation of Sb, so
that small amounts of all three alkali metals were
released. The tubes were then heated to 300C to
remove all the free alkali metal and activated by the



standard process. As a result of this preliminary
treatment, the release of alkali metal during the
later stages of the process was not accompanied by
degassing and contamination of the surfaces; how-
ever, none of the tubes had the high final sensitivity
of a typical multi-alkali cathode.

In case these results were due to alkali metal
remaining in the tube after the bake, one tube was
made in which it was attempted to remove the pre-
flashed alkali metals by oxidation. After evaporation
of Sb and the subsequent processing with Na and K,
the cathode had high red response which could only
be understood by assuming that metallic Cs was
still present in the tube after oxidation. A possible
explanation may be that the pre-released Cs reacted
with the Sb bead and was thus not completely oxidized.
During evaporation of the Sb, it may then have
reappeared through the decomposition of the Ca. Sb
compound.

Since the experiments just described indicated that
more radical measures have to be taken to ensure
complete elimination of free alkali metal after pre-
flash, a tube was made in which the bake at 300C
was supplemented by heating of the Sb bead to remove,
by decomposition, any alkali metal that might have
reacted with the bead; moreover, oxygen was intro-
duced into the tube after cooling to ensure that no
alkali metal remain in the elementary form. Even so,
the tubes showed abnormal features during the sub-
sequent standard multi-alkali process: (1) red response
was obtained inamediately after tie formation of K3 Sb
whereas it usually only appears after addition of Na
and Cs; (2) the cathode die not show the typical K3 Sb
color (purplish in transmitted light); and (3) addition
of Na and Cs did not increase the sensitivity in the
usual way.

The most likely explanation seemed to be that despite
all the precautions taken to remove free alkali metal,
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enough Cs was retained, possibly in the glass walls,
to interfere with the activation process and to cause
the red response in an earlier stage, As a simple
control experiment, a tube was therefore made in
which only K and Na were preflashed and removed
by baking and oxidizing as described above, With
this tube, a completely standard activation process
was successful so that one is forced to the conclusion
that residual Cs was, in fact, present in the earlier
experiments. The most interesting aspect of these
results is that the activation process should be so
unfavorably affected by the presence of minute
amounts of Cs in the early stages,

The harmful effect of the residual alkali metal,
together with the difficulties encountered in removing
it, make it likely that the preflash method is not of
immediate practical value, although it accomplishes
the original objective of eliminating gas release during
the process. Therefore this approach was not pursued,
but it should be emphasized that the effect of residual
traces of alkali metal on the cathode sensitivity is in
itself an interesting and unexpected phenomenon which
may deserve further Study.

C. Effect of Oxgnon Multi-Alkali Cathodes

Earlier experiments (Ref. 3) have indicat ed that the multi-
alkali cathode is the only photocathode of high quantum
efficiency which does not benefit from superficial oxidation.
Three experimental tubes were made to come to a final
conclusion as to the effect of oxygen.

In the first tube, a normal multi-alkali cathode was gradually
oxidized while the sensitivity to white light as well as to red
and blue light (Corning filters 2408 and 5113) was monitored.
The following readings were obtained.

8a/l with red filter with blue filter

Before oxidation: 100 26 6.0

1 st oxidation 54 8 3, 6

2nd oxidation: 4 1 0.6

8-



There was no rise i the sensitivity at any time. It is
interesting to see that on first exposure the red. responsle
appears to drop more than the blue response, indicating
an increase in the surface barrier (electron affinity).
This is surprising because it is directly opposite to the
effect on the Cs 3 Sb cathode (Ref. 2) and also on the
Ag-O-Cs (Ref. 5) and the Bi-Ag-O-Cs (Ref. 6) cathodes
where superficial oxidation causes at increase in red
response and threshold wavelength which is usually
attributed to a reduction in electron affinity.

In a second tube, the possibility was investigated that
introduction of oxygen at an earlier stage in the activation
process may be beneficial. Therefore the Na 2 KSb cathode
was exposed to oxygen before the introduction of Cs. Again,
the sensitivity dropped at once and the red response, which
was very low to begin with, disappeared completely. The
final Cs activation produced, normal three-alkali color
response but low over-all sensitivity; in other words, the
intermediate oxidation had definitely no beneficial and
possibly a detrimental effect,

Finally, in a third tube a control experiment was made by
superimposing a Cs 3 Sb cathode onto a multi-alkali cathode
and then exposing the surface to oxygen. To eliminate the
effect of the increasing thickness of the cathode film on the
sensitivity, all measurements were made with the light
incident on the vacuum interface. The results are summarized
below:

Mal/ with red filter with blue filter

Na 2 K(Cs)Sb cathode: 94 10 10

After addition of Cs 3 Sb" 32 3 4

1st oxidation: 34 ?

