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_FOREWORD

This report for the period June 1, 1962 to June 30, 1963
covers the research program related to the development and testing of
various barium-uranium emitter materials. The following sections on
Abstract, Conclusions and Future Plans gives the substance of the main
body of the report in condensed form.

The work in this contract was directed toward the fabrica-
tion, operation and testing of unclad nuclear thermionic emitters that
could be operated in the 1100-1300°C temperature range with an expected
current density of 1 - 10 amp/cmg. Various nuclear fuels impregnated with
an activating agent were to be evaluated both from the standpoint of physi-
cal and chemical properties as well as electron emission characteristics.
The most promising nuclear fuel emitter materials were to be selected and
evaluated on the basis of x-ray analysis, evaporation rate and electron

emission.
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_ABSTRACT

Thermionic energy converters, which presently use unclad nuclear
fuel emitters, operate in a high temperature region (1700-2000°C) due to
the electron emission characteristics of the emitter. In this tempera-
ture region, the life of the emitter is much lower than desired due to
evaporation of the emitter material. A possible solution to this problem
is to operate the nuclear heated thermionic emitter at a much lower tem-
perature (1100-1300°C) where evaporation of the nuclear fuel in the emit-
ter would be negligible over long periods of time. This report is con-
cerned with the research and development of nuclear heated emitters that
can be operated in the 1100 to 1300°C range with an electron emission

capability of 1 to 10 amps/cmg.

The results of this program are summarized in three major sections:
A, Material Studies
B. Emission Studies

C. Emission Microscope Studies
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A, Material Studies
The materials program was concerned with the development of various barium-

uranium emitter materials. BEmitter materials containing BaO, UOQ,, UC, W and Re

J
were evaluated. Preliminary compatibility studies indicated thai the barium
oxide-uranium carbide system was not chemically stable, whilc the barium oxide-
uranium oxide system appeared very promising. Materials containing various
concentrations of BaO in UO2 were fabricated into dense compacts and evaluated
on the basis of x-ray analysis, evaporation rate and chemical thermodynamics.
The metallurgical examinations indicated that barium oxide and uranium dioxide

form several compounds of which BaUO, and BanO4 were identified. The evapora-

tion rate studies and the thermodynaiic calculations indicated that the BaO-UOafw
emitter materials were comparable to the BaO-A1203-W emitter materials that are
presently being employed in the Philips impregnated cathode emitters.

B. Emission Studies

Electron emission studies were made on sixteen different compositions of
barium-uranium emitters. The results indicated that electron current densities
in the vicinity of 10 amps/cm2 can be obtained from the BaO-UOe-W and the BaO-
UOE-Re emitter systems. The high'current densities were obtained in the 1200°C
region where the barium evaporation rate was measured to be 1 x lO_5 gm/cme-hr.
In general, the higher the barium content the higher was the emission current for
a given temperature. The emission characteristics of the various emitter mate-
rials were very reproducible after they had been properly activated.

In order to aid in the evaluation of the large quantity of emission data, a
code for use on the IRM-7090 was established. The correlations were achieved by
obtaining a least square fit of the data to the Schottky and Richardson equations.
Enission constant, work function and work function temperature coefficient were

calculated for the various input data.

C. BEmission Microscope Studies

Experiments were conducted on the thermionic emission microscope in order to
evaluate its usefulness for studying the emission characteristics of the various
emitter materials. The results of the experiments indicated that the emission
microscope can be used to obtain qualitative information on the surface structure
of emitters--such as the degree of barium coverage, but quantitative information

such as work function and emission constant cannot be obtained readily.



(e)

Conclusions

The results from the material and electron emission studies that have been
conducted on the various BaO-UOE-W and BaO-UOemRe emitter materials indicate
that these materials are comparable to the BaO-AlQOB-W emitter materials that
are presently employed in the Philips cathode emitters. In order to obtain a
balance between the emission properties as determined by the barium oxide con-
tent and the nuclear characteristics as determined by the uranium diokide con-
tent, emitters containing 60 mole percent barium oxide and 40O mole percent uran-
ium dioxide were selected for detail future testing. Emitters containing 75
volume percent of this oxide mixture and 25 volume percent tungsten had a work
function of 2.21 ev and an electron emission current capability of 8.9 amps/cm2
at 1200°C. At this temperature the evaporation rate of this material was approx-
imately 9 x lO~6
taining 60 m/o BaO and 4O m/o UO2 appeared the most promising.

gm/cm2-hr. Based on this information the emitter material con-

FUTURE PLANS

In order to evaluate the characteristics of the 60 m/o BaO - 40 m/o uo,
system in a nuclear enviromment, various emitter specimens containing enriched
uranium (U-235) will be fabricated and tested in the University of Michigan
reactor. Since the oxide particle size had very little influence on the physi-
cal and emission properties of the fabricated emitters, oxide particles of
minus 100 mesh and tungsten powder of minus 300 mesh will be used throughout.
Samples containing 25, 50 and 75 v/o tungsten, the remainder being the oxide
mixture, will be fabricated and tested. The various tests will involve:

1) non-nuclear electron emission studies in the laboratory using electrical
heat only, 2) electron emission studies in a nuclear reactor environment,
3) +transportation studies (evaporation under thermionic emission conditions),

and L) electron microprobe analysis of the emitter surface.
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I. INTRODUCTION

The major development of emitter materials for use in nuclear heated therm-
ionic diode converters has been limited almost exclusively to compounds that
contain uranium carbide. These syéﬁems will supply adequate electron emission
currents only when heated to temperatures in the vicinity of l700°C.<l) The
problems encountered with most emitter materials at these high temperatures have
been concerned with their mechanical and chemical stability. The evaporation
rate of the emitter material is one of the major problems. In order to reduce
the high temperature requirements, a materials program was initiated with the
aim of developing an emitter that would contain uranium and that could be oper-
ated in the temperature range of 1100 to 1300°C with an electron emission capa-
bility of 1-10 amps/cme.

In the past ten years the practical utilization of impregnated emitters
has commanded a great deal of interest, especially in cases where it is neces-
sary 1o obtain comparatively large electron emissioﬁ current densities at mod-
erate temperatures. Such emitters generally consist of a porous matrix con-
taining an appropriate activating agent, usually barium oxide. Under actual
operating conditions, the barium oxide is reduced to free barium atoms. These
free barium atoms then diffuse through the porous matrix onto the external sur-
face, where they cover “the emitting surface producing the desired emission
characteristics. On this basis it appeared feasible to develop a nuclear heated
emitter that would embody a fissile fuel such as UC or UQ, and an activating

2
agent such as barium oxide.

IT. MATERIAL STUDIES

The development of barium-uranium emitters involved two specific problems .
The first and foremost problem was the chemical compatibility of the various con-
stituents of the emitter. In the Philips dispenser-type emitter, fused tri-
barium aluminate is impregnated into a tungsten matrix. During activation and
operation, the tribarium aluminate is decomposed to barium oxide and monobarium
aluminate, in which case the latter compound is chemically inert with the tung-
sten. The barium oxide, on the other hand, is further reduced to free barium
atoms by the tungsten. The production rate of the free barium atoms is regu-
lated by controlling the activity of the BaO through the use of BaO-Al2O3 mix-
tures (namely tribarium aluminate) and by controlling the activity of the tung-
sten by alloying it with molybdenum. In the barium-uranium emitfers the complex-
ity of the chemical reactions may greatly be increased by the introduction of

the fissile fuel. For example, reactions between the barium oxide and the

[



uranium carbide may be so extensive that a very short emitter life will exist.
On the other hand, the formation of complex barium oxide-uranium oxide compounds
may reduce the activity of the barium oxide to such a low level that reasonable
electron emission currents cannot be obtained from the emitter.

The other problem involved the actual fabrication of the emitters. Prob-
lems involving blending and compacting of the various powders had to be inves-
tigated from the standpoint of density, homogeneity and bonding. In order to
gain an insight into the chemical stability of various barium oxide-uranium com-
pound mixtures, some preliminary compatibility studies were conducted. The

results of these studies are presented below.

PRELIMINARY COMPATIBILITY STUDIES

Cursory investigations of the chemical stability of several potential com-
binations of emitter materials were conducted. The initial compatibility tests
were limited to tribarium aluminate and various uranium compounds. The tribar-

ium aluminate was prepared by blending 85 w/o BaCO, powder with 15 w/o Al1,.0

powder . After blending, the mixture was poured inio a mullite tube and hiaied
in air to approximately 1800°C where the material became molten. After cooling,
the material was transferred to an argon filled dry box where it was crushed to
a powder. X-ray analysis of the powder revealed a pattern of BaAlZOlL instead of
the intended Ba Al 06 Metallographic examination of this material, hpwever,
revealed a two- phase structure. Eilther an alumina pickup during melting of the
material in the mullite crucible or a barium oxide loss by vaporization was suf-
ficient to result in a composition between BaAlQOu and Ba Al 06’ with BaAl OM
being the predominate phase. This material was used in the subsequent experi-
ments and was referred to as BaAl O&

The resulting barium aluminate powder was then combined with either UC or
UOE powder to form compacts with compositions of 75 w/o uc - 25 W/o BaAl, O N
and 60 w/o uo, - 40 w/o BaAl,0 )+ These compositions resulted in approx1mately
equal specific volume loadings of uranium compounds. These compacts along

with compacts of BaAlEOh’ UC and UO, were then loaded into tantalum tubes for

2
densification. The powder compacts, arranged in the tantalum tubes as shown
in Fig. 1, were densified by gas-pressure bonding for 3 hours at 1500°C under

a helium gas pressure of 10,000 psi.

BaAl204 + BaAl204 UCor U0,

Uc or UO

%t
B ,.,.
k< ooo

Q oo‘o“’

0000 ‘ \
£ “UUF

Figure 1 - Arrangement of compacts in tantalum tube.




After densification, the tantalum cladding was removed and the samples were exam-
ined metallographically. The interfaces between the barium aluminate and the
uranium compounds were investigated for reaction and/or diffusion. The inter-
face between the BaAleo& compact and the UO2 compact showed no evidence of reac-
tion, but indications of diffusion of BaAlzoLL into the U02 were noted. The inter-
face between the BaAléou compact and the UC compact indicated some degree of
reaction taking place.

In order to investigate the various reactions in more detail, the mixed
compacts (those containing BaAlZOh + UC or UOE) and the barium aluminate com-
pacts were vacuum heat treated for 50 hours at both 1200 and 1400°C. The results

of the 50 hour vacuum heat treatments are listed in Table 1.

