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I. INTRODUCTION

This document is the summary report of a program entitled
"Experiments to Establish Current-Carrying Capacity of Thermionic-
Emitting Cathodes," Contract NAS 2-3379, and summarizes the
efforts under this contract by Space Systems Division, Avco Corpora-
tion for the period 11 January 1966 through 30 January 1967.

A, PROGRAM OBJECTIVES

The primary objective of the present program has been that
of obtaining data on the current-carrying capability of thermi-
onic cathodes in a nitrogen atmosphere at pressure levels above
1 atmosphere. The experimental program has consisted of deter-
mining the maximum pressure level at which thermionic cathodes
of different sizes, shapes and compositions may be operated at
fixed current levels before catastrophic erosion of the cathode
material begins.

B. PROGRAM ORGANIZATION

The program originated from the Magnetoplasmadynamic Branch
of the NASA Ames Research Center. Mr; C. Shepard was Project
Manager for the Magnetoplasmadynamic Branch. Dr. A. Tuchman
was Project Manager at Avco/Space Systems Division (Avco/SSD),
and Mr. G. Enos was Project Engineer. The principal Avco,/SSD
participants and the areas in which they contributed are:

Dr. Tuchman and Mr. Enos, Facility development; Mr. Enos, Mr. R.
Krauss and Mr. C. Simard, Data Acquisition; Dr. Tuchman and
Mr., Enos, Data Analysis; and Mr. T. Sturiale, Materials

Fabrication.



C. TECHNICAL SUMMARY

During the initial phase of this program, experiments were ’
pérformed with the goal of determining the maximum steady-state
current which can be carried by conical cathodes, as a function
of ambient nitrogen pressure.' The most noteworthy result of
the,initial;tests‘Was the observation of the cathode erosion
phenomenon. It was found that for each fixed nitrogen pressure
level, some cathode erosion was seen. As each new (higher)
current level Was set, material was continuously lost from the
cafhode for some initial time period, a new cathode tip diameter
was established by the discharge, and the cathode then operated
in a steady-state or equilibrium condition. No further erosion
was seen thereafter for continued operation at the same, or v
lower, current and/or pressure levels. This process was repeated
until some "critical" operating current (or pressure). At
‘currents (or'pre88ures) above this critical level, the material
loss continued at a rapid rate, reducing, in some tests, the
total cathode tip thickness to the order of only 1/16-inch.
At that point, the arc was intentionally extinguished and the
test was cUlminated.

Oﬁ the basis of these first observations, the experimental
prbgram was reorganized in such a fashion as to permit the
determination of the‘maximum pressure at which a given cathode
can be operated before the onset of catastrophic erosion. The
significant résults of the test program are displayed as a graph

of this maximum pressure versus the curreéent level of operation.



The majority of tests were performed utilizing conical tip
cathodes with 90° included¢angle at the tip, and of fixed geometry.
The cathodes were fabricated from tungsten impregnated-with
three different matérials to determine the effects of the
added material upon cathode performance. The materials used
were thorium oxide, barium oxide, and barium calcium aluminate.
A determination of the effects of size upon performance was
made by cOmparihg the‘performance of thoriated tips~--all of the
same geometric configuration--with diameters of 1/4~, 1/2-
and l-inch. Finally, several attempts were made to operate both
cavity-typé and button-type tips.

Several,useful results were obtained under the program.
FirStly, and of greatest importance, the addition of barium cal-
cium aluminate was found to have a definitely beneficial effect
upon‘cathode performance; cathode performance was markedly
improved over that obtained with the other materials. Secondly,
the use of larger diameter cathode tips did not always improve
the operating éharacteristics of cathodes. For the fixed
geometrical configurations employed in this program it was found
that four 1/4-inch diameter cathode tips will carry more than
a single 1/2-inch tip (same cross-sectional area), but that
a 1/2~-inch tip can carry more current than a l-inch tip for

certain operating conditions.