2nd oxidation: 30 6 3

3rd oxidation 11 1.6 1.2
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These readings can be interpreted as follows: During the addition
of Cs 3 Sb, the cathode loses sensitivity in accordance with the
general experience that Cs 3 Sb cathodes are inferior to multi-
alkali cathodes, The aed response is still higher than that of a
standard Cs 3Sb cathode for one or both of two reasons; either
the Cs 3Sb cathode is not thick enough or a diffusion takes place
so that the materials are intermingled near the surface. The
effect of oxygen is typical for a Cs 3 Sb cathode (though less
pronounced) in that the total sensitivity drops after a slight initial
increase while the red response continues to rise beyond the
point where the blue response starts to decrease. This means
that there was enough Cs 3 Sb material in the surface to change
the detrimental effect of oxygen on red response in the Na2K(Cs)Sb
cathode to the beneficial effect typical for Cs 3 Sb, It is worth
mentioning that this finding explains a statement in an earlier
Russian publication (Ref. 7) that oxidation of multi-alkali cathodes
is only beneficial for low- sensitivity cathodes. One may assume
that these cathodes had low sensitivity because they contained so
much Cs that considerable amounts of Cs 3 Sb were formed.

D. Activatin p rocess with Predetermined Amounts of Antimony

As was pointed out in Section I, the amount of Sb in cathodes
activated in accordance with the described schedule varies,
dependent on the amount of K required (during step 4) to compen-

sate for the excess Na. In addition, this replacement process is
likely to cause some of the non-uniformity over the area of the
cathode often found in multi-alkali cathodes. In principle, it
should be possible to eliminate this inherent cause of irreproduci-
bility by a process in which as a first step the compound Na2Sb is
produced. In a second step, Na 3 Sb could then be converted into
Na2KSb by alternating addition of K and Sb. Thus a well defined
thickness of Sb could be obtained by carrying out the Na reaction
with two-thirds of the amount of Sb required in the final cathode.

A series of seven experimeittal diodes were processed to study
the feasibility of this suggestion. One of the expected difficulties

was the high resistivity of the initial layer because the amount of
evaporated Sb has to be reduced to two-thirds of the amount used
in the conventional process. For this reason, three of the diodes
were provided with transparent tungsten substrates as described in
Il-A1



Sb layers of different thicknesses (corresponding to values of
light transmission between 7.0% and 95%) were evaporated and
then saturated with Na to form Na 3.Sb This was followed by
alternately adding K and Sb to form Na 2 KSb and by the final
activation with Cs. The results led to the following conclusions,
First, cathodes made by this process seemed to show the expected
greater degree of uniformity. Second, the sensitivity of the Na 2KSb
film was of the same order as that obtained by the standard activation
process, i.e., in the range of 30 to 40 W/1. Third, the final step
of adding Cs and Sb produced in all tubes much lower sensitivity
than that obtained by the standard process, particularly at longer
wavelengths. However, normal sensitivity could be obtained by
repeating the whole activation cycle, that is, by introducing more
Na and then compensating for the excess Na with K. if this re-
processing Should prove unavoidable, the advantages of the process
are, of course, eliminated. At present there is no reasonable
explanation as to why the effect of Cs On Na 2KSb cathodes of similar
sensitivity should depend on the method by which the Na 2 KSb com-
pound has been made. An answer to this puzzle will probably have
to await a better understanding of the mechanism by which the Cs
reduces the surface barrier. Qualitatively, one may speculate that
the particle size of the Na 2KSb crystals varies with the method by
which they are formed and that the particle Size affects the binding
forces exerted on the Cs atoms,

E. Modification of the Cesium Process

Experiments were made to introduce Cs after the formation of
K3 Sb and before the formation of Na 2 KSb. The main purpose of

these experiments was to gain a better understanding of the Cs
activationi but it was also expected that the earlier use of Cs
would reduce the detrimental effect of released gas which seems to
be more harmful if it occurs in the final stages of the process..

A total of five diodes were Processed with early introduction of Cs.
In all cases the introduction of Cs was stopped when the photoemissionhad reached a peak. The results are summarized below.

(U No difficulty was experienced in obtaining sensitivities
in the range of 150&a/!; compared with the standard
process, the cathodes seemed to be more uniform
(possibly due to the reduced gas contamination) and
to have a higher blue-to-red ratio in spectral response.
On the other hand, none of the cathodes reached the
200La/1 range which is frequently obtained with
standard multi-alkali cathodes. All these differences

are marginal and, considering the small number of



tubes, may not be significant. The essential
point is that typical muitimalkali sensitivity can
be obtained by this process.

(2) A single exposure of K3Sb to CS was sufficient to
produce multi-alkali response in the final cathode.
Alternating the addition of Cs and Sb, as is often
required in step (5) of the standard process, did
not cause either an increase or a decrease in sen-
sitivity; however, a final Cs treatment after the
formation of Na 2 KSb proved actually detrimental,
These findings were quite unexpected. it is usually
assumed that the role of the Cs is to form a surface
film which lowers the barrier for the escaping electrons.
If this assumptioin is correct, the experiments would
indicate that after the addition of Na, K, and Sb, the
"right" amount of Cs diffuses to the surface even
though the total amount of Cs in the cathode may vary.
Moreover, it seems likely that the amount of Cs bound
by K3 Sb is smaller than that introduced during the
standard process in step (5); this makes the profound
effect on the final Sensitivity even more surprising.
Finally, the successful introduction of Cs in the earlier
stage is in strange contrast to the detrimental effect
of Cs in the pre-flash experiments reported in Il-B.
All the experimental results emphasize again how
much has still to be learned about the nature of the Cs
activation.

(3) In one tube, the possibility was explored that in this
modified process without final Cs activation, superficial
oxidation may be beneficial, although it has proved
invariably detrimental in standard three-alikali cathodes
(seeII-C). The effect of oxygen turned out to be the
sam-e as on standard cathodes, i. e. , the red response
dropped at once sharply.

