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ABSTRACTY

Micrasecond pulsed current from a good oxide cathade at narmal aperating temperatures
is aften limited by sparking rather than by saturation of cathade emissian. Measurements
have been made af the current at which sparking accurs far pulse lengths between 0.5
ond 500 psec. Also, the fast time response of phatomultiplier tubes sensitive in the near
infrared has allawed the measurement of temperature transients an the cathode surface
during and after the pulse. It was found that the current which coused a fixed cathade
surface temperature rise was dependent upan pulse length, as was the sparking current.
The supposition is made that, for short pulses, sporking is assaciated with the thermal dis-
sociation of the cathode coating surface due to joule heat generated by the passage af
current thraugh the high resistance loyer at the surfoce of the caating. Increasing the
anade temperoture decreosed bath the cathade wark functian and caating resistance.
Using this technique, current density in excess of 200 ump/cm2 was drawn without

sparking.
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LIMITATIONS OF OXIDE-CATHODE
HIGH CURRENT DENSITY OPERATION

I. INTRODUCTION

In modern vacuum electronic devices, the limit of high power, as well as high frequency in
some situations, is often imposed by the amount of current density that may be drawn from the
cathode. Pulsed oxide cathodes in high-power tubes are usually operated in the range between
1 and 10 amp/cm2 although current densities of over 100 amp/cm2 have becn achieved by Coomcs,
e_tg.,i’z and Pomerantz.3 The work described in this report was undertakcen to study the factors
which limit pulsed emission from such cathodes and which cause the large gap between practical
design values for cathode current density and the values which have been reached in carefully
processed laboratory cathodes.

There are two ways in which the cathode current density may be limited. The most common
is saturation of cathode emission. When a current greater than the zero-field-emission current
is drawn, the cathode changes from space-charge-limited to temperature-limited operation.
Saturation in oxide cathodes is seldom sharp because there are anomalous Schottky effects and
voltage drops within the oxide coating. However, a region is usually reached in which an increase
in the anode-to-cathode voltage causes only a small increase in cathode current. Reduction of this

= and is usually attributed to either re-

emission capability is often observed during the pulse
turn of gas from the anode or diffusion of activating agents away from the cathode surface.
Nergaard's mobile donor hypothesis describes this decay with a semiconductor model in which

the donors electrolyze away from the surface because of the electric field present in the coating
during the drawing of current.

The other limitation of pulsed current is sparking within the tube. The work of Coomes,
Buck, Fineman, and Eisensteini‘2 at the Radiation Laboratory, M.1.T., established that the oxide
cathode was capable of pulsed emission greater than 100 amp/cm2 (Refs. 1,2). Using high purity
nickel bases, they were able to achieve space-charge-limited, 1-usec pulses of as much as
130 amp/cm2 before sparking occurred. The influence of the base metal impurities on sparking
was shown later by Eisenstein.w He demonstrated that the barium orthosilicate layer which
forms between the oxide coating and a Si-Ni alloy base reduces the sparking current from more
than 100 to less than 10 amp/cmz. His data indicated that sparking was due to joule heating in
the barium orthosilicate interface.

Ramsey,“ Pomerantz,3 Danforth and Goldwater‘12 of the Bartol Research Foundation have also
studied high-space-charge-limited sparking currents. Pomerantz found that drawing a steady
DC current from the cathode allowed the sparking current to increase from 45 amp/cm2 (no DC

component) to 150 amp/cm2 (4 amp/cm2 DC component), which was ascribed to a reduction of
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coating resistance with increased DC component, an effect studied by Danforth and Goldwater.
According to their theory, this reduction allowed a greater current to be drawn, before the field
necessary for dielectric breakdown occurred. Ramsey noted that the pulse length between 10
and 100 psec, for which sparking occurred, was proportional to (1/IaVa)1/2, where Iava is the
anode power. Since this relationship is the same as the time required for the anode surface to
reach a fixed temperature, he associated the sparking with a release of gas from the anode when

bombardment had heated it to a critical temperature TAC'

II. EXPERIMENTAL VEHICLES

Three types of tubes were used: the ASTM (The American Society for Testing Materials)
standard cylindrical diode * a cylindrical diode of the type used by Coomes (Fig. 1), and the
Sperry ultraclean diodei?’ (Fig.2). All the cathodes had high-purity passive bases to avoid the
formation of an interface compound. Processing schedules are given in the Appendix.