IT. FACILITY

A. CONFIGURATION

A typical cathode tip, adaptor and holder are schematicélly‘
shown in figure 1. The complete cathode unit shown was ori- |
ginally developed for an arc technology program which wésv
being carried out at the inception of the present prbgfam. The
copper holder consiéts\essentially of two concentric tubes
for coolant. flow. An intermediate coppér piece (adaptof piﬁg)
is brazed both to the holder and the tungsten tip, and is uéed
to prevent coolant waterxr frdm impinging directly upon-the tung-~
sten'cathodé tip. The cathode holder-copper plug bond ié made
with silver solder; the copper adaptor plug-tungsten tié joint
is made by é gold bréze. The fabrication proceduré is as follows:

1. The copper adaptor plug, which is made from avsection
of slightly oversized diameter copper rod, is méchined on one
"edge and gold brazéd'to the tungsten tip. Becausé of the |
extremely small difference between the gold braze temperature
and the copper'temperature, the copper tends to "sag" Somewhat
during the brazing operation. It is then machined on the face
to be joined to the holder. |

2. A silver solder joint is made at the copper-copper,
holder to plug joint.

3. The oversized adaptor plug is'machined to an outside

diameter to match the OD of the tip and holder.
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4. FEAch time a tip replacement is desired, the silver
solder jbint is broken and a new tip-plug combination is silver
bonded to the holder.

" The tungsten—tipped cathode shown in figure 1 has an OD
of 1/2-inches and is appfoximately 11 1/2-inches long. Simi-
lar cathodes have been fabricated in sizes of 1/4-inch OD
and 1—inch OD and have been successfully used for the present
program, |

The‘mounting of the cathodes within the test facility is
indiéated in the schematic diagram of the facility shown in
figure 2. The cathode is driven into and out of the facility
by an electric motor so as to permit initiation of the electri--
cal discharge at small cathode-~anode separations and the subse-
quent withdrawal of the cathode tip to a position in line with
the viewing port. Starting is accomplished at low pressure--
Paschén's law breakdown--and the pressure is raised after the
cathode tip is in its final position.

The facility has been operated at currents in the range of
100 to 1SOO amperes and at chamber pressures of from 1 to 30
atmospheres. It consists of four distinct sections, all water
cooled and electrically insulated from one another. A magnetic
field is used to maintain a constant swirl of the arc attach—
ment on the anddéa

" The anode section consists of a water cooled copper anode

and constrictdr, The anode housing has a 20 turn water cooled



. . 29
ALITIDVS D&Y AQNLS FGOHIYD

S
_ N
L%l, ONIMIIA—————— ¥ \\\ PRI
S¥oLYIMSN! e W“ |M

ONISHOH  HONY o 3 mlmn\ d¥L  FANSSITVS YIGHYHD
4 . , ) NaLsonns ot JTOHLYD
SHOD @ T y £
A . , N :
N - F
N . N NN : !
- . . 3A0HLYD
B . \\
\TRTE §m — == =
TITTIRY 4 = > .
YOLIILLISNOD W ; y \
//
I~
W N /
3 N2 /
< N
ONISPOH N
§0LOI¥LSNGD //u
\

FITIOH IGOHLVD

YIJI0D - FAONY SYOLY INSNI  F@OHLVD

YZLIING  HILYM ONISHOH  3a0HAYD

MIGUYHD LYOd  ONIMIIN

YLIZIN 5Y9 SYOLVINSNI FXIYLIN 1X08

OMISIOH JoLOILM SVO

- » ¥ X & ®



copper magnet wound on its diameter. This magnet is powered
by a 30.kw Miller power supply and was operated at a constant
current,ﬂprovidihg‘a constant field strength for all tests.
The downstream side of the constrictor is run into a water
‘cooled baffle-(not shown in figure 2) and a flow control
valve. This permits operation of the arc at high chamber
pressures with a minimum of mass flow.

The gas injector section is iocated upstream of the anode
and is electrically insulated from it by a micarta spacer and
a boroh nitride_linere Injection’of the gas is through eight
bcylindricalkports tangent to the inside diameter of the housing
and normal to the engine axis. Theselinlets are located approxi;
mately two inches downstream of the cathode tip so that the
gas impingement upon the cathode is minimized.

The Viewing section is also insulated from the gas injector
by a micarta spaeero The viewing port is positioned so that
visual observatiohs of the cathode tip may be made at any time
during the test. A camera lens (not shown in figure 2) is
mounted in line with the viewing port and the cathode tip and
is used for the magnhification and projection of the cathode tip
_image onto a ecreen where a detailed study may be made. Chamber
pressures are monitored through a tap located in the viewing
port housing.