Table 1
Weight Loss of UO2 BaAl2 1y UC-BaAl Ou and BaAl2 by
Compacts After Vacuum Heat Treatment for 50 Hours
Specimen Weight Loss, Percent
Composition 1200°C 1400°C
75 w/o UC - 25 w/o BaAl,0) 6.45 22.4
60 w/o U0, - 40 w/o BaAl 0, 0.1k 0.4
1007, BaAl,0) 0.4 to 0.7 1.1 to 2.k

X-ray examination of the samples containing UO, revealed only patterns of

2
U0, and BaAl Oh after the 50 hour heat treatment. at 1200°C. The results obtained

ongthese samples showed a very sharp pattern for the BaAlQO4 as compared to the
originally prepared BaAlEOJ+ powder, appirently resulting from grain growth and
homogenization with heat treatment. From the weight loss data and the microstruc-
tures, the samples containing UO appeared most promising from a compatibility
standpoint, even though the UO apparently formed a solid solution with the BaAl2 e
The UC on the other hand, was chemlcally incompatible with the BaA12 o * The struc-
ture of the samples containing UC was guite porous and brownish in color suggest-
ing the formation of UOQ. The carbon analysis of the compacts dropped from a cal-
culated value of 3.71 w/o to an analysed value of 3.2 w/o after heat.treatment.

The UC apparently reacted with the BaA_'L2 " to form CO, free barlum.Aleos, and

U02. Because of the extensive reactions that took place between the barium alum-
inate and uranium carbide, this system did not seem worthy of further investiga-

tion and was dropped from the program.



BaO-UO2 SYSTEM

As pointed out above, the barium aluminate and uranium oxide materials
appeared to be chemically compatible with one another; only diffusion of '
ZBaA:LEOLL into UO2 was evident. Initially the aluminum oxide was added to the
barium oxide activator in order to reduce the chemical activity of the BaO in
the completed emitters. However, no advantage could be seen for the use of
aluminum oxide in emitter materials that contain UOE’ so the program was shifted
in order to concentrate only on the barium oxide-uranium oxide system.

Uranium dioxide has found considerable use as & high temperature reactor
fuel; therefore, its physical and chemical properties as well as phase equilib-
ria with other metal oxides have been of major interest.ﬂ However, only limited
information on the BaO—UO2 system is available, and this has been reported by
Lang,(g) Furman,(3) and Trzebiatowski.(h>
of BaUO3, Ba Uou, Ba3UOS, BaU O and Ba%UO5 have been reported, although not all
have been proven to exist. Lang, et al found the BaO-UO2 system to resemble
the calcium and strontium systems, %xcept that the perovskite-type compound,

BaUOB, was pseudo-cubic (ao= 4.387 A) rather than orthorhombic. The solubility

In the BaO-UO2 system, the presence

of BaO in the UO2 solid solution structure was estimated to be 25 mole percent

at 1800°C. Some evidence for solid solubility of barium oxide in BaU03 was

also observed. Mixtures of 2Ba0:1U0, (mole ratio) contained a single-phase

cubic perovskite-type so0lid solution after reaction at 1800°C for one-half hour
in argon, as contrasted with 3BaO: 1UO mixtures which contained free barium oxide.

Furman(3) has also identified the compound BaUO_ as one product of the reac-

3

tion between barium oxide and uranium dioxide. He reported the compound as being
in the cubic system with a, = 4 .37 X, and concluded that barium oxide and uran-
ium dioxide react stoichiometrically to form the true compound BaUO3. Trzebia-
towski et al(LL> indicated that for compositions up to 50 m/o Ba0, only UOe‘and
BaUO3 phases exist. He states, that from the lattice constants, no solubility

of UO2 in BaUO3 or BaO in UO is to be expected. At 50 m/o Ba0 the compound
BaUO3 is formed with a pseudo cubic perovskite structure. At higher BaO contents,
his work shows a marked solubility of BaO in BalO
to 75 m/o BaO.

Based on the above information a tentative phase diagram for the Ba0-UO

This solution persisted up

3

2
system was constructed. This phase diagram is presented in Fig. 2. The most

)

important aspect of the phase diagram is the formation of barium uranate (BaUO

3
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Figure 2 - Tentative phase diagram of the BaO-UO2 system.

which was reported by all three investigators listed above.

The pseudo-cubic

perovskite structure for BalUO. as discussed above must have the following general

3

atom arrangement.

KEY
& URANIUM
® BARIUM
® OXYGEN

Figure 3 - BaUO_ perovskite crystal structure.
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By the use of the above crystal model the theoretical density for BaUO3 was cal-

culated to be
137 + 238 + 3(16)

8.3 = 8.34 gm/cc (1)
(4.38 x 107°)° x 6,02 x 10

23

BaO—UO2 EMITTER MATERTAL STUDIES

The basic design of the uranium containing emitters consisted of a tungsten

or rhenium matrix impregnated with an appropriate barium-uranium oxide mixture.
Since the characteristics of the completed emitter depended upon the chemical
composition of the oxide, various BaO—UO2 mixtures were fabricated and evaluated
on the basis of x-ray analysis, microstructure, chemical analysis and evapora-

tion rate.
The wvarious Be.O-UO2 mixtures were prepared by blending together minus
200 plus 270 mesh U0, powder with BaCO_ powder to form the desired oxide com-

2 3

positions. The powders were mixed in a ceramic mortar. A compact of each mix-
ture was green-pressed in a one inch diameter die and inserted into a tungsten
lined tantalum boat. The specimens were then sintered in a hydrogen atmosphere
for an hour and a half at 1650°C. Seven blends of BaO-Uog, nominal compositions
ranging between 25 and 75 mole percent BaO, were fabricated and analyzed for

barium and uranium content. The chemical compositions are summarized in Table 2.

Table 2
Chemical Composition of Various BaO-UO2 Samples
Mole Yo BaO Chemical Composition, w/o
(Balance U02) Barium Uranium
g 25 10.7 77.1
i L0 2.0 63.8
~ o
z a L5 27.7 60,0
.H p4 1
& § 50 31.9 55.8
= 0
. 60 Lo.o 46.8
©
= 70 48.2 39.6
oA 75 50.2 34.0

The balance of the chemical composition was predominantly oxygen. The
various BaO-UO2 samples were selected on the basis of the phase diagram presented
in Fig. 2. The approach was to select several compositions from each region of
the phase diagram in order to determine the effects of the various BaO-UO2 com-
pounds on the evaporation rate and electron emission characteristics of the

oxide mixtures.



The various BaO—UOE mixtures, that are listed in Table 2, were heat treated
for 50 hours at 1200 and 1400°C both as separate samples and as blends contain-
ing 25 and 75 volume percent tungsten. X-ray analysis, mlcrostructures and weight
loss data were obtained on the various samples.

X-Ray Analysis

The various BaO-UO2 mixtures were submitted for x-ray analysis both prior

and after heat treatment. The x-ray analysis of the various oxides after sin-

tering but prior to heat treatment are presented in Table 3.

Table 3
X-Ray Analysis of the BaO-UO2 System
Mole 7o Ba0 Phases Pattern Strength Lattice Content, a
25 BaUO3 Weak 4.36 A
Uo Strong
2
Lo BaUO% Strong h.33A
UO2 Medium
45 . 13an3 Strong L.36 A
Uo Medium
2
50 BaUO3 Strong 4,36 A
UO2 Very weak
60 BaUO3 Strong 4.38 A
X! Weak
=]
70 Y Strong 8.86 A
o
75 Y Strong 8.88 4

The x-ray diffraction patterns of the mixtures that contained less than
50 m/o BaO showed lines for both BaUO3 and UOQ. The diffracEion lines revealed
that the compound BaUO3 had a l%ttice constant of a, = 4,36 A which appeared to
be in agreement with the 4.387 A value reported by Lang.(Q) The slight disagree-
ment with Lang's value apparently was a result of saturation of the BaU03 struc-
ture with U02.

The x-ray analysis of the mixtures containing more than 50 m/o BaO indica-
ted basically two types of structures. These were defined as 'X' and 'Y'. The
'Y' phase had a complex face-centered cubic structure that reguired a double cell
arrangement in order to account for all of the observed lines. Chemical analysis
of the 'Y' phase indicated that it had a composition closely to that of BanOu.

The 'X' phase was of an intermediate composition between BalUO_, and the 'Y' phase.

3



In general, the observed x-ray diffraction lattice constants of the seven
blends of BaO-UO2 increaged with increased BaO content . How?1§r the lattice con-
. stants were lower than the values reported by Trzebiatowski. It was believed
that the lower values were due to deviations from the stoichiomebric compositions !
and from oxidation obtained during preparation of the x-ray samples. .

X-ray analyses on the BaO-UO2 mixtures were also obtained after the 50 hour
heat treatments at 1200 and 1400°C. The BaUO3 phase observed in these samples
was the same as previously reported. The 'X' phase, which was also detected
after 50 hgurs at 1200°C, had a tetragonal structure with ao = 5.71 & and
Co = 5.58 A. However, there was some indication that the 'X' phase resulted
from a blend inhomogeniety since it was not detected after the 1400°C heat treat-
ment. The 'Y' phase was observed for both the 70 and 75 mole percent Bal mix-
tures after the 1200 and 1400°C heat treatments and had the same structure as
previously reported. The 'Y' phase face-centered cubic structure possibly
resulted from the substitution of barium atoms for some of the uranium atoms in
the crystal lattice and thus required a doubling of the lattice parameters.
Chemical analysis again indicated that the 'Y' phase corresponded to that of
Ba2UOu. A very weak pattern of a new phase was observed for the 75 mole percent
BaO mixture after both heat treatments and was designated as phase 'Z'. This
phase appeared to be hexagonal in structure and its formation was believed to
result from a reaction between excess BaO and the 'Y' phase.

Microstructure Analysis

Samples of the various oxide materials both separately and combi-ed with
tungsten were formed into dense compacts by gas-pressure bonding. This was
accomplished by green-pressing the various powder mixtures into pellets, load-
ing the pellets into niobium tubes, and gas-pressure bonding at 1500°C for 3
hours under a helium gas pressure of 10,000 psi. The samples that contained
tungsten were prepared at two composition levels, namely; 25 v/o oxide + 75 v/o
tungsten and 75 v/o oxide + 25 v/o tungsten. After pressure bonding the nio-
bium cladding was removed from the various samples. The samples were then exam-
ined by metallographic techniques in order to determine their degree of homogen-
ization.

Typical photomicrographs of two emitter materials are shown in Figs. 4 and
5. In Pig. I the specimens contained nominally 25 v/o tungsten and 75 V/O oxide,
where the oxide composition was L5 m/o Ba0 and 55‘m/o U02. In this figure the
unreacted spherical UO2 particles are surrounded by the dark gray solid solution

of BaUO3. The white matrix is the tungsten. Although the UO2 has remained
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Figure 5 - Nominal 25 v/o W and 75 v/o (60 m/o BaO - 40 m/o U02> - 100X
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spherical, the reaction zone appears to be homogeneous indicating that the reac-
tion between the UO, and BaO has gone to completion.