The ASTM diodes were made of 499 nickel with a sprayed cathode coating of (BaSr) CO3.
Temperature measurements were estimated from optical pyrometer readings taken on the tube's
cathode sleeve, where it extended beyond the anode cylinder, and from readings taken from a
similar tube with a small hole in the anode. Since the cathode coating was hidden by the anode
cylinder, it was impossible to measure temperature transients during the pulse in this tube. A
standard Bayard-Alpert gauge with the Nottingham modification14 was attached to the envelope
to monitor the pressure within the tube.

The Coomes diode first used had a 499 nickel base and a sprayed coating of (BaSr) CO3. The
kovar anode was part of the tube envelope, which facilitated control of the anode temperature.
The entire cathode coating was visible allowing both average- and short-time temperature meas-
urements. The tubes which were used later also had a Pt — Pt + 10% Rh thermocouple on the
cathode.

The Sperry ultraclean diode, built and converted by the Sperry Gyroscope Company, had
an attached ion pump and a Pt — Pt + 10% Rh thermocouple on the cathode. The cathode base,
either 499 nickel or platinum, had a sprayed (BaSrCa) CO3 coating. The metal flanges and
exhaust tubulation allowed final sealing operations without contamination from glass decomposi-

tion products.

III. SPARKING EXPERIMENTS

The current and voltage at which sparking occurred (Is and VS) were measured for pulse
lengths from 0.5 to 500 usec and for the normal range of operating temperatures. The pulse-
recurrence frequency was, in general, set low enough (below 20 cps) so that changing it had no
effect on sparking parameters. Then the voltage was increased until sparking occurred on sev-
eral consecutive pulses after which the voltage was removed and the pulse length adjusted to a
new value. It was usually possible, after completing a set of measurements, to duplicate the
values from the first set of measurements to within 15 percent. Occasionally, sparking would
either improve or degrade tube performance considerably, and the measurements would have
to be repeated. It was often observed that when sparking caused the saturated emission to im-

prove, the current and voltage at which sparking occurred would also increase.

* ASTM designatian: F270-56 (adapted 1956).
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Within experimental uncertainty, all the tubes showed the same relationship of sparking

current ls, and sparking voltage Vs’ to the pulse length

6. The results are shown in Figs. 3 to 5.

If the anode power at sparking is plotted against the pulse length 8, the same variation that

Ramsey observed is found to apply, i.e., ISVS is proportional to (1/6)1/2 where 8 is the pulse

length. However, if the sparking current is plotted aga

inst the pulse length, the relation Is &=

(1/6)1/4 also fits most of the points. 1f the current is space-charge limited, as it usually was,

the relation I_V_ = (a/&)i/2 requires that I_ = (b/8)

measurements made it difficult to distinguish between a

has begun to saturate, the slope would be even less than 0.30.

3/10

The uncertainties involved in these
slope of 0.25 and 0.30. If the currcnt

Decreasing the cathode temper-

ature decreases the current at which sparking occurs, although the data are not consistent enough

to yield an activation energy for the change.

The effect of the anode temperature on the 1/2-usec pulse sparking is shown in I'igs. 6 and

7, wherc the sparking points are indicated by crosses.
Coomes diode not only increases the sparking point but
is discussed further in Sec.1V. The data shown in Fig.
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quency which also increases the cathode temperature.
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was raised the same amount by increasing the heater power, but keeping the prf constant, only
an 8 percent increase in the sparking current was observed.