All sections of the arc facility are made gas and water
tight by the use of o-rings and insulating piecesa The various

gas -and water inlets and outlets are metered with flow gauges,



pressure gauges and metering valves which are used to control
pressure and masslflow rate in the arc. The cathode cooling
water is monitored for both flow rate and temperature rise.
Power for the arc is supplied by two, 1l/2-megawatt Perkin
Power Supplies. Each of these rectifiers may be operated at
2000, 1000 or 500 amperes and 250, 500 or 1000 volts, respectively,
and may also be connected in series or parallel, as desired.
Figure 3 and 4 show photographs of the arc teét facility.
Figure 3 shows the cathode driving mechanism (notched shaft
on right side of photograph), the driving motor, the viewing
port, water and electrical lines, and the projection lens
mounted on a moveable slide. Figure 4 shows a close-up view
of the viewing port and projection lens system. The exit
baffle may be seen at the extreme left side of the photograph
(water cooled copper tube).
B. INSTRUMENTATION
The‘various test and measurement eguipments which are used
to determine the performance of the arc test facility are:
1) the magnifying lens, 2) temperature measuring thermocouples,
3) current and Volt meters, 4) pressure gauges. These are
- more fully described below: |

1) Magnifying lens

The magnifying lens was a Wollensak 8-inch, £/5.6
telephoto lens. The lens was mounted in line with the viewing
port and the cathode, and was used to project and magnify the

image of the cathode tip onto a data sheet where a detailed



Figure 3:

Figure 4:

Photograph of Arc Facility

Photograph of Arc Facility
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‘examination of the cathode shape could be recorded. The image
of the.cathodé was magnified by approximately a factor of 22.
Thus, an inaccuracy,of as much as 1/4-inch in any given measure-
ment upon the dafa sheet (an extraordinarily large inaccuracy)
would represent an inaccuracy of only of the order of 10-mils

on the actual cathode. Figure 5 shows a schematic diagram

of the optical system.

'~ 2) Thermocouples

In order to accurately determine the effective voltage
drop at the cathode, the power dissipated in heating the cathode
is measured. The temperature rise of the cathode cooling water
is measured by a differential Iron-Constantan thermocouple
prévidihg an output signal of 100 wv/0Cc, and recorded on a
Leeds and Northrup potentiometer with greater than 1 uv
accuracy; The temperatﬁre difference between water inlet and
water outlet is converted to heat power when combined with the
measured rate of water flow through the electrode.

3) Current, Voltage, and Flow Rate

Arc and coil current measurements are made with precision
50 MV shunt reéistors and precision dc millivoltmeters. The
millivoltmeters aré fabricated by Assembly Products and the
combination has ‘a least count of 2 amperes and an uncertainty
of 1/2% of full scale. The afc voltage is measured with a
precision dc voltmeter. The water flow rates are measured
using standard Fiéhgr—Porter liquid flowmeters with 2% of full

scale accuracy.

-11~-
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4) .Pre58ure_Gauges‘

The arc chamber pressure is measured with a panel of
AshcrofﬁADura—gaﬁge meters. The ranges covered by these gauges
are 0-60 psig, 0-100 psig and 0-300 psig. These gauges have
accuracies ofll/4% of full scale and least counts of .2, .5,
and 1 psig, respectively. A 0-20 mm Hg gauge manufactured by
Wallace‘and Tiernan is used to monitor the chamber pressure-

before the arc is started.

-13-



III, TECHNICAL PROGRAM

A. MATERIALS |

The determinatioh of the effects of material upon the current-
Car}ying performance of thermionic-emitting cathodes was carried
out using three impregnated-tungsten materials. The three
materials, which in the remainder of this report will be called
thoriated-, bérium oxided~-, and barium calcium aluminated-
tungstén, reébectively, had the following compositions.