III. MOLECULAR BEAM EXPERIMENTS

A. Introduction

On the basis of past work on the alkali antimonides in general and the
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multi-alkali cathode in particular, it seems to be established that
the cathode consists essentially of the stoichiometric compound
Na2 KSb whose electron affinity has been reduced by a surface layer
containing Cs. The sensitivity values obtained prior to the Cs treat-
ment are reasonably consistent, indicating that the present process of
obtaining the correct ratio of Na: K (2: 1), though cumbersone, is
Satisfactory at least to within the required limits,

By contrast, it is evident both from the experiments reported in
Section I- and from general experience that our understanding of the
role of C s and hence of the optimum Cs activation is still very unsatis-
factory. As a result, the final sensitivity values of three-alkali cathodes
still Show a wide Spread; while sensitivities as high as 250 Pa/i are
occasionally obtained, it is not uncommon to find c-thodes which barely
reach 100 pa/1 under apparently similar processing conditions. It
seems that two specific questions require an answer before consistent
progress in the manufacture of cathodes can be expected. First,
the absolute amount of Cs required for optimum sensitivity should be
established as well as approximate limits within which this value
can be varied without seriously affecting the sensitivity. Second, it
would be desirable to find out in which form the Cs is bound in the
material; among the many possib ilities, a few may be mentioned
The Cs may be present in the form of a monomolecular layer of Cs3b
or of small Cs3 Sb particles dispersed in the Na 2 KSb compound; it
may also form new compounds in the surface such as NaKCSSb or
other combinations of the three alkali metals with Sb. The spread in
Sensitivity values may be due to changes in the absolute amount of
Cs and/or in the form in which it is incorporated.

The absolute amounts of Na and K in the cathode have been established
with reasonable accuracy by chemical analysis (flame spectrophoLometry)
and with greater accuracy by X-ray studies (Ref. 8). These methods
are satisfactory for the amounts involved (between 10 and 1, 000 jig)
but not for the much smaller amo.unts of Cs contained in the cathodes.
The X-ray method is not sensitive enough and the chemical method is
excluded because it can not distinguish the Cs in the cathode film from
Cs bound by the glass or other parts of the tube which may represent

much larger amounts. The usge of radioactive Cs was considered, but
apart from the large amount of time required to perfect the technology
for this approach, it may again give false answers because of the Cs
atoms bound by tube parts. It was finally decided that the most promising
method for a quantitative determination of Cs would be the use of the
atomic beam method.
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The basic idea of this technique, as applied to the problem of Cs
activation, is as follows: An evaporated layer of Sb of accurat ely
known thickness (expressed in atoms per cm 2 ) is processed in the

conventional way to produce a Na 2 KSb photocathode. This cathode
is then exposed to a beam of Cs atoms of accurately controlled
intensity; by suitable choice of the parameters, it is possible to re-
duce the number of Cs atoms incident on the cathode to extremely
small values. For instance, the number corresponding to a mona
tomic layer can be deposited over a period of minutes. Quantities

of this order of magnitude could hardly be determined accurately
by any other method.

The method of using calibrated Cs-beams for surface treatment in
electron emission studies was developed at RCA laboratories by
R. E. Simon (Ref. 9). The availability of the technique and the
necessary equipment stimulated the decision to use beam techniques
for photocathode problems. Originally, it was planned to use the
beam method in three successive steps as follows:

(U) The beam calibration was to be checked by activating
an Sb film of kIown thickness with a Cs beam to form
CS3 Sb, Since the composition of this material is well

established, the required amount of Cs is known in
advance and should agree with the amount calculated from
the beam parameters.

(2) The beam should then be used to add Cs to an activated
Na2 KSb cathode to determine the optimum Cs content
of the three-alkali cathode under different conditions.

(3) If the method proved successful with Cs, it was also
planned to apply it to Na and K to find an answer to a
question raised in Section I, i. e., to what degree small
deviations from the Na: K ratio of 2:1 affect the photo-
sensitivity.

As will be seen below, many unexpected difficulties slowed down the
progress with the beam experiments so that only the first two problems
could be tackled. The resuits are still of a preliminary nature; on
the other hand, they have produced some interesting new information
which is of general interest. In subsection B, the experimental
arrangements and the calculations required for beam calibration will
be described. The results of the experiments will be reported in
subsection C.
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B. The Cesium Beam Teehnique

a. General Considerations Concernng Atomi -gBeams

According to the kinetic theory of gases, (Ref. 10) in a closed
chamber under equilibrium conditions, the number of atoms
striking a unit area can be caluclated from the formula

N t 5. 83. - 2 • A- ..... atoms/cm,2 /second (1)(MT) /

in this equation, p vapor pressure of the material at
temperature T in mm Hg

A = Avogadro's number - 6 . 1023
M atomic weight
T temperature of the material inOK

it the chamber is provided with an aperture of area a, which is small
enough so that the equilibrium in the chnamber is not appreciably
changed, those atoms which normally strike area a will be emitted.
An atomic beam can be formed by interposing a defining aperture to
intercept all atoms except those directed toward the substrate. All
atoms are intercepted except those in a small cone, the axis of
which lies on the line perpendicular to and passing through the center
of the small aperture. Since it has been shown that for a thin
aperture as used here, the atoms are emitted froom the small aperture
in a cosine distribution, the beam intensity at a point r cms distant
from the small aperture can be calculated from the formula (Ref. 11)

N = 5.83 e 10 -1/2A- . a/or 2 atons/cm /second (2)
(MT)1/

It should be emphasized that Eq. (2) gives a value for the number of
atoms incident on the substrate; it obviously gives no, information as
to the number of atoms which are permanently adsorbed.