2
Figure 5 shows the single gray BaUO_ phase of the 60 m/o BaO - 4O m/o UO2

3

material dispersed in a white matrix of tungsten. As before this specimen con-
tained nominally 25 v/o tungsten and 75 v/o oxide. It is interesting to note

from Fig. 5 that the shape of the BaUO, particles is quite irregular, as com-

3

pared to the initial oxide blend in which spherical UO2 powder was used.
As the Dbarium oxide content of the various specimens was increased, the

microstructures showed a diminishing amount of unreacted spherical UO2 and an

increasing amount of gray BaUO phase. Above 50 w/o BaO the microstructures

indicated a single phase structure of eithér BaUO, or Ba2UOlF with the excess

3

barium oxide being in solid solution.
Based upon the above x-ray analysis and microstructure analysis the fol-

lowing general comments on the Ba0-UO, system can be established.

2

(1) There are at least two (BaUO3‘and BagUOu) and possibly as many as five

Ba-U-0 compounds.

(2) BaUO3 has a perovskite-type structure and has been detected over the

nominal composition range from 25 to 60 mole percent BaO.
(3) Banou has a face centered cubic structure and has been detected
over the nominal composition range of 70 - 75 mole percent BaO.
(4) There is limited solid solubility of BaO in U0, .
(5) There is limited solid solubility of UO,_ in BaUO3.

2

(6) There is extensive solubility of BaO in BaUO3 and Ba U0, .

Evaporation Rate Data

Densified samples of the various oxide materials both separately and
combined with tungsten were subjected to vacuum heat treatments for 50 hours
at both 1200 and 1400°C. The weight loss data of the various samples are sum-

marized in Table L.

VU U S SR VI VAU S

Table L
Weight Loss Data Obtained - 50 Hours at 1200 and 1400°C

Mole 7o Percent Weight Loss of Total Specimen

BaO 1200°¢C 1400°C

‘ r ) T !

(Bal UO2) Oxide 25 v/o W* 75 v/o W* Oxide 25 v/o W* 75 v/o W*

25 0.34 0.k 0.1k 1.2 0.51 0.26

40 0.61 0.52 0.38 0.15 2.2 0.71

50 0.85 0.7h 0.36 - - 3.8 1.3

60 2.6 1.0 0.51 5.1 2.3 0.75

70 3.1 0.7 0.43 - - 2.7 0.99

75 1.5 1.7 0.k 8.2 3.6 0.k

* . Balance oxide



11

The weight loss data presented in Table L are based on a limited number
of tests so that the absolute value recorded for any single point may contain
some degree of error, but the general trends indicated are real. In general,
the weight loss based on the total weight of the specimen increased with an
increase in temperature and decreased with an increase in volume percent of
tungsten. An increase in mole percent BaO generally increased the total weight
loss. When relating the welght loss to the oxide content only, ignoring the
tungsten content, there was a higher percent loss with increased temperature,
increased volume loading of tungsten and increased barium oxide content.

In reviewing the above x-ray data and microstructure analysis, it was
noted that for materials containing less than fifty mole percent barium oxide,
the BaO was combined with the UO2 to form BaUO3 while the excess uranium oxide
was present as UOE' However for materials conbaining barium oxide in excess of
Tifty mole percent there was no free U02 and the excess barium oxide was tied
up as higher barium - uranium compounds. In reviewing the weight loss data
presented in Table 4 on this basis, it was noted that the evaporation rate
showed a substantial increase above 50 m/o BaO.

This change in evaporation rate can possibly be explained in the following
manner., If 1t is assumed that the weight loss is dve mainly to the evaporation
of barium oxide, then at compositions containing less than 50 m/o BaO the harium
oxide will have a lower effective evaporation rate than will free BaO because it
is held in the compound BaUOs. On the other hand, materials having compositions
greater than 50 m/o BaO can release free BaO quite readily even though BaO-UOE
compounds are indicated. For example the reaction BanOlL =1 BaO + BaUO3 can
release free BalO very readily where this free BaO will exert a higher vapor pres-
sure than can BaO as tied up in BaUO3.

When tungsten was added to the system the evaporation rate of barium from
the emitter material was increased. This resulted from the fact that the tung-
sten reduced the barium oxide to free barium which in turn exerted a higher
vapor pressure than did the BaO. This effect can be seen from the data presented
in Table'ﬁ if the percent weight loss is based only on the barium oxide content
of the sample.

Figure 6 shows the relationship between weight percent and mole percent of
barium oxide in a sample with volume percent tungsten as a parameter. Also
included in Fig. 6 are the theoretical densities of the various oxide materials.
The curves presented in Fig. 6 were calculated on the basis of the theoretical

density for the various materials.
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Figure 6 - Conversion of mole percent to weight percent
barium oxide for BaO-U02-W systems.

By the use of Fig. 6, the weight loss data presented in Table 4 were
calculated in terms of the barium oxide content of the samples. These data

are presented in Table 5.

12
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Table 5

Weight Percent Loss Based on Barium Oxide Content Only
50 Hours at 1200°C

Mole Yo :
Ba0 Oxide Oxide + 25 v/o W Oxide + 75 v/o W
25 2.1 L.2 7.0
40 2.3 3.2 10.8
50 2.4 3.7 8.0
60 5.6 b1 10.0
70 5.5 2.3 7.2
75 2. 5.3 5.7

The above data again show only general trends, since the absolute values are not
exact due to inaccuracies in theoretical density measurements.
In examining the data present in Table 5 it was noted that the samples con-

taining tungsten lost a greater perceni of their barium content than did samples

which did not contain tungsten. This may indicate that the tungsten is definitely

reducing the barium oxide to free barium. At the temperatures investigated, free
barium would evaporate from the specimens at a faster rate than would barium
oxide thus accounting for the higher weight loss. It should be pointed out, how-
ever, that the above weight loss data are based on only one test at each composi-
tion which does not necessarily present adequate information for drawing definite
conclusions.

In order to investigate the evaporation rate of the BaO-UO.-W system in more

detail, dense cermet compacts representing the three major regiins of the BaO-UO2
Phase diagram (Fig. 2) were fabricated and vacuum heat treated at 1200°C. Weight
loss data were obtained from the samples after 5, 50, 133, 200 and 308 hours.
The compositions of the various cermet samples are listed in Table 6.

Table 6

Chemical Composition of Evaporation Rate Samples

Specimen Number Chemical Composition
7545 75 v/o (45 m/o BaO - 55 m/o UOB) -25v/o W
7560 75 v/o (60 m/o BaO - 40 m/o UOQ) - 25 v/o W
2560 25 v/o (60 m/o BaO - 40 m/o UOé) - 75 v/o W
7570 75 v/o (70 m/o B2O - 30 m/o'Uo2) - 25 v/o W

The specimen numbers, as listed in Table 6, are a code to the composi-
tions. The first two numbers indicate the volume percent loading of oxide in
the material, while the last two numbers indicate the mole percent of barium
oxide in the oxide portion. For example, the number 1540 would indicate }E‘v/o

oxide (85 v/o metal matrix) with the oxide containing 40 m/o BaO (60 m/o UOE)'
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Two sizes of partlcles were used in the preparation of the various samples .
In one set of samples the oxide particles were 100 mesh while in the other set
the oxide was reduced to 325 mesh. In both cases the tungsten powder was 325
mesh. The results of the weight ioss data based on the total weight of the

specimen are presented in Fig. 7.
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Figure 7 - Weight loss of the various Ba0-UOQ,-W specimens that
are listed in Table 6, measured a% 1200°C in a vacuum.
In general, the weight loss when based on the total weight of the speci-
men increased linearly with time in excess of 50 hours. The increase in mole
percent BaO increased the total weight loss provided that the volume percent
of tungsten remained constant. No effect of the oxide particle size on the

total weight loss could be distinguished.
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When relating the weight loss to the oxide content only, neglecting the
tungsten content, there was higher percent loss with increased time and increased
BaO content. Again, the weight loss was nearly linear with time in excess of
50 hours. Also the higher tungsten comtent (2560 as opposed to 7560) resulted
in & higher percent weight loss when expressing the weight loss in terms of the
oxide content only. This again indicates the importance of the tungsten in
reducing the barium oxide to free barium atoms.

Density Determination

Several of the dense cermet compacts that were fabricated for the evapora-
tion rate studies were subjected to detailed density measurements. The results
of these investigations are summarized in Table 7.

Table 7
Density of Emitter Cores

Specimen Wo. Density, gm/cc Yo T.D.*
Theoretical Measured
7575 11.82 10.64 90
2575 17.b 15.3 88
7525 13.05 12.39 95
2525 17.70 1.2 80

* Yo T.D. - Percent of Theoretical Density

The theoretical densities of the various cermet compacts presented in
Table 7 were calculated by using the theoretical oxide densities listed in Fig.6
and a tungsten density of 19.3 gm/cc. The density for the nominal 25 m/o Bal -
75 m/o UOé mixture was calculated to be 9.7L4 gm/cc while the density for the

nominal 75 m/o BaO - 25 m/o UO, mixture was calculated to be 7.61 gm/cc. These

values are corrected for chemiial composition. From the data presented in
Table 7 it can be seen that the gas-pressure bonding process can be used to
produce cermet emitters with densities in the range of 80 - 95 percent of theo-
retical. Analysis of the microstructures indicated that the majority of the
specimens were in excess of 90% T.D.

The theoretical density of the various BaO—UO2 mixtures are shown at the
top of Fig. 6. These values were calculated on the agsumption that the mixed
oxides formed ideal solid solutions. It should be noted that there is close
agreement between the density for the 50 m/o BaO - 50 m/o U0, composition as
presented in Fig. 6 and the value calculated from the lattice parameters as
presented in Eq. 1. The two densities are 8.3 gm/cc and 8.34 gm/cc respec-

tively.
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Thermodynamics of the Barium Oxide - Uranium Oxide System

It is of major importance that some preliminary insight be gained into the
thermodynamics of the barium oxide - uranium oxide system, for this insight
will aid in the evaluation of the material studies presented above.

As stated before, the barium oxide - uranium oxide system was prepared by
blending together BaCO3 and UOeo The mixture was then heated in a hydrogen
atmosphere until it fused. During this process the barium carbonate decomposed

into barium oxide and carbon dioxide by the reaction

BaCO,~——>B50 + coa']‘ (2)

The resulting barium oxide would then combine with the uranium dioxide to form
the various BaO-UO2 compounds . After cooling, the fused mass was reduced to a
fine powder and then mixed with the appropriate matrix metal. The final powder
blends were then formed into dense cermet compacts by gas-pressure bonding for
3 hours at 1500°C under a helium gas pressure of 10,000 psi.

Under actual operating conditions the barium oxide reacts with the metal

matrix for the formation of free barium, namely

Ba0 + M—>Ba + M O (3)
vhere M is the matrix metal. The free barium then migrates to the surface of
the emitter where it produces the desired electron emission characteristics.
As the barium oxide is consumed (by reaction and evaporation), the higher BaO-

UO2 compounds can supply the additional barium oxide as follows

Ba, U0, ——>Bal + BaUO3 ()

Also, as pointed out above, both BalUO_ and BagUOlL can hold excess Ba0 in solid

solution which in turn can readily be3released for barium production.