1) ,Thoriated—Tungsten

Tungsten plus 2 percent by volume thorium oxide, with
a density of at least 99% of the theoretical density of the
composite material., This material was purchased for use in
this program frbm_both Syivania Electric Products Co. and
Generél Electric Co. Tests were performed to determine if
differences in cathbde performance resulting from the use of
the different suppliers. |

2) Barium Calcium Aluminated—Tungsten'

This'material was composed of tungsten impregnated
with_barium’calcium aluminate. The material was purchased
from Semicon AsSociates'of Lexington, Kentucky, and was
fabricated by infilﬁrating barium calcium alumihate into 80%
dense‘tungStén billets to achieve a minimum weight pickup of
5%, with a uniform dispersion of the additive. The billets
héve beén évaluated af Avco/SSD and havé been determined to

contain a uniform dispersion of the infiltrant. The material

-14-



obtained by the process outlined contains between 19 and 20%
by volume of barium calcium aluminate, and has a density of
at least 98.5% of the’theoretical composite density of a
uniform dispersion of the (3Ba0)(A1203) (Ba0O) (cao0).

3) Barium Oxided-Tungsten

- The fabrication of this material was done at Avco.
Five aftempts have been made utilizing both hot pressing, and
cold pressing and sintering techniques. The first attempt at
hot pressing a 5 v/o BaO - 95 v/o W mixture was conducted
at too high a temperature resulting in loss of BaO through
melting and evapqrationm During the hot pressing operation,
the BaO was forced»out of the tungsten matrix yielding a porous
tungsten matrix.

In order to accelerate the densificat;on process and

permit lower fabrication temperatures, a smali aﬁount of
nickel (.75 w/0) was;added;to act as a sintering aid. Hydrafed
nickelouslnitrate (Ni(NO3)°6H20) was dissolved-'in water and
6-8 micron tungsten powder was added to form a slurry. After
drying the mixture, the nickel compound Was decomposed to
nickel in a hydrogen atmosphere at 500°C. BaO was then added
and the mixture was dry ball-milled for 4 hours. This material
was then hot pressed at 1415°C and 4000 psi to yield a billeti
of 96% of the theoretical composite density. As is shown in
figure 6 and 7, the BaO particles are uniformly dispersed

throughout the tungsten matrix. An attempt at cold pressing

-15-



BaO particles uniformly
dispersed in hot pressed
W Matrix

Composite 96% dense

Figure 6: Mag. 500X
Unetched

Relative position of

BaO particles with respect
to grain boundaries. Dis-
location etch pits evident
in favorably positioned
tungsten grains.

Figure 7 : Mag. 500X
Etched

_16_



(at 50,000 psi) and sintering (at 1700°C) one-half inch
diametei pellets yielded a density of 92% of the theoretical
composite deﬁsity (Sée figure 8).

" The same procedure was utilized using 1 micron tungsten
powder, that is, both hot pressing and cold pressing and
sintering. However, a density of only 85.5% was obtained by
hof pressing and the billet was extensively cracked (see
figure 9). The results were somewhat better using the cold
pressing and sintering technique (91.5% dense) although it
was necessary to use a very carefully controlled time-tempera-
ture*cyéle to inhibit the cracking and reduce it to a minimum
(see figure 10).

Twé other attempts were made using both hot pressing,
and cold pressing and sintering of 5 volume % BaO, 0.75
weight % Ni, with tungsten powder. Both a 75%-4 micron,
25%-1 micron and 80%-4 micron, 20%-1 micron tungsten powder
mix were tried. Each of these attempts resulted in a sample
of less than 95% of theoretical density.

A 1’1/4-inch'thick, 5-inch square plate of barium oxided-
tungsteh’was fabricated using 0.25 w/o nickel, 95 v/o tungsten
in a 6.8 micron average size powder form, and 5 v/o barium
oxide. The procedure followed was the first described above,
that is, a slurry was formed and dried, the nickel compared
was decomposed at 500°C in a hydrogen atmosphere, the barium

oxide was added and the material was hot pressed at 1415°¢

-17-



Figure 9: Mag. 500X
Unetched

Uniform dispersion of BaO
particles in hot pressed W
matrix. Note crack in
lower right corner and
angularity of BaO particles.

18-

Figure 8: Mag. 500X
Unetched

Uniform dispersion of BaC
particles in cold pressed
and sintered W matrix.