With a tube of given design, all the parameters are constant except
for T and therefore p. The vapor pressure p can be calculated (Ref. 12)
from the equation

log p -! 1. 0531 - 1.35 log T ... (3)

or - more conveniently - it can be derived from published curves.
(Ref. 13)
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in the case of Cs, the value for N calculated from Eq. (2) can be
checked by two methods. The first (Ref. 14) depends on the fact
that if a tungsten filament exposed to the Cs beam is hotter than
1200oK, all Cs atoms incident on the filament are evaporated as
positive ions which can be collected by an electrode held at a
negative potential relative to the filament. The collected current
will be

it N. e f amps (4)

in this equation, N = number of atoms/ cm 2 /second (as in Eq. 1)
e electronic charge - 1.6 • 10-19
f = area of filament exposed to beam in cm 2

The second method of checking the value of N obtained frorn Eq. (2)
is based on the observation (Ref. 15) that the work function of tungsten
as a function of Cs coverage is lowest, and hence its photoemission
highest, when-the surface contains one Cs atom for every four W atoms.
Assuing 1015 W atoms per cm 2 , one obtains the equation

1015 1 5

where t is the time (inseconds) required for the photoemission to

reach a maximum.

Some comments may be in order concerning the sources of error in
measuring the parameters used in Eqs. 1, 2,4, and 5. The main
problem in the use of all four equations is probably the accurate
determination of the temperature of the Cs reservoir and the need to
keep this temperature constant within narrow Uints. When Eq. (4)
is used, experimental difficulties may also arise in measuring the
area of the tungsten flament accurately. An uncertainty in Eq. (5)
resides in the assumption that the surface contains 1015 W atoms

per cm 2 . It is known that this number varies with the crystal face
of the tungsten surface and is therefore not known in most practical
cases.

For easier reference, this may be an appropriate place to record some
equations used for the conversion of various parameters whicn occur
frequently in connection with thin film deposition.
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if a bead of weight w (in mifligraw) is evaporated from a
distance r (in cm), the weight u deposited per unit area, assuming
uniform evaporation over the sphere with radius r, is

u w 103 microgram (ag)/cm 2  (6)

if the density s of the deposited material is assumed to be the same
as that of the bulk material, the thickness T of the deposit is

T-- L_ 10 6 cm -. L * 102 angst roms (7)s "

or
T w * stroms (a)

The number n of atoms deposited per unit area is

u i .A. - 106 (8)
M

where A is Avogadro's number - 6 • 1023 and M is the atomic weight.

The thickness of a monatomic film tm can be calculated from

tm cm 1.6. 1024 cm fl 6 1 angstroms(9)

b. Tube Deigns for Cs Beam_ Exerimet

The final design of the tube used for the beam experiments is shown
diagrammatically in Fig. 2. A known amount of Sb is evaporated
from a retractable evaporator onto the flat window of the tube which
is provided wPh a cathode cdntact, During this operation, the shutter
in front of the defining apertures is closed. Throughout the experient
the one-inch diamleter section of the tube is cooled with liquid nitrogen

to make sure that Cs can reach the window only in the form of an atomic
beam originating from the Cs reservoir and controlled by the tem perature
of this reservoir and the size of the gun aperture,

In all tubes, the values for the geometric parameters of Eq. (2) were
approximat ely the same, viz., the aperture had a diameter of 0.06 cm
and the distance from the aperture to the window was 19 to 20 cm. By
using these values, together with the numerical values of a and M, one
can plot N as a function of T as shown in Fig. 3.
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Ci Experimental Results

a. Introductory Re-marks

A total of ten beam tubes were made which have been described in
detail in the quarterly reports under this Contract. Since the early
results were often cotfusing and contradictory, it is proposed to
deal below separately with the different aspects of the experiments
rather than with the individual tubes in chronological sequence. The
results will be reported under the following subheadings: calibration
of Cs beam with tungsten filament; problems of antimony evaporation;
processing of Cs 3 Sb cathodes with Cs beam; processing of Na 2KSb
cathodes with Cs beam; and processing of CS3 Sb cathodes in an

enclosed chamber without any apertures.

b. Calibration of Cs Beam

The calibration of the Cs beam by the two methods described under
IIIA was perforned in several tubesi in the early tubes, consider-
able di screpancies were found but it is believed that these were
mainly attributable to inaccuracies in measuring the temperature
of the Cs reservoir and to temperature fluctuations. The required
accuracy of temperature determination and constancy is quite for-
midable because the steep rise of vapor pressure with temperature
has the effect that N increases almost twofold for a ten degree rise
in temperature (see Fig. 3).