The useful life of an emitter depends upon the rate of evaporation of
barium from the emitter which in tirrn is related to the pressure of barium
vapor in equilibrium with the barium compound and matrix material. If the prod-
ucts are gaseous, the equilibrium pressure can be derived from the free energy
of the reaction as follows:

AP =RTInP (5)
where Z&F is the change in free energy occurring in the reaction, R is the gas
constant and T is the absolute temperature at which the reaction is taking
place. The rates of evaporation can be calculated from the equilibrium pres-
sure by the equation

q = 5.83 x 10°2 p(u/m)*/2 (6)

”,

ORI S
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where Q is the evaporation rate in gm/cme-sec, P is the pressure in Torr (mm of
Hg) and M ig the molecular weight of the substance in gquestion.

At this point, some preliminary thermodynamic calculations for various
emitter material combinations will indicate the importance of chemical compati-
bility. In order to show the basis for these calculations, the free energies
of formation for the various emitter material components as a function of tem~
perature are listed in Table 8.

Table 8
Free Energy of Formation (- AF) K cal/mole

Temperature °K

Material 300 500 1000 1500 2000 Reference
BaO 126 121 109 99 86 5
co 33 3 48 58 69 5
9]¢ 18.9 18.2 16.3 1404 12.6 6
Uo2 246 238 218 198 177 5
Wo3 182 169 ko 111 8k 7
Ba*(g) -28 -17 -8.2 8

*Ba(s) = Ba(g) +/\Fy

The equilibrium barium vapor pressure resulting from various reactiouns
between barium oxide and carbon, uranium carbide and tungsten were calculated
using the free energy data listed above. The details of these calculations are

presented below.

Case 1. The vapor pressure of barium produced when a mixture of barium oxide

and carbon is heated to 1500°K.

BaO = Ba(8) + 0.5 0, + 99
C+0.50, = QO - 58
Ba(s) = Ba(g) + 8.2
BaO + C = Ba(g) + CO + 49.2
AF = - R T log Py, Py = - RTlog PBa2
log Py = - 3.56 y _
P, =P, =2.8x10"" atm = 2.1 x 10"~ Torr

Ba Cco

s

I
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Cagse 2. The vapor pressure of barium produced when a mixture of barium oxide
and uranium carbide is heated to 1500°K.
3Ba0 = 3 Ba(8) + 1.5 0, + 297
uc = U + C + 1hok
U + 02 = er - 198
C + 0.5 O2 = CO - 58
3Ba(s) = 3 Ba(g) + 246
3Ba0 + UC = U0, + CO + 3Ba(g) + 80
- 3. b
AF = - R T log PCO PBa = - R T log 27 PCO
log PCO = - 3.25
b -1
Pyo = 5.6 x 107 atm = 4.25 x 10~ Torr
PBa =3 PCO ~s. 1.3 Torr
Case 3. The vapor pressure of barium produced when a mixture of barium oxide

and tungsten is heated to 1500°K.

3Ba0 = 3Ba(S) + 1.5 0, + 297
W+ 1.50, = wo3 - 111
WO, + BaO = BaiWO, - 88.6 (estimated)
3Ba(8) = 3Ba(g) + 246
hBaO + W = Ball0, + 3Ba(g) + 122 (Reference 9)
_ 3
AF = - R T log Py,
log PBa = - 5.9
P =1l2x 10'6 atm = 9.1 x lO_h Torr

The calculated equilibrium barium vapor pressure
tions between barium oxide and carbon, uranium carbid
marized below in Table 9. Also included in Table 9 a
tion rates in gm/cmg-hr as calculated by Eq. 6.

Table 9

Calculated Barium Vapor Pressure and
Rate for Various BaO Systems at 1500

System Pregsure

Torr
Ba0 + W 9.1 x lO_u
BaO + C 2.1 x 107%
BaO + UC 1.3

for the various reac-
e and tungsten are sum-

re the barium evapora-

Evaporation
°K (1227°C)

Evaporation Rate
gn/cm® - hr

5.8 x 10
15

83

-2
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It should be pointed out that the above calculations assume ideal reactions
between the various components. In actual practice, however, the various reac-
tions may become diffusion controlled, thus the evaporation rates listed in
Table 9 will represent the upper limits for -the various systems. On this basis,
the above preliminary calculations indicate that BaO containing emitters will
have a very short lifetime when the matrix material contains carbon or uranium
carbide. Thus the barium-uranium emittefs should be designed around the BaO-
UOQ-W or Re systems. These calculations are in agreement with the compatibility
studies listed in the previous sections.

The preceding discussion was mainly concerned with the rates of reduction
of BaO by various matrix materials. The question now arises as to the extent of
alteration of the reducing power of the matrix material when the barium oxide is
diluted with uranium dioxide, because the addition of UO2 to the barium oxide
system can greatly affect the thermodynamics of the resulting emitter materials.

The thermodynamics of the BaO-UOE-W systems cannot readily be calculated

because the free energy of formation of the various BaO-UO, compounds are not

known. However, information from the weight loss experimeits can be used to
supplement the thermodynamic calculations. As pointed out in the section on
the evaporation rate studies, the evaporation rates appeared to level off after
50 hours. On this basis, the weight loss data presented in Fig. 7 have been
evaluated in terms of the evaporation rate expressed in gm/cmg-hr. These data,
from the straight line portion of the curves from Fig. 7, are presented in
Table 10. Also included in Table 10 are the emission current densities calcu-

lated for the various emitters at 1200°C. The emission current densities for

these various materials are discussed in more detail in Section III of this

report.
Table 10
Evaporation Rates and Emission Current Densities
of BaO-UOQfW Specimens at 1200°C

Specimen Evaporation Rate Emission Current Density
Number gm/cm=-hr amp/ cm'

7570 2.5 x 1077 20.2 (extrapolated)

7560 9 x 10—6 8.9 (measured)

7545 b ox 10—6 2.7 (measured)

2560 3 0x lO_6ﬂ 0.18(measured)

Analysis of the data presented in Table 10 indicates that the barium evap-
oration rates for the various BaO;Uoz-W samples were less than 1/1,000 of that
calculated for the BaO-W system as listed in Table 9. This was possibly due to
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the formation of wvarious BaO-UO2 compounds which, in turn, would reduce the
chemical activity of the Bal and thus make it more difficult for the tungsten
to produce free barium. The reduced barium evaporation rates, due to the forma-
tion of BaO-UO2 compounds, are in general agre?T8§t with calculations for the

BaO-Aleo3 system as presented by Hughes et al. Hughes showed that the Ba

A1206—W system had barium evaporation rates that were sbout 160 times lower

3

than those calculated for the BaO-W system. Because of the reduced barium
evaporation rates and thus longer operating life, tribarium aluminate was
selected as the barium source in the Philips impregnated cathode emitters.

The relationship between the evaporation rate and emission current density
data presented in Table 10 indicate that as the evaporation rate increases the
emissidﬁ current density also increases. This is in agreement with data pre-
sented by Brodie.(ll) For example, Brodie shows that an 'L' cathode containing
Ba0-Sr0 has an emission current density of 20 amp/cm2 and a barium evaporation
rate of 1 x :LO-5 gm/cme-hr. This is in very good agreement with the data pre-
sented in Table 10 for the 7570 and 7560 specimens.

The above thermodynamic calculations indicate that the Ba0-UO.-W emitter

2
materials have evaporation rates that are comparable to the BaO-Al,O_ -W mate-

273
rials that are presently employed in the Philips impregnated cathode emitters.
EMITTER SAMPLES

In actual emitters the rate of escape of barium is not only determined by

the chemical properties of the constituents, but also by the porosity of the
matrix material. Thus thermodynamic calculations can only aid in the general
evaluation of the emitter materials. In order to establish the exact emission
characteristics of the various emitter materials, actual samples must be fabri-
cated and tested. '

Densified cermets of the various BaO-UOE-W materials as described in the
previous sections were machined and loaded into tantalum support sleeves for
emission studies. The tantalum support sleeves, as shown in detail in Fig. 8,
were outgassed in a vacuum for 30 minutes at 1700°C prior to loading. After
loading, the emifter cores were ground on 400 grip paper to level the surface.
The cores were kept intact by slightly crimping the edges of the tantalum

support sleeves.
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Figure 8 - Tantalum support sleeve showing emitter core.

The various BaO-U02 containing samplés that have béen fabricated for emis-

sion testing are listed in Table 11. Both the mole percent of BaO and UO, as

2
well as the volume percent metal in the cermet compacts are listed. Those sam-
ples marked with the asterisk were prepared with two sizes of oxide particles

namely 100 mesh and 325 mesh.

Table 11
Composition of BaO-UO2 Emitter Samples

Emitter v/o m/o m/o v/o w/o Ba0

Number Oxide BaO UO2 Metal in Compact
7575 75 5 25 a5 W 33
2575 25 (P a5 W 7
7525 75 25 75 25 W 9
2525 25 a5 75 R 2
T5h5* 75 45 55 25 W 18
7560% 75 60 Lo 25 W _ 25
7570% 5 70 30 25 W 30
2560% 25 60 ko 75 W 5
7575 R 5 75 25 25 Re 31
2575 R 25 ™ 25 75 Re 6
7525 R () a5 75 25 Re 9
2525 R 25 25 75 75 Re 2
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From the above table it can be noted that emitter samples containing both
tungsten and rhenium matrices were fabricated. The wajor effort was directed
toward the development of tungsten containing emitters as presented in the prev-
ious sections. However, x-ray analysis and evaporation rate data obtained on
the rhenium containing emitters indicated that the data obtained on the BaO-UO,. -

2

W system were also applicable to the BaO-UOQ,_.-Re system.
EMTSSION STUDIES

In order to determine the influence of chemical composition on electron emis-

2

sion, the varicus samples listed in Table 11 were tested by using a high field
technique for finding the work function and other emission parameters. This
testing was accomplished on special equipment that was specifically designed
and fabricated for this project.
APPARATUS

Figure 9 shows the overall view of the equipment used in processing and test-
ing the emitters. This included a Tektronix 555 scope, camera, pulser, vacuum
system, accessory power supply rack, strip recorder and oven power supply. The
various components are discussed in detail below.
Vacuum System

Two primary aspects were desired in the vacuum station for performing the
required experiments, namely; (1) it was of paramount importance that the ulbi-
mate pressure of the station be 1058 Torr (mm of Hg) or better in order to main-
tain clean surfaces on the emitters for reliable and reproducible data, and
(2) it was important to be able to readily change from one emitter to another
without invoi%ing considerable time and effort since many types of emitters
were to be tested. Both of these requirements were satisfied in the design of
the vacuum system.