It was thought that increasing the anode temperature might remove enough foreign material
from the anode to leave it relatively clean and make sparking more difficult. However, retarding-
field measurements made later on the Coomes diodes indicated that raising the anode tempera-
ture from 10° to 200°C did not remove sufficient foreign material from the anode to affect its

work function, whose value, 2.0 ev, was about half that expected for clean kovar.

IV. SOME EFFECTS OF ANODE TEMPERATURE

The cathode coating resistance can be measured by equating the average power delivered
to the coating by joule heating with the average temperature rise ATaV of the cathode times a

constant k(watts/"C) determined from the slope of the temperature vs heater power curve,

BB PalAT .,

where f{ is the pulse-recurrence frequency. Measurements made using this method have been
reported by Coomes.2 Results similar to those he reported were achieved in measurements of
a Coomes diode with the anode at 10°C (Fig. 8). However, when the anode was heated to 150°C,
the average temperature rise under the same conditions was so small that it could not be detected.
A similar decrease in joule heating was observed in the ASTM diodes as the anode became
hot (Fig.9). Figure 10 shows how the effective work function, pressure, and anode temperature
vary at thc same time. It appears that heating the anode, whether externally, as in the Coomes
diode, or by electron bombardment, as in the ASTM diode, has two effects on the cathode: (1) a
decrease in coating resistance (Figs. 9 and 10) and (2) a decrease in effective work function
(Figs. 6 and 10). In the ASTM diodes, these two effects could be caused by the high average
current required to heat the anode, which might create free barium or, more generally, donor
centers in the cathode coating both by electrolysis and by thermal dissociation, as in the well-

known current-activating techniques. However, in the Coomes diodes, the two effects could be
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caused by the anode temperature alone through return to the cathode of free barium evaporated

into the anode.

V. MEASUREMENTS OF TEMPERATURE TRANSIENTS
ON THE CATHODE SURFACE

Rapid temperature changes on cathode surfaces have been measured before; however, in

16

s

one case time and current dependences were not reported, and in the other17 the cathode
was operated in a gas discharge, the temperature rise was apparently due to back bombardment
by ions, and hence the results are not applicable to vacuum cathodes. In both of these cases,
the intensity of the thermal radiation was measured with a photosensitive device capable of re-
sponding in times short compared with the pulse length.

In the measurements reported here, a 7102 photomultiplier tube was used in conjunction
with a filter, which cut out radiation of wavelengths less than 7700.;:\., and an optical system whose
small acceptance angle (3°) allowed observation of the Coomes diode cathode coating to the ex-
clusion of the surrounding surfaces. The instrument was calibrated against the thermocouple
attached to the cathode.

law and the characteristics of the photomultiplier.

The calibration curve followed that computed from the Planck radiation
The signal across the anode-to-ground re-
sistance was viewed with an oscilloscope, and the resistance varied until a response time of
about 1 usec was achieved. Similar apparatus was used by E. Silverman of this Laboratory in
measuring pulse temperatures of bombarded metallic surfaces.18 No temperature change was
discernible on the nickel cathode sleeve or the anode. Since the temperature distribution over
the cathode surface during the pulse was not measured, the temperatures shown in Figs. 11 to 13
were measured on the assumption that the pulse-temperature rise is uniform over the cathode
area viewed by the optical system. If, as may be the case, the temperature rise is experienced
only by small areas on the coating, the so-called "hot spots," then the temperature of these areas
would be greater than that derived from the above assumption.

The increase of the cathode surface temperature during the pulse is expressed in Fig. 11 as
the normalized temperature rise T — To/Té = To vs the normalized time t — to/té = to for pulse
lengths from 10 to 100 psec (To and t,are the temperature and time at the beginning of the pulse;
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T(5 and t, are the temperature and time at the end of the pulse). Contrary to expectations, the
surface temperature increases more rapidly than linearly with time, which seemed to occur for
all pulse lengths studied. In Fig. 12, the normalized temperature T — s /T(5 — T is plotted
against the time after the end of the pulse. It is apparent that the time required for the relaxa-
tion of the surface temperature is proportional to the length of the heating pulse, which has im-
portant consequences when the mechanism of the temperature transients is considered.