Note increase in BaO parti-

¢cle size due to agglomera-

tion at higher temperatures
and longer times.

Figure 10: Mag. 500X
Unetched

BaO particles in cold
pressed and sintered W
matrix, Note nonuniform
size of BaO particles.
Larger particles due to
agglomeration of BaC at
higher temperatures and
longer times during
sintering.



at 4000 psi. The density obtained was 94.8% of theoretical
composite density. It is not entirely clear why the density
attained was below the 95% attained in the first test, but
it is believed that this was due to the greatly increased
sample size,

The plate was cut into l-inch squares for machining into
cathode tips. The squares were then resintered in an attempt
to increase the material density. This process did not sig-
nificantly increase the material density. The final density
of the material used for the cathode program was 95.3% of
the theoretical composite material density.

B . TEST RESULTS--PRESSURE

1. Effect of Cathode Material

Each of the three composites discussed above was
fabricated into cone-cylinders. The cylindrical portion
had a diameter of 1/2-inch, the conical tip had an included
angle of 90° and was rounded at the tip to a 30 mil radius.
The length of the cylindrical portion was 1/2-inch, resulting
in an overall tip length of just under 3/4-inch. The tips
were then brazed to copper plugs and copper holders as des-
cribed in section II.A, above. Figure 11 shows a scale
drawing of a cathode tip and its adapter plug.

- For each material, the arc facility was operated at
fixed current levels in the 100-500 amperevrange, and the

nitrogen pressure within the facility was increased in steps.

~19-
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"At each set of curreht and pressure values of operation, the
arc was permittedAto operate until it reached complete
equilibrium and the resulfing equilibrium cathode tip shape
was recofded, by.hand sketch and occasionally by photograph,
upon the data‘sheét. Thé recording process has been described
above.

Figure 12 shows a typical data sheet on which the
equilibrium. cathode shapes for each pressure level have been
recorded. The cathode image on an original data sheet is
approximately 22 times life-size. Figures 13, 14, 15 and 16
show consecutive, chronological photographs of the data sheet
taken during arc operation. The cathode erosion is readily
seen in this series.

The recorded equilibrium cathode dimensions were
transcribed from the magnified sketch and a plot of equilibrium
cathode tip diameter versus chamber pressure was made for
each operating current. It is to be recognized that the maximum
tip diameter is limitéd to 1/2-inch; at the 1/2-inch cone
diameter the cbnicai portion of the tip joins into the 1/2-inch
cylindrical portion of the tip (see figure 1ll). Moreover, the
tip'diametéf at any position along the conical section is
equal to exactly twice the axial tip length which has been
eroded aWay. This last statement. is, of course, due to the
use of cathode tips with 0% jncluded angle at the apex of

the cone.

-21-
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Figure 13: Photograph of Cathode Tip During
Arc Operation, 400A, 3.5 psig

Figure 14: Photograph of Cathode Tip During
Arc Operation, 400A, 15 psig
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Figure 15:

Figure 16:

Photograph of Cathode Tip During
Arc Operation, 400A, 30 psig

Photograph of Cathode Tip During
Arc Operation, 400A, 30 psig

-24-



Figure 17 shows the equilibrium cathode diameter as a
function of chamber pressure for.l/2—inchlthoriated tungsten
tips operated at various currents from 50 to 500 amperes.

Two of the curves were obtained using thoriated tungsten
obtained from General Electric Company; these arekrepresented
by the filled symbols on the figure. The open symbols repre-
sent the data obtained using the material purchased from
Sylvania Electric Products Company. Also shown in the figure
is a set of data obtained at an arc current of 200 amperes
using ultra-high purity nitrogen as the ambient test gas.

The figure shows the general trends followed by each
of the cathodes tested. At each operating arc current, the
" equilibrium cathode diameter increased with an increase in
chamber pressure, until some.critical pressure level was
reached. Beyond the critical pressure level, catastrophic
erosion began and no equilibrium diameter existed. This is
indicated on the figure by the steeply rising dashed portion
of each curve. ’

No differences of major significance are seen between
the performance obtained with the cathodes fabricated from the
materials obtained from the different suppliers. The use of
high purity nitrogen gas also had no appreciable effects upon
cathode performance.