The general arrangement of the vacuum system is shown in the center of
Fig. 9 along with the supporting test eguipment. The pumping system consis-
ted of a fore pump, oil diffusion pump and a liquid nitrogen cold trap all of
which were mounted below the surface of the table. The manifold and connect-
ing tubing to the three tubes were located above the table top. A sketch show-
ing the arrangement of the vacuum system components in more detail is presented

in Fig. 10.
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Figure 10 - Sketch of vacuum system.

a. Pumps
The fore pump was a Welch Duo-Seal No. 1405 B with a free air capacity of
N

58 liters per minute and an ultimate vecuum of 10°  Torr. The diffusion pump
was an oil (octoil) CEC type MCF-60 with an ultimate vacuum capability of

b x ]_O'7 Torr and having a pumping speed of 68 liters per second at a pressure
of lO~3 Torr. Later tests using Dow Corning No. 705 silicone diffusion pump
fluid indicated that improved pumping speeds could be obtained with the sili-
cone fluid.

b. Liguid Nitrogen Trap

In order to obtain a fast cycling system with a good ultimate pressure, a
liguid nitrogen trap was lncorporated in the vacuum system between the experi-
mental tubes and the diffusion pump. This trap served two purposes: (1) it
reduced the back diffusion of o0il from the diffusion pump into the manifold
thus aiding in the maintenance of clean emitter surfaces and (2) it serves as
an additional pump in the system, trapping out vapors that condense at tempera-
tures above -196°C. The result of this latter aspect made it possible to obtain
pressures on the lO"9 Torr scale with a majority of the measurements taken at a
pressure of 2 x 10'9 Torr, as recorded by a Bayard-Alpert ionization gauge.

The trap had a large pumping speed due to its 4 in. diameter outside container

vhere the vapors were condensed. In this respect, a one square inch of surface
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area at liquid nitrogen temperature will have a pumping speed of approximately

6

100 liters per second at a pressure of 10 -~ Torr.

The inside tube was 2 in.in diameter thus allowing ample cross sectional area
for the flow of gas from the manifold to the diffusion pump. The trap was con-
structed of stainless steel with all joints made by heliarc welding. A Ultek
type 2 in. high vacuum flange<12) was welded to the output end of the trap in
order that it could be connected to the diffusion pump by means of a stainless
steel elbow. The vacuum seal to the diffusion pump was accomplished by a
"Viton A" O ring while a copper gasket was employed at the trap end of the
elbow. The input end of the trap was welded to Kovar which was in turn joined
to pyrex glass through a graded glass seal. All metal parts were hydrogen fired
at 1200°C prior to assembly. This reduced the 'out gassing' tendency of the
metal.

A Dewar flask was used on the trap during the processing of the emitters. In
order to maintain the desired level of liquid nitrogen in the Dewar flask an

(13) was employed. A 25 liter liquid

automatic liquid nitrogen level controller
nitrogen Hofman flask served as a sufficient reservoir for a period of 24 hours
unattended, when used in conjunction with this nitrogen controller.

A bakeout oven was also designed to fit over the trap. This oven, which
was used during the bakeout of the vacuum system, was capable of heating the
trap to the normal operating temperature of 450°C.

One main valve was located between the diffusion pump and fore pump in order
to permit shutting down the pumps and yet allowing a low pressure to be main-
tained on the high vacuum side. This feature aided in keeping the tubes clean and
dry during short intervals such as weekends, etc. before reloading the tubes for
additional tests. In conjunction with this, a Drierite tube was inserted in the
bleeder line along with a valve, in order to dry the air when the system was

opened to atmospheric pressure for reloading the tubes.

c¢. Vacuum Manifold

The high vacuum glass manifold along with lonization gauges, tubes and support
stand is shown in more detail in Fig. 11. ZEach of the three tubes may be observed
connected to the main manifold by a right angle double flexible glass bellows.
This feature enhanced the possibility that the glass would remain integral when
removing or inserting the demountable bases in each of the three tubes. It also
provided for thermal expansion differentials during bakeout. With this arrange-

ment three tubes could be processed and tested simultaneously.
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The tube support stand which was fabricated from type 304 stainless steel
incorporated two water cooled blocks at its base. This special design main-
tained the overall expansion rate of the stainless steel structure approximately
equal to that of the glass manifold and associated connecting glass tubing to
the three tubes. This prevented any glass breakage during the bakeout of the
manifold and tubes. The bakeout was accomplished by a large oven (18 in. x
25 in. x 19 in.) which covered the full set of components shown in Fig. 11.

This oven was capable of heating the high vacuum section to 450°C.

d. Portable Bakeout Oven and Power Supply

In order to outgas the vacuum manifold, it was necessary to bake out the
entire system at 450°C. A very light portable oven was designed and fabricated
in which a thin (0.016 in.) highly polished, chrome plated, stainless steel
sheet was used as the heat barrier. Photographs of the oven and power supply
are shown in Fig. 12, while the circuit diagram for the power supply is shown

in Fig. 13.

Figure 12 - Portable bakeout oven and power supply.
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2. Tubes

In order to obtain comparative data, it was decided that tests made on three
tubes processed under the same conditions would be the minimum number for reli-
able results. More than this number would complicate the testing and could offer
but little additional information. The three tubes were mounted off the 2 in.
diameter manifold along with two Bayard-Alpert ionization gauges--one gauge for
spare. Corning No. 7052 glass was used as the envelopes for the three tubes.

A pyrex to 7052 grade was used in the 1 in. diameter exhaust end of each tube.
The first requirement for the ultra high vacuum condition was satisfied by
the system just described. The second requirement, that of being able to change

emitters readily, was met by incorporating demountable tubes in the system, one
of which is shown in Fig. 14. This photograph indicates the simplicity of the
vacuum seal and other details. The component parts that make up the test sec-
tion of the tube are shown in Fig. 15. The parts, reading from left to right
are: collector, emitter guard ring, emitter, filament heater and emitter support.
Because of the unique design of the demountable tubes, a detailed discussion of

the various tube components are presented below.

Figure 14 - Tube components showing tube base, copper gasket
and flange.
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Figure 15 - Components ready for assembly into a tube stem.

Left to right - collector, emitter shield, emitter
and heater. Tube assembly above.

a. Emitter - Collector Arrangement

In order to expedite changing emitters, a special emitter holder was
designed which consisted of two parts that screw together and clamp onto a thin
perforated tantalum emitter support disc which had been previously spot welded
to the emitter support sleeve. The emitter assemwbly was in turn supported from
the tube base by three 0.040 in. diameter molybdenum wires. A detailed sketch

of the emitter assembly is shown in Fig. 16.

PYROMETER
7z SIGHT HOLE

I
Z

Pigure 16 - Detailed sketch of emitter-collector arrangement .
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A photograph of the emitter is shown in Fig. 17. The exact geometry and

dimensions of the emitter and emitter support sleeve were ghown in Fig. 11.

Toitter

‘/C%Lttor Leve

Pigure 17 - Photograph of emitter with sleeve - 8X.

The collector was made from molybdenum, 1 in. in diameter by 1 in. long
and relieved on the back side t0 reduce weight but still retain a large mass
in order to provide a large thermal sink. This was important in order to mini-
mize heating of the collector which in turn could produce gas pregsure pulses
in the tube. The collector was mounted from the emitter guard ring assembly
by three sapphire rodsz and electrically connected by a 0.060 in. dismeter wire
to the tube base. The sapphire rods were 0.080 in. diameter and were used to
maintain & 0.04O in. spacing between the emitter and collector.

b. Tube Bage and Gasket Seal
Figure 18 shows a detailled sketch of the seal between the tubs base and

the vacuum system. A copper gasket 0.042 in. thick made the actual vacuum

)

flange was held to the tube support stand by a set screw, while the lower

seal by being clamped between the two 2 in. Ultek<l2 step flanges. The upper
flange was held to the stand by means of a ring and six stainless steel machine
bolts. The bolts compressed the copper gasket between the two flanges by a
shearing action of the step. This seal arrangement can withstand bakeout tem-
peratures as high as 500°C. Seven ceramie¢ feed throughs(lu) were Welded into
the base. These feed throughs were used to make electrical connections to the

heater, emitter, collector and thermocouples that were located on the various
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tube parts. These feed throughs can withstand up to 15,000 volts. These were
heliarc welded into the stainless steel base of the tube along with three 0.060

in. diameter nickel rods which were inserted into shallow holes in the base.

N N

TUBE SUPPORT STAND

KOVAR UPPER FLANGE

>°

I
__COPPER_ GASKET

U0 LOTOOCR0NT B
A

RING

LOWER FLANGE.

CERAMIC FEED
THROUGH

Figure 18 - Sketch of the copper gasket seal arrangement between
the tube base and vacuum system.

c. Heaters

A 1.2 ampere coated heater was used for heating the emitter to the desired
temperature (900°C - 14L00°C). The emitter power was approximately 1L .5 watts
for an emitter temperature of 1200°C. The heaters were purchased from the C
and M Manufacturing Company, Bloomfield, New Jersey.

High Voltage Pulser

A high voltage pulser was designed and fabricated for obtaining the V-I
characteristics from the various emitters. The design of the pulser was par-
(15)

tially based on information received from the Naval Research Laboratories.

The characteristics of the pulser were:

Voltage: 0-15000 volt
Current: 10 amp (peak)
Pulse Width: 5-25u sec
Rep. Rate: 30-120 pps

A schematic of the pulser and test diode is shown in Fig. 19. A simplified
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block diagram of the measuring circuit is shown in Fig. 20. It may be noticed
that a transformer has been added in Fig. 20. The original circuit was used
where the diode under test could be operated with -the collector electrically
grounded and the emitter floating so that a negative pulse could be applied to
the emitter.

(16)

project to supply a positive pulse to the collector with the emitter grounded.

A special 20 psec pulse width output transformer was designed for this
Operating the emitter in this manner was an important feature as it simplified
the heater circuit so it could function close to ground potential. This also

allowed the base of the tubes to be more readily fabricated.

300 K
Iw

300 K

s

o TRANSFORMER 0 K )

1w

test /L 1w SCOPE
DIODE
| (" 250 K ;
15 KV ‘ .
15 KV 201 SEC. 1w
PULSER PULSE v |

Figure 20 -~ Simplified circuit indicating how test diode is
electrically connected.
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OPERATING PROCEDURE

1. Tube Processing

The fore and diffusion pumps were operated in the usual manner once the
emitters were loaded onto the tube bases and the three bases inserted in the
glass envelopes on the system. When the pressure reached the 10'6 Torr scale,
the ovens were placed on the system and the tubes were processed in the follow-
ing manner:

1) The main oven is turned on and gradually brought up to a temperature
of 425°C. The rate of temperature rise is determined by the pressure
in the system which is maintained on the lO_5 Torr scale. The system
is baked at 425°C for 4 hours.

2) The trap oven is turned on and held to a temperature 50°C below that
of the main oven for the same length of time.

3) After 4 hours bake and a pressure registering on the low side of the
lO'5 Torr scale the trap oven is removed.

4) When the trap is cooled sufficiently, liquid nitrogen is added.