In Figs. 11 and 12, the current for each pulse length was adjusted so that the surface tem-
perature at the end of the pulse would be approximately the same for all pulse lengths. This
adjustment meant that the current for longer pulses was decreased. The exact relation is shown
in Fig. 13. The current required for a fixed temperature rise during the pulse — from 800° to
870°C in one case, from 950° to 990°C in the other — is plotted vs the pulse length. In both

cases, the relation I ~ (1/6)1/4 holds as it did for the sparking current.

VI. INTERPRETATIONS
A. Cathode- and Anode-Initiated Sparking

For the pulse lengths and beam voltages used, the surface heating approximation applies
to the anode.19 This approximation gives the well-known result, a rise in surface temperature
of the anode proportional to the square root of the pulse length times the incident power, that is,
ATA = CIAVA N6. If the release of sufficient gas from the anode to initiate sparking is associated
with a critical anode temperature TAC’ then one can write ISVS = (TAC - TAO)/CN/E (Ramsey
called this sparking anode-initiated sparking), which also corresponds to the dependence of
sparking current and voltage found in our experiments, assuming that TAC S TAO remains
constant.

On the other hand, the measurements of the cathode surface temperature indicate that the
current required for a fixed cathode surface temperature rise is inversely proportional to the
fourth root of the pulse length. If sparking is associated with the release of gas from the cathode
surface by thermal dissociation of the surface coating which occurs at a critical temperature,
then for a fixed initial cathode temperature IS = d(1/6)1/4, which also fits the data reported
above. It is not possible, therefore, to distinguish between anode- and cathode-initiated sparking
phenomena on the basis of the dependence of the sparking current and voltage on pulse length

alone.

10



For 0.5-psec pulses, heating the anode increased the sparking current and also reduced the
cathode coating resistance. The increased short pulse sparking current with increased anode
temperature can be understood in terms of the cathode-initiated sparking model since the coating
resistance is reduced. Moreover, joule heating could cause the same temperature rise because
the current can be greater when the coating resistance is reduced.

Interpretation of the evidence in favor of anode-initiated sparking is more difficult. 1t seems

- T
AC A0’
even though TAO increased, because the anode work function does not change when the anode is

implausible that heating the anode might remove enough gas to increase the term T

heated. Thus, it seems that, for short pulses, sparking is caused by thermal dissociation of
the cathode coating due to joule heating caused by the pulse current.

There is evidence that anode phenomena may become more important in sparking at longer
pulse lengths. Sparking current data for hot and cold anodes, taken late in the life of one Coomes
diode, showed a crossover at about 50 psec. For pulses shorter than 50 psec, heating improved

the sparking characteristic; for longer pulses, it decreased the sparking current.

B. Mechanism of Temperature Rise During Pulse

There is some disagreement about the mechanism of conduction in the oxide cathode. Hannay,
MacNair, and Whitezo describe a modern semiconductor model in which conduction is by elec-
trons. Loosjes and Vink21 contend that conduction is by electrons in the pores of the oxide ma-
trix. The following discussion will be based on the semiconductor model, but would be little
altered by assuming pore conduction.

Theoretical calculations of temperature transients have been made by Campbell9 on the
assumption that joule heating occurred uniformly throughout the coating and that the cathode base
temperature did not change during the pulse. In that case, there exists a time constant for the
relaxation of the surface temperature after the pulse which is independent of the pulse length.
However, Fig. 12 shows that the relaxation time is proportional to the length of the heating pulse,
which is consistent with a model in which heating occurs at the cathode surface and heat diffuses
in toward the cathode base. For a short pulse, the temperature gradient near the surface is
quite large, and the surface temperature decays rapidly after the pulse is turned off. For a
longer pulse, more heat diffuses into the coating interior, and the temperature gradient at the
surface is less; thus temperature decay is less rapid. These conclusions are supported by a
solution to the heat equation for oxide-cathode surface heating given by Clogston.