In later tubes, the values of N obtained from calibration with the
W filament agreed within + 40% with those calculated from Eq. (2).
The agreement could probably be improved considerably by further
refinement of the temperature measurement; in particular, there
is some doubt as to whether the temperature measured with a ther-
mocouple attached to the glass wall of the Cs reservoir is exactly the
same as that of the Cs itself. At the present stage, no further im-
provement in calibration was attempted because the discrepancies
found in the cathode experiments, to be described below, were of
a m uch larger order. It must also be remembered that where
quantities corresponding to one atomic layer or less are concerned,
even with an error of +40%, better results may be obtained than
by other methods.
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C. Problems of SblEvaporation

In all the experiments where activation with, a Cs beam is used,
quantitative data can be obtained only if the quantity of the Sb on the
substrate is accurately known. in the past, two methods have been
used to accomplish this. in the first, a weighed amount of Sb is
evaporated from a known distance so that the thickness can be
calculated from Eq. (6), (7), or (8), according to whether the thickness
is wanted in pg/cm2 , in angstroms, or in number of atoms per cm 2 ,

This method was applied in some of the tubes, but it suffers from the
inherent uncertainty that the Sb may not evaporate uniformly in all
directions.

In the second method, Sb is evaporated until the light transmission
through the deposited film is reduced by a predetermined amount.
From earlier work, (Ref. 1) curves are available which relate the
light transmission to the thickness of the film. Since these curves
appeared well established, they were used for most of the tubes
described below. However, the very large discrepancies obtained
in the beam experiments aroused the suspicion that the above men-
tioned curves may not be correct, and it was therefore decided' to
remeasure the relation between thickness and light transmission.
The curves of Ref. (1) were obtained by evapor-ting a weighed amount

of Sb onto a flat glass plate so that a wedge-shaped deposit was formed
whose thickness could be determined from the distance of the source.
If a large number of such measurements is made, the mentioned un-
certainty regarding uniformity of evaporation can be overcome by
taking the statistical mean. Earlier experiments of this nature at
RCA laboratories had given very inconsistent results and it was
suspected that the light transmission may be a function not only of
the distance of the source but also of the angle under which the Sb
atoms Strike the substrate. Therefore an experimental tube was
designed in which the light transmission could be measured for
different amounts of Sb evaporated under similar conditions as in
the beam tubes, i. e., from the same distance and with normal
incidence. The transmission was measured with a 2870 0 K tungsten
lamp as light source and a Weston Illumination Meter Model 756
as detector.

The tube is shown in Fig. 4. In a typical example, four beads of Sb
weighgin 4. 1 mg each were mounted 12. 8 cm from the glass window.
Four circular areas of 1" diameter were marked out on the window,
three of which were provided with a magnetically operated shutter.
The light transmission in the open area was then measured during

- 19-



evaporation of the first bead during which the three shutters were
closed. Next, one Shutter was opened and the second bead was
evaporated. The light transmission could then be measured in two
areas, one of which having now an Sb deposit twice the thickness
of the other. In the same way, the third and fourth beads were
evaporated, each time with an additional shutter opened. Thus with
one tube ten different readings could be taken (four with the first
area, three with the second, etc.) P rom two tubes of this type
sufficient points were obtained to draw a curve of light transmission
vs thickness. This is shown in Fig. 5, together with the curve of
ref. (1). it is apparent that for a given light transmission, the
thickness values may differ almost by a factor of two. The deviation
is in the direction that was expected from the cathode experiments
discussed below.

d6 rcsigo C 3 bCtoe with CS Bgea M

As was mentioned under It-A, in the first experiments with the beam
tube (Fig. 2), attempts were made to produce Cs 3 Sb cathodes to check
whether the amount of Cs required to activate the photocathode agreed
with that expected from the thickness of the Sb film, i e., whether
the number of Cs atoms deposited per cm 2 during the activation (as
derived from Eq. 2) is three times the number of Sb atoms per cm 2 ,
Before the experiments were begun, it had been anticipated that the
greatest problem in the beam method would be that of the "sticking"
factor. if an appreciable fraction of the incident Cs atoms does not
adhere to the Sb film, absolute numbers for the amount of Cs in-
corporated into the cathode cannot be obtained by the beam method.
A sticking factor below unity would manifest itself in the present
experiment by an apparent Cs:Sb ratio in excess of the expected 3:1
value. An encouraging result of the first, and all subsequent, experi-
ments was that a ratio greater than 3:1 was never obtained.

The first tubes were activated as follows ( in this report, the essentials
will be emphasized; for more details see Quarterly Reports Nos. 2 and
3, Contract AF33(616)-8303). An Sb film was evaporated until the light
transmission dropped to 60%, corresponding (Ref. 1) to - as was
believed at the time - approximately 9 Pg/cm 2 . The temperature of
the reservoir was then adjusted to produce Cs 3 Sb within a period of
a few hours and the shutter was opened. To ensure immediate reaction
of the Cs with the Sb film, the window was held at a temperature of
140 0 C which is commony used in the fabrication of Cs 3 Sb photocathodes.
The experiment was successful only to the Waited extent that a color
change of the Sb layer was observed over a well-defined central area
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of about 1" diameter, indicating that a Cs beam had, indeed been
produced. However, the photocurrent tended to drop at a stage
where both color and photosensitivity indicated that only a fraction
of the Cs required to form Cs 3Sb had arrived at the window. At
this point, the heating of the window was discontinued and the Cathode
was cooled to room temperature. Quite unexpectedly, on re-starting
the beam, the formation of C S3 Sb proceeded quite normally and a
Cs3 Sb cathode of the familiar reddish color and of above average
sensitivity was obtained. Thus it appears that, on exposure to a low
intensity beam of Cs, the rate of re-evaporation of Cs after an initial
period (possibly corresponding to the stoichiometric compound CsSb)
exceeds the rate at which diffusion into the material and reaction with
Sb occur, During the normal cathode fabrication, the Sb film is always
exposed to a large excess of Cs which may explain why the reaction
proceeds to completion even at the higher temperature.