5) The main oven is turned off and the tubes are allowed to cool gradu-
ally. The pressure should drop to 1077 Torr within 1/% nour. At this
time the emitters are heated to 1000°C for 5 minutes. The pressure
is generally down on the 10_9 Torr scalé in three hours.

6) If for some reason the liquid nitrogen trap became empty, the system
is rebaked for a couple of hours following the same procedure as men-
tioned above.

This procedure prevented sudden thermal.shock to the glassware. A pressure

of 2 x 1077 Torr could be obtained.

To shut the system down, the liquid nitrogen was removed and the tempera-
ture of the trap allowed to rise. This resulted in a pressure of four to
five orders of magnitude indicating that the trap was an effective pump. When
the temperature of the trap was approximately room temperature the pumps were

shut down in the usual fashion.

2., Emitter Processing

In order to obtain reliable and reproducible thermionic emission, stand-
ards were established in the processing of the tubes. Because these emitters
were unique in their éomposition, the temperature range and the activation
schedule had to be experimentally determined.

A norm was established for activating the emitters with the assurance that

reliability could be expected from one type of emitter to another. This
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schedule was experimentally determined on a number of sample emitters and has
been so successful that V-I characteristics have been reproduced on active
emitters over a period of days.

The norm for activating the emitters is as follows:

A) 1) Set temperature of emitters at 1250°C.

2) Apply 250 to 300 volts dc.

3) Monitor emission current on strip chart recorder.

i) Age for 1.5 hours. The collector should glow at approximately 900°C
which generally requires 100 ma emitter current. This current is
maintained for approximately 1/2 hour .

5) The emission current as recorded would become constant after about
1 hour with the pressure less than 1077 Torr.

B)

1) Pollowing A - emitter temperature at 1250°C.

2) Apply 7000 - 10,000 volts pulse.

3) Monitor emission current on scope.

L) Age for 1 hour or 0.5 hour after no change in current.

5) Take V-I data going from high to low temperatures - and check at

high temperature for reproducibility. The pulse width is approxi-
mately 20 psec and the repetition rate is 30 or 60 pulses per
second (pps) depending on the best definition of the trace. The
voltage is increased from O to 10,000 volts manually while the
camera shutter is held open (approximately 5 sec.).

6) If the data are not reproducible - pulse age and repeat step (5).

3. ZEmitter Temperature Calibration

As pointed out in an earlier section, the emitters were heated by tungsten
heaters operating on ac. The temperature of the emitters was determined by an
L and N optical pyrometer by viewing the side of the emitter sleeve through a
sight hole located in the emitter shield. See Fig. 16. Reproducible calibra-
tions as indicated in Fig. 21 show that the true temperature of the emitter sur-
face agreed well with the temperature as measured by the optical pyrometer. The
true temperature was measured for this calibration run by a chromel-alumel ther-
mocouple. The range of temperature covered in conducting these experiments was
from 800°C to 1350°C. Temperatures lower than 800°C were difficult to determine
and also the electron emission was too minute to detect without more elaborate
testing facilities. Higher temperatures than 1350°C generally were not attempted

because of the limitation of the heaters. Figure 22 shows the voltage-current
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characteristics of the heaters, and Fig. 23 shows the emitter temperature as a

function of the heater input power.
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Figure 23 - Emitter temperature (true) vs heater power.

THEEMIONIC EMISSION

1. Basic Equations

The thermionic emission characteristics of various materidls are generally
evaluated in terms of a work function and an emission conétant. These values
are obtained from the well known Richardson formula which defines the satura-
ted emission current demsity, JS, of an emitter as a function of its Operating
temperature, namely

Js = AOT exXp -\ F

(7)

where Js = saturated current density at zero electric field, am.}_‘)/cm2

e/k = 11,610°K/ev

= electron charge, 1.6 x 107 coulombs

2 (e¢)

e
23 . o
k = Boltzmann constaent, 1.38 x 10 joules/°K
T = temperature, K
¢ = work function, ev material constants.
A 2 o
AO = emission constant, amp/cm - K

Experimentally the constants A and ¢ in Eg. (7) can be determined from

J, and T for a given emitter material. A plot of 1n JS/T2 versus 1/T, known
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as a Richardson plot, should be a straight line. The ordinate intercept deter-
mines AO and the slope determines the work funchion ¢. Although the theoretical
value of Ao is 120, experimentally it may range from 1077 4o lOu amps/cm2-°K2.
This is due, in part, to the dependence of the work function on the temperature.
This leaves JS as the only unknown parameler to be experimentally determined.
In Eq. 7, JS is the saturated current density with zero electric field applied
to the emitter, but this current caanot be measured directly. This saturated
emission current density can be obtained indirectly, however, by applying a strong
positive potential gradient to the emitter. Under these conditions the current
from the emitter will increase even though the temperature is held constant and
the emission is not affected by the space charge of the electrons. This implies
that the work function is reduced when high fields are introduced. When a correc-
tion is made for the work function in the Richardson equation it is found that
the emitter current density (Je) in the presence of the strong electric field is
related to the saturation current density (JS) by
g, =3, exp (4.20VE/T) (8)
where Je is emission current density in amp/cm2 in the presence of the
strong electric field
J_ is saturated emission current density in am.p/cm2 at zero field
E is the field strength in volts/cm
T is temperature (°K)
This expression is known as the Schottky equation. ZExperimentally this equa-
tion may be verified by plotting the logarithm of Je against the square root of
E where the electric field, E, is defined as the applied voltage, V, divided by
the gap distance, d. The saturated current density, JS, can now be determined
by measuring Je as a function of V for a given emitter while maintaining a con-
stant emitter temperature and gap spacing. A plot of 1n Jp versus VV, known as
a Schottky plot, should fofm.a straight line in the Schottﬁy region (high electric
fields). The ordinate intercept, when extrapolating the straight line portion of
this plot back to zero voltage, determines the saturated emission current density,
Js.
A Schottky plot of the experimental data results in a straight line whose
slope is h.h\/EyT except at low values of potential where the current drops more
rapidly than the simple Schottky equation predicts. Thus the standard practice
is to extend the voltage sufficiently high to obtain a straight line through the
experimental points at the high voltage end of the V-I plots. GCenerally, in the
temperature range employed with the barium impregnated emitters, the slope exceeds

(17)

the theoretical values.

N
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2. Experimental Data
The emitters, which were fabricated from the materials to be investigated,

were incorporated into tubes and processed according to the steps listed in sec-
tions B-1 and B-2. During the emitter processing step, the emission current was
recorded continuocusly on a strip chart recorder. A typical emitter activation
curve is shown in Fig. 24. After the emission current had become stable, V-I
characteristics of the emitter were obtained.

V-I characteristles were obtained for a series of at least 6 temperatures
starting from the maximum temperature and working down. These data were recorded
by a Polaroid camera with a setting at f/3 using 3000 speed/type Y7 film. A
typical photograph is shown in Fig. 25, where the abscissa represents the voltage
(1000 v/cm) and the ordinate represents the current (100 ma/cm). These data were
observed on a type 555 dual beam Tektronix oscilloscope.' These photographs were
taken as the pulse voltage was increased from zero tc 10,000 volts (100,090
volts/cm) or until ionization occurred between the emitter and collector due to

excessive current outgassing the collector or due to severe barium evaporation.

100 Beserennes RN e bttt et a e een s rasen e nrr e rn e e n e nnas

JIK

t(hr.)

Figure 24 - Typical emitter activation curve.

.

S
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CURRENT

VOLTAGE

Figure 25 - Typical oscilloscope V-I trace.

The initial information was obtained from these photographs; each photo-
greph representing the V-I characteristics from an emitter at one temperature.
A value for the magnitude of the current was extracted from the photograph for
at least 5 discrete voltage points starting from the high voltage end of the
trace. (It was graphically found that a reasonably straight line could be con-
structed through at least five points before the Schottky line deviated from
the data.) These points were from 9000 to 5000 volts in 1000 volt increments.

3. Data Evaluation

The procedure described above for evaluating the emission characteristics
of the various emitters involves many long and laborious calculations. In order
to facilitate these calculations, a computer code for use on the IBM 7090 was
established. The input map for the code requires the current, voltage and tem-
perature data obta;ned from the experiments along with the area of the emitter
surface. An example of the input map is shown in Fig. 26. The units of the
various quantities used in the input map are as follows:
= area - cm?
= voltage - volts

temperature - °C

H B g D
1l

= current - ma




Lo

08 6L 8Z L1 9L SL YL €L 2L 1L 0L 69 89 19 99 S9 V9 €9 29 19 09 66 86 IS 95 §S ¥S €5 26 15 06 &

1980 L$/oz/TT pastany])

£20T 4@ WHOd

SY Ly 9 Sh v €Y 2V b OF 6€ 8E L€ % mmvmmmmmﬁﬁamwuaﬁﬂvmmmwwﬁaogwﬁbﬁmAZﬂmm:cﬁo 8 L96vE21

O T T T A T T T T T T T T T

T T O T O T T T T T O T I T T T T

T O O O T T T I

BT PR L TR TR T S T T TR LT LT TRREE T T
(%9)1 (o)1 £9)1 (29)1 (T9)1 (9)x

oLl :%::_:_:m_%:_:____UEH:::___%_i__::_m_m_ﬁ_:_::_m_ﬁi_:_:
RSH (76T ‘ £)T (@8I (T9)I | Q)

LT TR T T T LB [ TR T T el T T T e e T T TPEREL T

?iH ()1 ef)I (ch)T (T ‘ (s

2l :%:::_:%:__::__I_P_:__:_:m_f:__:__o_m__::::%_H_H:____:
(Ge)1 (7E)I (TO)T (26)1 (1€)1 ()T

L OEL LT LR L LD LT LT LT LT T R LT TPl ] T

(&2)T (1e)I [te)r (ce)I (Te)r (@

LU LD LB e TP LT TRl [T [ elofe [T
(¢T)I -Gz S (cT)I )T (T)@

[T ::___:__o_%_m:______o_o_ow_::___o_o_o_P__:____o_o_o_w::::%:m::::
| (S)A ()& (E)A () (T)a

A L LT P T T ______:__‘_mp_m____.____,@:__:.::_%_%_._:::

‘ TP« OA JO*ON sgimyeiaodua], .wo‘.oz BALY J999TWH

L TR DT PR LT PO T T P s [ e ] [ EEE B P g §ee i ¢ iﬁ:iﬁﬁ%

NOLLYJ131IN3a! 1IMS VIVO 02 Wl ‘

dey gndur SUOTYBTNOTE) UOTADUNT JIOM

og °JanSIg




43

From this data the code is able to establish the saturated current density
for the various temperatures and finally the work function and emission constant.