Figures 18-22 show photographs of thoriated-cathodes
after completion of tests at current leVels of 100, 200, 300,
4001and 500 amperes, respectively. The flatness of the forward

surface on each cathode is particularly noteworthy..
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Figure 22: Photograph of Cathode Tip After
Testing, 500A ‘
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Figure 23 presents the edquilibrium cathode diameter
as a function of chamber pressure for 1/2-inch barium oxided-
tungsten,-and figure 24 presents similar data obtained with
1/2—inch»barium caicium aluminated-tungsten. The dependences
shown exhibit the same general trends as those obtained with
thoriated-tungsten cathodes (see figure 17).

The "“critical" pressure hasibeen defined, for the sake
of simplicify ahd ease in data handling, as the greatest
pressure at.which an eguilibrium cathode diameter exists.

This maximum o?erating pressure could, as well, have been
defined in térms'of the position of the knee seen in most of
the curves, but, for many of the curves, the ambiguity in
determining this "point" is quite large, and the present
definition was therefore utilized.

The maximum chamber pressure was determined from
figures 17, 23 and 24, above, for each operating arc current.
The resulting curves of maximum chamber pressure versus operat-
ing Current are shown in figure 25 for the three materials.

At an arc current of 100 amperes, the barium calcium aluminated-
tungsten cathodes were operated at pressures above 20 atmos-
pheres (~305 PSIA), as compared with a maximum pressure of

only 7'atmospheres for the thoriated-cathodes and 13 atmos-
pheresrfor the barium oxided-cathodes. Referring again to
figure 24, it may be seen that the barium calcium aluminated-
tungsten cathodes at 100 amperes never exhibited catastrophic

erosion, even at 20 atmospheres, and that the maximum pressure
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shown on figure 25 is really a lower limit on the actual
value of the makimum pressure.

As seen from the figure, as the operating current was
increased, the relafive performance improvement obtained with
the barium calcium aluminated-cathodes was reduced, but, at
least up tokSOO amperes, superior performance was always
obtained with the barium calcium aluminated—fungéten cathodes
than with either‘of the other two materials.

Of the three materials, the barigm}oxided tungsten
exhibited the greétest "scatter" in the performance data
obtained, particularlylat the lower current operations. It
also showed thé rapid degradation in performancé at increased
current levels and, for currents above approximately 250
ampefes,'did not perform as well as thoriated—tungsten cathodes.

Oon the basis of the data shown in figure 25, there is
little doubt that the most advantageous cathode performance,
at least at arc currents of up’to 500 amperes, is obtained
using barium calcium aluminated-tungsten as the cathode

material.

2. Effect of Cathode Size
In oxder to completély evaluate the effects of cathode
size dn’current—carrying performance, the geometry for each
cathode diameter should be varied to optimize its performance
characteristics; This would involve varying both the length
of the cylindrical portion of the cathode and the included

angle at its tip. The present program was limited to a study

-34-



of the effects of cathode size for a fixed geometrical configuration.
Each cathode had a 90° included angle at its tip, and the cylindri-
cal portion was fixed to have a length equal to its diameter. This
had the effect of fixing the overall cathode length, from its tip

to the base of its cylindrical portion, to be 1 % times as great

as its diameter (refer to figure 26). Figure 27 shows a photo-
graph of typical cathodes of theé three sizes, before testing.

In order to insure that no other effects were operating to
introduce performance differences, each Qf the cathodes used for
this portion of the program was fabricated from thoriated-tungsten.
Three different diameters were used; all materials utilized for this
portion of the program were purchased from General Electric Co. and
were tested for uniformity of composition and density. The densi-
ties were found to vary from one piece of material to the next by
less than 3 parts per‘thousand (typicallv 19.01-19.05). The theore-
tical density of the composite is 19.21 (19.3 x .99 + 10 x .0l1) so
that each sample piece utilized had a density of 95% of the theore-
tical composite density. Figures 28, 29 and 30 present the plots
of equilibrium cathode diameter versus chamber pressure obtained for
the %-inch, %-inch and l-inch sizes, respectively.

The same definition of maximum chamber pressure has been
employed to obtain the curves of figure 31. The figure presents
the maximum chamber pressure at which the different size cathodes
may be operated; the different symbols represent the different
arc current levels of operation.