The activation at room temperature was Successfully repeated in
subsequent tubes, but in all experiments the amount of Cs required
for activation, as calculated from Eq. (2) and from tungsten filament
calibration, was at least two and up to four times smaller than expected
for the formula Cs 3 Sb, For a long time this result was very puzzling
until the measurements on the light transmission of Sb (see rn-C-c)
indicated that the Sb films in the beam experiments had been almost a
factor of two thinner than assumed. If this correction is made, the
results come much closer to the expected values, and it is possible that
the remaining discrepancies could be reduced or eliminated by better
temperature control.
Despite the great percentage errors in the beam experiments, the

possibility of working with amounts corresponding to less than a
monolayer has produced two interesting and useful results which are
briefly summarized below.

(1) When the cathode is exposed to the Cs beam beyond the
point of maximum photosensitivity, the sensitivity decreases

only very slowly. This can probably be attributed to a
rapidly decreasing sticking factor after the formation of
Cs 3 Sb is completed. it is, of course, quite reasonable to

expect at this stage a decrease in the forces which bind the Cs.

(2) With the beam on, the peak Sensitivity obtained is several
times smaller than that of conventional Cs 3Sb cathodes.
However, when the beam is turned off, the sensitivity
increases about a factor of two and an additional increase of
the same order is observed on brief heating of the cathode
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to 1300C. After this treatmenit, the cathoae has standard
sensitivity. From this one must conclude that, with the
beam on, the cathode contains more Cs than is needed for
maximum sensitivity, Possibly the beam produces a
compound of the exact composition Cs 3 Sb whereas the
material of highest sensitivity is know n (Ref. 16) to contain
a slight. stoichiometric excess of Sb. Moreover, a slight
excess of Cs on the surface may be unavoidable as long
as the beam is on.

Some quantitative information concerning the amount of excess Cs introduced
by the beam was obtained from one tube (#S. 1176). in this tube the beam
intensity was approximately 1013 atoms of Cs/cm2 /sec. After peak sensitivity
had been obtained by heating the cathode with the beam off, exposure to the
beam for only 20 seconds sufficed to reduce the sensitivity by a factor or two.
Hence about 2 . 1014 atoms per cm 2 , or less than a monatomic layer, had such
a great effect on sensitivity.

e., Second Type Cs Beam Tube

A second type of Cs beam tube (Fig. 7) was also used in attempts to produce
Cs 3Sb cathodes to check whether the amount of Cs required to activate the
photocathode agreed with that expected from the original amount of Sb. This
design was made with the thought that ultimately three reservoir - ovens
could be placed in one tube allowing one to make a complete multialkali
photocathode by beam techniques and perhaps a photocathode with known
composition gradients across its area,

An initial tube without the shutter or liquid air trap was made to prove the
design of the Cs reservoir - oven which was then modified to increase its
radiation and reduce its mass in order to avoid an excessively long time
constant for cooling. Two tubes of the design shown in Fig. 7 were tested.
In one of these the reservoir - oven could not be brought to the proper tem-
perature distribution, i. e., the aperture was the coldest part of the reservoir
so that liquid Cs crept around the lip of the aperture and evaporated much
faster than predicted. The other ran satisfactorily and gave a peak photo-
sensitivity at 2 x 1016 Cs atoms per cm 2 . Chemical analysis (colorimetric)
of the photocathode residue when the tube was opened gave 1. 8 mg/cm 2 or

85 x 1016 Sb atoms per cm in reasonably close agreement with the formula
Cs3Sb. (However, the transmission monitoring of the Sb deposition was 60%
to white light, which according to Fig. 5 would indicate three times this I
much Sb, but the light was incident at about 450 rather than normal.)
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f. P rocessing_ of Na 2 KSb Cathodes with Cs Beam

Although the experiments with Cs 3 Sb cathodes indicated that the method
requires improvement before valid quantitative data can be obtained,
two preliminary beam tubes were made with multi~aikali cathodes to gain
some qualitative information as to the applicability of the method to
this type Of c athode. As a first step, Na 2 KSb cathodes were produced
on the wiidow by the conventional process and sensitivities in the normal
range were obtained (20 and 45 pa/i, respectively.)

in the first tube (#S 1189), the sensitivity dropped at once when the
shutter was opened to admit the Cs beam. However, it was found that
the expected increase in sensitivity could be obtained by heating the
cathode. This came as a surprise because just the opposite effect had
been observed with the Cs 3 Sb cathode, viZ., the reaction proceeded
better at room temperature,

In the second tube (#S. 1213), the cathode was heated to about 130°C
during exposure to the Cs beam. The intensity of the beam, as
derived from Eq. (2), was approximately 1011 atoms/cm 2 /sec. and
peak sensitivity was reached after 53 minutes, corresponding to approx-
imately 3. 1014 Cs atoms per cm 2 . By alternating addition of Sb and Cs,
a higher peak of 140 pa/1 was reached after a total Cs beam exposure
of 165 minutes, coresponding to approximately 0 15 Cs atoms per Cm 2 .