The slopes and intercepts for the various Schottky and Richardson curves are
obtained by a least square fit of the input data. The equations used in this

(18)

regression analysis are as follows:

clope  m - &XT = 7

Y x2 - (9)
v - intercept = v - mx (10)
= +
where E:xy XYy + xeyé x3y3 +
2 2 2 2
E:x =X + X5 + X3 + !
|
n = number of data points |
— 1 I
X = HZX i
- 1
y= 3 E:y |

For the Schottky plot the x and y terms used in the regression analysis are

X = J?F (11)

1n (I/a)

as follows:

o
I

n = number of volbtage points at each temperature
With this data the code calculates the slope and y- intercept of the Schottky
curve for each temperature. The saturated current density is then obtained by
taking the antilog of the y- intercept, namely
7 = exp (F - uX) (12)
After the saturated current density has been established for each tempera-
ture, the Richardson curve is obtained. Again with the use of Egs. 9 and 10
where
x = 10,000/T (13)
y =1 (3 /7°)

n = number of temperature points

it

i

the slope and y- intercept of the Richardson curve are calculated. The y- inter-

cept defines the emission constant Ao‘used in Eg. 7 namely

A =exp (¥ - uX) (1h)
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et St L

The slope is used to obtain the work function in the following manner. i

First, Eq. 7 is newly written in the following form:

oy

10,000

In = =1n A -1.16 06 =2 (15) §

r\)lm

T

Since the Richardsor curve as calculated by the code is bhased on a plot
of ln(Js/Tg) vs 10,000/T, the slope of the Richardson line is m = - 1.16 ¢.
The work function is then obtained by dividing the slope of the line by -1.16

namely

¢ =m/-116. (16)

In many correlations it is desirable to compare the work function of various
emitters when the emission constant is set equal to the theoretical value of
120 amps/cm2 - °K2. This work function which is defined as the effective work
function, can be derived from Eg. 15. Inserting Ao = 120 amp/cm2-°K2 into

Eq. 15

J
In -2 = 1n 120 - 1.160 22000 (17)
2 gy
:I: 3
Equating Egs. 15 and 17
L
1.16 x 10
(bgps - 9 T =1ln 220
. A
@]
then
- -5 1, 120 | m
¢eff = ¢ +[8.62 x 10 In I }1
o]
or bppp = 0+ 0T (18)

where & is the work function temperature coefficient and is given as
o = 8.62 x 107 1n (120/A ) (19)

Figure 27 shows the code calculations based on the input data presented in
Fig. 26. The upper portion of the computer sheet lists the input data, namely
emitter area, number of temperature points, number of voltage points and a table
showing the emission current as a function of voltage and temperature. This
information is printed out at this point so that a check can be made on the

actual data that was supplied to the IEM 7090.
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The output section of the code shown in Fig. 27 is divided into three sec-
tions. The first section lists the Schottky data. Figure 28 shows the Schottky
curves for the values given in this Schottky section. It may be noticed that in
general, the straight line deviates from the experimental points for voltages
less than the discrete top five. The J intercept is determined by extrapolating
a straight line from the least square fit of the five points. This intercept
gives the JS value.

The second section in Fig. 27 shows the Richardson data when using the JS
values from the Schottky curves. Figure 29 shows the Richardson plot as obtained
from these data. The straight line can be drawn from the values given in the
column J(S)/T**2 (Fitted) which is a result from the least square fit. The last
column J(8) (Fitted) is that saturated current density computed when using the
least square fit values for the Richardson curve. It may be noticed that they
agree reasonably well with the actual JS values in the second section.

The third section in Fig. 27 shows the final results, i.e. the intercept
(Ao =5.6x% 10'3); the work function (¢ = 1.235); the temperature coefficient
(0 = 0.860 x 1073) and (b at 1100°C = 0.242 x 10V)

effective
The data compiled from the emitters are summarized in Table 12. The left

side indicates the chemical composition of the emitters, while the right side

shows the emission characteristics, listing AO; o and ¢ at 1100°C for compar-

ative purposes. It should be emphasized that for each ggfthese emitter types
there were three emitter samples tested. And in many instances some samples were
tested more than once for obtaining additional data or for supplemental data such
as temperature calibrations, voltage breakdown characteristics, etc.

The data shown under emission characteristics represent, in most instances,
a mean average for the three samples of each type of emitter. In a few cases
data from one sample from one emitter type varied from the other two samples and
was not considered in representing that type of emitter. It was for this very
reason that three samples (instead of one) were tested, in order to obtain
reliable data. Generally, when these discrepancies occurred, it could be traced
to temperature gradients between the shell and the emitter surface, tc emitters

that activated relatively abnormal, etc.
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Graphs of the information that is tabulated in Table 12 are presented in the
following figures. TFigures 30 and 31 show the effective work function plotted against
temperature for tungsten and rhenium respectively. These essentially, show how ¢
varies between emitter types. The curves shown in Fig. 30 are for the 100 mesh oxide
samples. The curve representing the dispenser cathode is that reported in reference
20. It may be noticed that the 7570 and 7575 type emitters are comparable to the
dispenser type.
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Figure 32 shows how the BaO content affects the effective work function. The
B0 content is shown in Table 12 for each of the emitter types. There appears to
be a lincar relation between the BaO content and the effective work function as may

be noticed, with.the 7570 and 7575 type samples giving the lowest work function.
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Figure 32 - Effect of barium oxide content on work function for BaO-UOE-W
and Re emitters.

Figures 33 and 34 show the saturation current densities vs temperature for tung-
sten and rhenium respectively. It may be observed that the curves follow the same rela-
tive order as does the BaO content. A current density‘pf 10 amps/cm2 at 1175°C was
recorded for the 7570 type as shown in Fig. 33. Currents of this order were observed
for the 7575 type but excegsive ionization due to barium evaporation occurred when
operating this type of emitter above 1100°C. This factor also limited the temperature
for the 7570 type to approximately 1200°C. As a reference, the current densities
reported for the 7570 typeare at least comparable to these reported for the dispenser
cathode.

The curves found in the lower right hand side of Fig. 33 are those representing
emitters which have a relatively low Ba0 content. It may be noticed that not only are
the current densities low but that the slopes of the curves are widely spread. This

is due in part to the fact that these particular bypesof emitters were exceedingly hard
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to activate and were very sensitive (emission wise) to any gas bursts. The end result

was that they were unstable and it was very difficult to obtain good reliable emission
data. '
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Figure 33 -~ Saturation current density for BaO-UOQ-W emitters.
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It may be noticed that the curves in Fig. 3k for rhenium follow the same general

pattern as that for tungsten and therefore further investigation with rhenium was

not deemed advisable at the expense of the tungsten series.
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Figure 34 - Saturation current density for BaO-UOE—Re emitters.
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One of the properties that could affect the electron emission is the size of
the particles that are used in the emitter. For this reason a number of emitters
were made which had the oxide reduced to 325 mesh rather than 100 mesh. The 325
mesh types are marked with an asterisk in Table 12.

It was found from thermionic emission data studies that the oxide particle size
(within the range 100-325) had very little effect on the electron emission as can be
seen by comparing the effective work function of the 325 mesh type with the 100 mesh
type. One overall comment on the 325 mesh emitters is that they were much more dif-
ficult to activate prior to obtaining emission data. One reason for this may be
that the density is greater in the 325 mesh than that for the 100 mesh and therefore
more difficulty may be encountered for the barium to diffuse through the grain bound-
aries on its way to the surface of the emitter. Once the emitters have heen activa-
ted the emission characteristics appear to be independent of oxide particle size

within the limits of this experiment.

IV. IMISSION MICROSCOPE STUDIES

In recent times the practical utilization of impregnated emitters commands a
great deal of interest, especially in cases where it is necessary to obtain compara-
tively large electron emission densities at moderate temperatures. Such emitters
schematically consist of porous matrices containing an appropriate activating agent,
usually BaO. Under actual operating conditions the barium oxide is reduced to free
barium atoms. These free barium atoms, diffusing through the porous matrix onto the
external surface, cover the emitter surface to produce the desired emission charac-
teristics. The electrons are then released from the tungsten whose work function
has been lowered by the absorption of a monatomic layer of barium. In order to gain
an insight into this mechanism of barium transfer, various barium containing emi%ters

were tested on the thermionic emission microscope.

A, Barium Oxide - Uranium Oxide Emitters

The most direct method of showing whether the tungsten surface is completely
or partially covered with barium is by means of the emission microscope. Thue we

have employed this method on several of the BaO-UO.-W emitter samples. The composi-

2
tion and effective work function of the various emitters that were tested on the

microscope are listed in Table 13.

L
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Table 13
Characteristics of BaO-UOQ—W Emitters Rffective Work

Sample No. Chemical Composition Function at 1100°C, ev

7575 75 v/o (75 m/o Ba0-25 m/o U0,)-25 v/o W 2.08

2575 25 v/o (75 m/o Ba0-25 m/o UOE)--75 v/o W 2.h9

7525 75 v/o (25 m/o BaO-75 m/o UO,)-25 v/o W 2.50

2522 25 v/o (25 m/o Ba0-75 m/o Uog)_75 v/o W 2.56

The effective work function of these varicus emitters were obtained from Table 12.

Photographs of the emission patterns obtained from the various samples are shown
in Fig. 35. The emission pattern in each case was obtained from the free barium
that was released by a reaction between the barium oxide and tungsten. From the
first set of photographs at 980°C it can be noted that the free barium was mainly
confined to the boundaries between the BaO--UO2 particles and tungsten matrix. At
this temperature the free barium did not have sufficient time to diffuse over the
surface of the tungsten which remained dark in the photographs. The effect of bar-
ium oxide concentration in the various emitters can also be noted. As the tempera-
ture of the emitters was increased to 1095°C, it can be noted in the second row of
photographs that the free barium was beginning to diffuse across the tungsten sur-
face.

The various emitters were then heated to 1230°C and held at this temperature
for two minutes in order to increase the free barium content of the samples. This
process is usually called 'activation'. The samples were then cooled to 1070°C for
viewing. The resulting surface structures are shown in the third row on Fig. 35.
This set of photographs indicates that the activation step increased the overall
electron emission slightly. . )

From the photographs listed in Fig. 35 only qualitative data on the emission
characteristics of the various emitters can be obbained. Such information as the
degree of barium coverage, and the effect of temperature, time and barium concen-
tration on the emission pattern can be noted. Quantitative data such as work
function and emission constant cannot be evaluated from the photographs.