The most striking feature of the curves shown in the figure,

is their apparent maximum at, or near, the L_-inch cathode diameter
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for each of the three arc currents. The improved performance
evidenced in the increase from a 1/4-inch to a 1/2-inch diameter is
anticipated on the basis of simple cross-section arguments. The
increased cross-sectional area available for current flow and heat
flow from the cathode tip to the cooled back surface of the cathode
would suggest a lower tip temperature and less erosion at any given
operating condition. The same argument would suggest that increased
diameters above some value should have little or no beneficial
effect upon performance, since cooling of the tip below melting
temperature is all that wouid be desirabie. .The increase from
%-inch to l-inch diameter could, by this argument, tend to over-
cool the tip and prevent efficient thermionic emission.

This oversimplification is not proposed as an explanation
for the‘observed phenomenonkbecause-there are, clearly other
mechanisms operating as well. Because of the fixed geometry used
for the tests, the incfeased cross-sectional area is accompanied
by both an increased tip to cooled base length, as well as an
increased surface area exposed to arc radiation. Each of these
effects would act to oppose the effects of the increased cross-
sectional area. A much more detailed discussion of these effects
may be found, for example, in reference 7.

3. Effect of Cathode Shape

In this portion of the program, attempté.were made to
operate cathodes of geometrical configurations other than the
cone-cylinder configurations discussed above. Two other con-
figurations were examined. The fifst of these--a so-called
"hollow" cathode configuration--is shown schematically in

figure 32. Figures 33, 34 and 35 show photographs of three
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Figure 35: Photograph of Hollow Cathode After
Testing, 500A, 30psig
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such cathodes after 30 minutes of operation at a current‘level
of 500 amperes and at pressures of 3.5, 15 and 30 psig,
respectively. No equilibrium situation existed atkthe end of
any of the 30 minutes tests of "hollow" cathodes.
Figure 36 shows a schematic of a "button" cathode,

and figure 37 is a photograph of such a cathode prior to test-
ing. All attempts to operate such cathodes were unsuccessful.
There was evident a continuous erosion process throughout the
test period, with the arc attachment wandering over the entire
circumference of the tungsten to copper joint.
C. TEST RESULTS--FALL VOLTAGE

For each cathode material the heat power removed by the
cathode cooling water has been measured. The ratio of this
heat. power to the arc current is a measure of the cathode fall
voltage and depends upon the specific test gas used, the
ambient gas pressure, and the cathode material, as well. The
effective cathode fall voltage, defined as the removed heat
Power divided by the arc current, has been determined for each
cathode test performed.

Figure 38 presents the effective cathode fall voltage as
a function of chamber pressure for the %-inch thoriated-tungsten
cathodes operated in 100 to 500 ampere current range. The
filled symbols on the figure represent the maximum pressure of
cathode operation for each current level. Higher pressure
level data points were obfaihed’during catastrophic erosion

operation and do not represent edquilibrium conditions.
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Figure 37: Photograph of Button Cathode Before Testing
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With the possible exceptions of one 250 ampere test and
the 150 ampere test, all the data obtained may be fairly
well represented bv.a single curve,‘with the effective fall
voltege increasing in roughly linear fashion with increasing
chamber pressure. For novtest did the effective fall voltage
rise much above 9 volts.

Figure 39 shows similar data accumulated with barium
oxided-cathodes. For this material, also, the data points fall
roughly uponra single curve with the same general behavior as
the curve for the thoriated-cathodes. Figure 40 presents the
data accumulated withvbarium calcium aluminated-cathodes.

With the exception ef the data for the 225 ampere test, the
previous remarks are equally valid.

In order to compare the effective cathode fall voltages for
the three materials with their performance characteristics,
graphs of fall voltage versus chamber pressure. have been
plotted for several arc currents. Figures 41, 42, 43 and 44
show the effective fall Voltages for the three materials at
arc currents of 200,'2505 300 and 400 amperes, respectively,
At 200 amperes arc current, both the barium oxided- and barium
calcium aluﬁinated—cathodes showd appreciabiy superior perfor-
mance characteristics than the thoriated-cathodes (see figure
25). It is evident from figure 41 that for the same arc cur-
rent, the.cathode fall voltage was, at all pressures, higher
for the thoriated-cathodes than for cathodes of the other two

materials.
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At the 400 ampere current level, the fall voltage for barium
calcium aluminated-cathodes was considerably lower than for
the nther two materials (see figure 44). A comparison with
figure 25 shbws the relative performance at that current
to be better, as well.