Two comments may be made on this result: First, it shows the capabili-
ties of the method; since the deposition of monolayer can be spread over
several hours, the potential accuracy of controlling the amount of Cs is
obviously enormous. Second, even if the results were quite accurate,
i would still be impossible to express them in terms of monolayers
because it is not known how many atoms of Cs per cm 2 represent a
monatomic layer on top of the complex cathode material. In other words,
additional information, for instance from electron diffraction, is re-
quired to make a meanngful statement in terms of monolayers rather
than of atoms per cm 2 . initial experiments with electron diffraction
are reported under IV-D.

g. Processing of Cs 3 Sb cathodes in an Enclosed Chamber

On account of the unexplained discrepancies between calculation and
experiment n the Cs beam tubes, a modified experiment based on
similar principles was designed as follows. A Cs reservoir was produced

at the bottom of a cyin drical tube, as shown diagrammatically in Fig. 6, by
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distilling Cs from the side tube, indicated in the figure, while the
lower part of the tube was cooled with liquid air. Sib was then
evaporated from a removable evaporator onto the window of the tube
until the light transmission was reduced to 60%, The tube was sealed
off the pump system, and the temperature of the Cs reservoir was
raised to a predetermined value. The number of Cs atoms striking
the Sb film per cm 2 per second can then be calculated for a given tempm
erature with the aid of Eq. (1). Two tubes were processed by this
method, one with the Cs at room temperature and the other with the
Cs at m16 0 C, corresponding to calculated activation times for Cs 3 Sb
of approximately 17 minutes and 21 hours, respectively.

The measured times agreed fairly closely with the calculated values,
but subsequent experiments indicate that the good agreement must have
been coincidental. First, the agreement was observed before the
necessary corrections for the relationship between light transmission
and thickness of the Sb film had been discovered. Second, control
experiments were made to check the results by calibration with the
tungsten filament, using the method of measuring the time required for
obtaining peak photoemission from the filament. Whereas in the beam
tubes these measurements were always reproducible in themselves
despite the deviations from the values derived from Eq. (2), the times
measured in the tubes of the type shown in Fig. 6 increased or de-
creased with each run. These changes appear to have two causes:
(1) When Cs is first released from the reservoir, adsorption of Cs
on the wall prevents an equilibrium pressure of Cs being established,
i. e., the number of Cs atoms reaching the W filament is Smaller than
that calculated from the temperature of the reservoir. (2) If the glass
wall has been exposed to Cs for a long time, the measured times are
much shorter than calculated, apparently as a result of Cs being
transferred from the glass to the filament in addition to the Cs
evaporating from the reservoir.

it appears from these results that the Cs beam technique, despite its
present shortcomings, is the more promising approach if quantitative
information is required involving extremely small amounts of Cs atoms.

IV. MISCELLANEOUS EXPERIMENTS AND NOTES

On Ev4porated Alkali Metal Generators

Except for the excessive gas evolution the new Cs generators (mentioned
in IU-B-a page 8) were satisfactory. The evaporation of cesium chromate
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proceeded smoothly and eomnpletely from a platinum boat when the
original chromate (as fine crystals) was pressed into tablets (3/16"
dia and about i 10"' thick) before loading into the platinum boat. The
nickel strips used were. 10" wide and . 0005" ' thick. They were coated
on one side by evaporation of 400 mg of cesium chromate from the
platinum boat at 5 i/2"thr w, followed by an evaporation of 1200 mg of
Al from tungsten coils at 4 1/2" throw. The demountable system
(oil pumped and liquid nitrogen trapped) was let down to air, the strips
turned over and the process repeated on the other side, 'ive of these
strips were bound into a channel of more . 0005" nickel to form the final
generators. If thinner nickel strips, such as . 0002", had been available
they would have been used to reduce the current required to release Cs
from these generators,

it is quite possible that potassium generators can be made in this same
way by evaporating the chromate, followed by a reducing agent on inert
metal strips. Sodium generators of this type may not be quite so easily
made because the chromate did not appear to evaporate readily, It
was found possible to fuse powdered chromate on the nickel strip, instead
of evaporating it on, as an alternative method of application.

These evaporated alkali metal generators Should be quite resistant to
burn-out because the thermal conductivity of the nickel strips and the
uniformity of the coatings should prevent hot spots which lead to burn-out.

B. Vapor Pressure Considerations

In most photocathode processing, cesium is released into the tube where

it reacts with and is bound by the remainder of the photocathode material;
any excess is ultimately pumped out since the tube is continuously being
pumped. This system does not perform the activation under clear-cut
conditions. The cesium beam experiments are intended to allow a
definite amount of cesium to fall on the photocathode.

The opposite extreme would be to expose the photocathode to a definite
pressure of Cs vapor, i.e., not to pump the tube during cesiation. This
appears to be an attractive method for practical phototubes, but was found
to suffer from difficulties in attaining the equilibrium pressure within
the tube as described in III - C - f page 23.
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Au experimental tube very similar to that shown in Fig. 6 was made
in order to try to define the re'gions of temperature and CIs vapor pressure
in which Cs 3Sb and CsSb are found, cycling temperature or pressure
back and forth between a Cs 3 Sb film and an Sb film. Unfortunately the
cycling broke up the film, preventing proper detection as to which com-
pound was present. A diagram of the type shown in Fig. 8 was expected.