Philips Cathode Emitter

The characteristics of electron emitting surfaces are interesting from the
standpoint of obtaining information on the mechanisms involved in the emission pro-
cess. This is particularly true of emitters that contain their own supply of acti-
vator, such as barium. This type of emitter must sﬁpply‘free barium to the surface
of the emitter at a comtrolled rate in order to maintain the desired work function.
In an attempt to gain some insight into the emission process, the surface character-

istics of a Philips impregnated-type B cathode emitter were investigated on the
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thermionic emission microscope. The results that were obtained from this prelim-
inary investigation were published in the Journal of Applied Physics.(l7) The
results indicated that after the Philips cathode emitter had been adequately acti-
vated, the surface structure was a function of its operating temperature. For
example, at 1040°C the surface of the emitter showed a gramular structure. This
granular structure was reminiscent of the grain structure observed in polycrystal-
line metbal specimens and was undoubtedly, the grain structure of the underlying
porous tungsten body. As the temperature was increased to 1090°C, the granular
structure disappeared and a monotone surface of medium intensity was seen. Finally,

as the temperature was increased to 1150°C, the granular structure reappeared and

persisted up to the upper temperature limit of the microscope.
The thermionic emission properties of the underlying metal make themselves evi- |
dent in the emission pattern when the barium is present only in a very thin layer L
usually defined as a monolayer. This absorbed layer of barium produces an outwardly '
directed positive dipole moment which results in a sizable reduction in work function
of the base material. If the barium layer becomes thicker than the required mono- |
layer, the work function will be increased and the structure of the underlying base
material may disappear.
On the basis of the above discussion, a qualitative explanation for the various
surface appearances of the Philips cathode emitter can be established. Basically
the thickness of the barium layer and thus the emission pattern depends upon a
delicate balance between the production, diffusion and evaporation of barium in the
emitter. Initially the barium is confined within the voids of the tungsten matrix
in the form of tribarium aluminate. As the temperature of the emitter is increased,
the tribarium aluminate slowly reacts with the tungsten matrix to produce a specific
concentration of free barium within the emitter. This free barium will then diffuse
from the core of the emitter to its surface where it will spread across the emitting
surface. At the same time that barium is being produced and diffused to the surface,
it is also being evaporated from the surface. The thickness of the barium layer
that develops on the surface of the emitter then will be governed by rate of these

three processes.
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A graphical representation of the three processes as a function of tempera-

ture is shown in Fig. 36.
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Figure 36 - Barium processes that are taking place in a Philips cathode
emitter.

For example, at low temperatures (region 1) the‘prodﬁction‘of free barium due
to the reaction between the barium compound and the tungsten matrix is lower than
the diffusion and evaporation rates. Thus only a thin film of barium can exist on
the surface of the emitter. In like manner, at high temperatures (region 3) the
evaporation rate exceeds the ability for free barium to diffuse to the surface,
again resulting in a minimum barium thickness. At some intermediate temperature
range, on the other hand, the evaporation rate of barium from the surface of the
emitter becomes controlling. Under these conditions the evaporation rate is lower
than the production and diffusion rates, and thus an excessive barium layer is
developed on the surface of the emitter. This results in the monotone character-
istics of the emitter as observed with the electron microscope.

The temperature range for the various regions will change with the operating
life of the emitter. For example during the initial part of life, the free barium

that reaches the emitter surface is produced very close to the surface. As the



life of the emitter is extended, the free barium must migrate from deeper sections
within the core. This change in migration depth will have an effect of the over-

all diffusion process which in turn will govern the temperature at which the wvar-

ious processes become controlling.

Emission Current

In order to attempt a correlation between the surface structure of the emitter
and the emission current from the emitter, a collector was inserted into the elec-
tron path of the microscope. Figure 37 shows a schematic of the thermionic emis-

sion microscope with the collector inserted in the system.

HEATER :
Jl 15-45 KILOVOLTS
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FLUORESCENT SCREEN/

Figure 37 - Schematic of the Thermionic Emission Microscope with
the collector in place.

The collector was in the form of an annular ring 1.9 cm outside diameter and
0.95 cm inside diameter. With this arrangement the emission current from a portion
of the emitter could be measured vwhile simultaneously viewing the surface of the
emitter through the hole in the collector. Two parallel fiducial lines were

inscribed on the surface of the emitter. The distance between these lines was
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initially measured on an optical microscope. The magnification obtained in the
electron emission microscope was then determined by measuring the distance between
the two fiducial lines in the image produced on the fluorescent screen.

A set of experiments was conducted on a 3 mm diameter Philips cathode emitter
with the collector inserted into the microscope. The emission current from the
emitter was measured at various temperatures both prior and after activation of
the emitter. The results of these experiments are presented in Fig. 38. Curve 'A’
presents the emission current obtained from the emitter prior to activation, while
curve 'B' indicated the current after activation. Activation was accomplished in
this case by heating the emitter to 1205°C Ffor three hours. Also included in Fig.
38 are photographs showing the emission patterns obtained on the microscope. These
photographs are arranged at their appropriate locations on the various curves. In
several of the photographs the parallel fiducial lines can be seen. For this spe-
cific emitter the fiducial lines were 5 x lO~3 cm apart.

Curve A, which presents the emission current from the emitter as a function
of temperature prior to activation,‘was quite reproducible. It was interesting to
note in this case that the emissionAcurrent from the unactivated emitter exhibited
a hystéresis loop with the temperature. In the low temperature region, the current
followed the upper portion of the curve with increasing temperature and returned on
the lower portion of the curve with decreasing temperature. At the high tempera-
tures, the two portions of the curve were identical. The photographs on curve A
indicate that the emitter surface was quite patchy; showing some areas where the
electron emission was very high resulting from the excess barium compound on the
emitter surface. The patchy areas persisted until the emitter was fully activated.

Curve B presents the emission current from the emitter after activation. In
the low temperature region, the emission current from the activated emitter was
about five huundred times greater than the current obtained from the unactivated
emitter in the same corresponding temperature regioﬁ. In this region the surface
of the emitter showed a very distinct crystal structure. At about 970°C (1240°K)
the emission current dropped by é factor of fifty thousand, while at the same time
the surface structure changed from a crystal to a monotone pattern. From this
point on the emission current increased with temperature until at 1230°C (1500°K)
the current was at the same level as it was prior to the structure change. Tt can
also be noted from the photographs that the original crystal structure reappeared
at the high temperature. These surface structure changes at the various tempera-
tures are in good agreement with the discussion presented in the previous section.

The current density of the emitter was calculated by dividing the emission

current by the "corrected area" of the emitter. The corrected ares of the emitter
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Figure 38 - Emission current from a Philips cathode emitter.
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was obtained by dividing the area of the collector image that was formed on the
fluorescent screen by the square of the magnification factor that was produced in
the microscope. This essentially projects the collector area back to the surface
of the emitter. For the data presented in Fig. 38 the corrected emitter area was
calculated to be 5.2 x lO-u cme. The current density and effective work function
based on the data from Curve B Fig. 38 are presented in Table 1k,

Table 1L ‘

Current Density and Effective Work
Function of a Philips Cathode as Obtained from the Emission Microscope

Temperature Current Density Effective Work
°c °K amps/cm2 Function, ev.
830 1100 1.6 x lO—5 2.8
930 1200 3 9x JLO'LL 2.8

1.030 1.300 2 x 10”6 3.6
1130 1400 L ox 1077 3.6
1230 1500 8 x :LO—LL 3.4

From Table 14 it can be seen that the effective work functions, as calculated from
the currents measured on the emission microscope, are higher than the published
value of 2.1 ev at 1100°C.

The emission characteristics of the 75 v/o (60 m/o BaO - 40 m/o Uo,) -25 v/o

=

emitter were also investigated on the emission microscope. A photograph of the
emitting surface as seen on the emission microscope is shown in Fig. 39, while the

current densities and effective work functions are presented in Table 15.

BaO-U02 Mixture

y - LI Za
fade® ¢ Ter ¥ .
A0 e ST

Tungsten

Figure 39 - Photograph of the 75 v/o (60 m/o Ba0-40 m/o UO,)-25 v/o W

)
emitter surface as recorded at 1000°C. 260 X.°
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Table 15

Current Density and Effective Work Function of the 75 v/o
(60 m/o BaO-40 m/o UOE)—ES v/o W Bmitter as Obtained from the Emission Microscope

Temperature Current Density Effective Work ‘

°C °K amps/cm2 Function, ev. :

830 1100 6.9 x 1070 3.8 ?

930 1200 9.2 x 10-8 3.7 |

1030 1300 1.6 x 1077 3.k }

1130 1400 2.3 x 1073 3.1 5
1230 1500 1 x107° 3.1

From Fig. 39, it can be seen that the electron emission is coming predominantly
from the tungsten surfaces. Activation was accomplished in this case by heating
the emitter to 1100°C and holding this temperature for two hours. From Table 15
it can again be seen that the effective work functions, as calculated from the cur-
rents measured on the emission microscope, are higher than the 2.19 ev value at
1100°C as listed in Table 12. There was no evidence of a drop in emission current
from this emitter at 970°C as was noted in the Philips cathode emitter.

Because of the great variation in work function as obtained from the emission
microscope compared to the data presented in Table 12, various aspects of the micro-
scope were investigated in detail. At this point there was some concern that secon-
dary electron emission from the disc collector was producing an error in the current
measurements. Under certain circumstances when a metal is subjected to bombardment
by electrons, secondary electrons may be emitled. This secondary emission current
may be of the same order of magnitude as the primary emission current, thus result-
ing in a very small current flow through the measuring circuit.

In order to investigate the degree of secondary electron emission, a Faraday
cup was inserted into the microscope in place of the disc collector during the test-
ing of the Philips cathode emitter. However, the use of the Faraday cup did not
result in any increase in the measured current; indicating that secondary electron
emission was negligible.

The change in emission current, as a function of the accelerating voltage used
in the microscope, was also investigated. It was noted that by increasing the accel-
erating voltage from 15 kv to 40 kv that the emission current would increase by a
factor of three. Preliminary evaluation of the emission currents obtained from the
emission microscope indicated that-the data cannot be intelligibly ;nterpreted using

the Schottky and Richardson correlations.
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The various aspects of the emission current as measured on the thermionic emis-
sion microscope were discussed with Dr. R. D. Heidenreich of Bell Telephone Labora-
tories.(gl) He indicated that in his work with the emission microscope he noted the
same general trends, namely low current densities and high calculated work functions;
After reviewing the mechanics of the emission microscope, it was postulated that
the low current densities resulted from the type of electrode geometry used in the
microscope. In ordinary work function measurements a simple diode is used which
involves only an emitter and collector. In the emission microscope, on the other
hand, a Wehnelt-diaphragm is located between the emitter and first anode. Thus the
voltage profiles as seen by the emitter are greatly different in the two cases.

The voltage profile in the emission microscope is so arranged that an electron
cloud may exist in front of the emitter. Only electrons with high kinetic energies
are able to penetrate the electron cloud and get focused onto the fluorescent
screen. These high energy electrons are still characteristic of the emitter sur-
face thus the image produced on the fluorescent screen is representative of the
emitting surface. However, the actual transmitted emission current may be greatly
reduced by the electron cloud.

The density of the electron cloud may be affected by the type and pressure of
gas in the microscope as well as by the materials in the emitter. For example,
barium evaporation from the emitter may greatly affect the density of the electron
cloud at various emitter temperatures.

Because of the complex processes that may be taking place in the emission
microscope, no feasible method for evaluating the work: function and emission con-
stant of an emitter can be seen at the present time. However, the microscope can
be used very profitably in evaluating the surface characteristics of various

emitters.
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