For each arc current, the barium calcium aluminated-
tungsten cathodes operated at lower effective fall voltages,
that is, less heat power had to be removed by the cooling
water. No clearly discontinuous or sharp increases in effec-
tive fall voltages are apparent in the immediate vicinity of
the critical pressure. There are also no specific fall voltage
limits upon equilibrium cathode operation. In figure 38, for
example, the spread in critical pressure fall voltages (filled
symbols) may be seen to be as large as the range of operating
values, themselves.

A comparison of the effective fall voltages for the differ-
ent diameter thoriated-cathodes has been made, as well. Figures
45, 46 and 47 present plots of effective fall voltage as a
function of chamber pressure for arc currents of 100, 200 and
300 amperes, respectively. At each arc current, the effective
fall voltagé rises slowly with pressure for each cathode
diameter, but no outstanding dependence upon cathode diameter
is obserVed.

D. SUMMARY OF RESULTS
The most significant results obtained under the program are

the following.
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1. Barium Calcium Aluminate is an especially attractive
additive to tungsten for use as a cathode material. Cathode
performance is greatly enhanced at all current and pressure
levels of afé operation utilized for tﬁis program. It is‘
greatly superior in performance to either thorium oxide or
barium oxide; The only disadvantage to its general use is
the high cost required for the fabrication of the impregnatéd
material. Its cost per cathode is of the order of 3 or 4
times the cost for thoriated-cathodes.

2. At current and pressure levels within the range of
100 to 500 amperes and 1 to 20 atmospheres of nitrogen, and
for the fixed cone-cylinder geometry tested, the use of
larger diameters does not always improve the performance charac-
teristics of cathodes. The optimum performance characteristics
were obtained for 1/2-inch diameter cathodes.

3. ©Several smaller diameter cathodes operated in paréllel
show a greater current-carrying capacity than a single cathode
of the same éross—sectional areé, For example, at a pressure
level of 5 atmospheres, four l1/4-inch thoriated-cathodes can
be operated, each carrying 100 amperes, for a total of 400
amperes. A single 1/2-inch thoriated cathode could carry
only 200 amperes under the same conditions (see figure 25, for
example). The cross-sectional cathode area for the two situ-

ations is the same.
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IV, CONCLUSIONS

Eléctrode phenomena'in electric arcs have been studied
experimentally and theoretically by a number of.investigators.
The literature on cathode fall voltages, curren£ densities, and
operating mechanisms is voluminous. Nevertheless, the‘design
of cathodés has been carried out almost entirely on an
" empirical basis because no verified, dquantitative thebry
capable of performance predictiohs of a cathode of given
properties and geometry operating at a given current and
pressure in a giveh gas has existed.

Sevéral types of arc cathodes have been investigated
experimeptaliy. (See, for example, references 1-7). Much
more work of a theoretical nature has been done, and a complete
listing of thé available literature would be an unrealistic
project. However, references 7-29 may be used as a basic
bibliography of the work done.

.The present iﬁvestigation has been almbst entirely experi-
mental in naturé,and haé been directed towards providing a
useful basié forzrational design procedures for use at the
higher currents and pressures encountered in high—energy wind
tunnels for simulation of atmospheric reentry. The effort
has been fruitful in providing inforﬁation concerning the
effects of different low work-function additives for cathodes.-
In partiqular; fhe use of barium calcium aluminate is highly
recommended if'cost is not a prohibitive factor in the material

selection.
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The results obtained have shown that, for a fixed geometri-
cal configuration, there is apparently an optimum size cathode
diameter for achievihg good cathode performance characteristics.
It is recomméndéd that future experimental research areas
should inélude the determination of the optimum cathode tip
included angles and lengths for various cathode diameters.

Such information would éermit the design of high current and
high pressure cathodes to proceed in a more rationalrfashion

than the present empirical method allows.
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