Had this experiment defined the regions of stability of Cs 3Sb, then
further work on the more elaborate problem of the regions of stability
of Na 2 KSb as a function of Na and K vapor pressures might have been in
order, leading to diagrams of the type shown in Fig. 9.

C. Motitoring Problem

During the formation of the photocathode it would be desirable to have
more information about the particular state than that given by the usual
photosensitivity measurement. This is especially true for the mrulti alkali
where it would, be very useful to know in what direction the composition
deviates from that desired. Consideration was given, to the use of ellip-
sometry (study of the phase and amplitude changes suffered by light re
flected from the layer when incident at an angle to the normal) which is
capable of giving considerable information about such layers. It appeared
that this approach would require considerable Study and experimentation.

This was not pursued because it was felt that other work which would lead
to a better understanding of the photocathode processing is more important
at the present time.

D.. Electron Diffraction

In order to obtain information about the photocathode layers which would
lead to better understanding, it would be desirable to obtain electron
diffraction patterns which could be watched during the processing. One
tube was made to obtain an electron diffraction pattern from a completed
CsSb surface. Unfortunately this had a leak and allowed only one test
in which a 300 volt electron beam was used. This was scattered diffusely
and no structure was observed in the scattered pattern. The beam was
formed by two pinholes .002 and .004 ' diameter, 1. 2" apart. The de-
tection end of the tube was an image orthicon gun and target system.
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V. SUMMARY AND CONCLUSIONS

Work under this Contract had essentially two aims, i. e.., improvements
of the activation process of multi-alkali (S-20) photocathodes and a
better understanding of the emission mechanism of this type of cathode.

The results of the processing experiments may be summarized as
follows

(1) Attempts were made to eliminate the detrimental effect of the gas
set free during the release of the alkali meta . it was found that pre-
flashing of the alkali metal generators was effective in preventing gas
release during the activation process but had a detrimental effect on
the final sensitivity, particularly in the case of cesium. In an
alternative approach, a new type of generator was studied, consisting
of nickel strips coated with evaporated cesium chromate and aluminum
as the reducing agent. So far, these new generators have not shown the
expected absence of gas release.

(2) Experiments to improve the sensitivity by introducing small amounts
of oxygen confirmed that oxygen is detrimental to S 20 cathodes,
irrespective of the stage in the processing where it is introduced.
This is in sharp contrast to all the other photocathodes of high response
to visible light (S-1, S-11, S-10), in which superficial oxidation causes
an improvement, particularly in red response. In S-20 cathodes,
superficial oxidation in all cases produced an immediate drop in
red response.

(3) Attempts were made to simplify the activation process and at the
same time to obtain Cathodes of greater uniformity and reproducibility
by converting Na KSb, rather than using the conventional sequence
of starting with ISb with subsequent addition of Na and K to obtain
the required ratio of the alkali metals. With the modified process, two-
alkali cathodes of the usual sensitivity and enhanced uniformity were,
in fact, obtained; however, the final activation with Cs did not lead to
the high sensitivity of conventional S-20 cathodes. This effect of the
previous history on the Cs activation was quite unexpected and is still
unexplained.

(4) Introduction of Cs before the introduction of Na produced typ ical
S-20 response with only one exposure to Cs at this early stage in the
process. This result was quite unexpected because it is usuaUy assumed
that Cs affects mainly the surface barrier of the material. Additional
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exposure of cathodes made by this process to Cs vapor actually
reduced the sensitivity.

The basic idea underlying the molecular beam experiments was the
belief that the beam technique represents the simplest method by
Which the very small amoufntts of alkali metal involved in cathode
activation can be accurately determined. By suitable choice of
temperature and geometry, amounts corresponding to only a monolayer
of alkali metal can be deposited over a period of minutes or even
hours. The main problems to be answered by the beamn method were,
first, to find the absolute amount of Cs required for optimum senm
sitivity and, second, to establish the deviation from the 2: ratio
of Na to K in the Sm20 cathode within which high sensitivity c an be
obtained.

Progress of this work was greatly delayed by difficulties encountered
in preliminary calibration experiments with Cs3Sb cathodes. Using
published values for the relationship between thickness and light
transmission of evaparated antimony films, the amounts of CS, as
calculated from the beam parameters, were much smaler than had
been expected from the formula Cs 3Sb, After many attempts to
establish the cause of this discrepancy, it was finally attributed
to errors in the determination of the amount of Sb in the cathode film.
Separate experiments indicated that the relationship between thickness
and light transmission of Sb films differs from the published vaaUes
by a factor of two. The delay caused by this investigation prevented
a completion of the beam experiments, but the following preliminary
results are worth mentioning-

(1) Cs reacts instantaneously with a thin Sb film maintained at room
temperature until the composition Cs 3 Sb is reached, i. e., the
"sticking factor" is unity. As soon as the 3- 1 ratio is reached, the stick-
ing factor decreases rapidly, in agreement with expectation.

(2) Peak sensitivity corresponds to a slight excess of Sb over the ratio
1:3 in agreement with previous findings that sensitive Cs 3 Sb cathodes
are p-type due to excess Sb.

(3) Excess amounts of Cs corresponding to less than a monolayer reduce
the sensitivity by 50%.

(4) On exposure of the two-alkali cathode Na 2Ksb to a Cs beam, S-20
response is only obtained if the cathode is heated toabout 130 0 C during
this process. The total amount of Cs needed for peak sensitivity appears
to be of the order of a monolayer.
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