A large difference between the joule heating in the body of the coating and near the surface
is not surprising, since other investigators have found that (1) preferential evaporation of BaO
from a (BaSr)O coating yields a surface composed largely of SrO (Ref. 23); (2) a large voltage
drop occurs at the surface of the coating when pulse currents are drawn.24 Still other investi-
gators have also found evidence for the existence of a high-resistance layer near the cathode

Lhpze If the power input to the cathode coating surface were constant during the

coating surface.
pulse, one would expect the temperature to rise as the square root of time for the range of pulse
lengths considered, as in anode heating. However, Fig. 11 showed that the temperature rise is
faster than linear with time. (The heat loss due to evaporated electrons, equal to the current
times the electron affinity,9 is small compared to that necessary to cause the observed temper-
ature rises.}) Therefore, the rapid increase in cathode surface temperature with time can only
be explained by postulating a source of heat which increases during the pulse, i.e., the resistance

of the coating surface must increase during the pulse.

11



Such an increase could be explained by Nergaard's mobile donor hypothesis,5 mentioned
earlier in connection with decay of thermionic emission, since the reduction in donor concentra-
tion would also increase the resistance of the surface region. An equation for the reduction of

surface donor concentration during a steady current pulse is given by Frosté as

rld(x,t)=nd —4 > =

o0
rldoIRoqo 1 1 7r2(2m - 1)2 Dt
o 2 B e
KT _4 (2m —1)
m=1

X [cosm(2m — 1) %] .
where
is the donor concentration,

is the average donor concentration before the pulse,

x is the distance from the coating surface,
t is the time from the beginning of the pulse,
I is the current,

R _is the initial resistance of the coating,

is the initial average donor charge,

o]
[*]

T is the temperature,
D is the donor diffusion constant,
d is the coating thickness.

When Frost's values for q, and D and a typical experimental value for Ro were used, it was
found that the decrease of surface donor concentration became significant for currents and pulse
lengths of the magnitude shown in Fig. 13. The decrease in donor concentration was nearly con-
stant for distances less than 1 micron away from the surface and was insignificant for distances
greater than 10 microns. Since surface roughness of the coating is greater than 10 microns,
it did not seem worthwhile to pursue the results of this equation which was based on a smooth
surface model, beyond pointing out that significant redistribution of donors could be expected

within the bounds of our experiments.

VII. SUMMARY

Data have been presented which show that the relation between the current which causes a
fixed cathode surface temperature rise and pulse length is the same as the relation between
current at which sparking occurs and pulse length. Since increasing the anode temperature in-
creased the sparking current, it is believed that the anode does not have a dominant role in
microsecond sparking and that sparking is initiated by the thermal dissociation of cathode sur-
face material. The behavior of the cathode surface temperature during and after the current
pulse seems to indicate that the temperature increase is caused by joule heating of the cathode
surface region whose resistance increases during the pulse as a result of field-enhanced migra-

tion of donors away from the surface.

12



It is believed that the large current densities achieved were possible because surface donor
depletion was prevented by an excess concentration of donors in the cathode surface region. This
excess was apparently caused by the presence of a hot anode which may have provided a means

for the return of free barium to the cathode.
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APPENDIX
CATHODE PROCESSING

I. CONVERSION TECHNIQUES

Threetypes of conversiontechniques were studied. The first, referred to as slow conversion,
corresponds to the method generally used by high-power tube manufacturers. In this technique,
the temperature of the cathode is increased at such a rate that the pressure in the tube does not
exceed some previously selected limit such as 10_5 torr. In the second type, fast conversion,
the cathode temperature is raised abruptly in one or two steps to conversion temperature;
the pressure usually exceeds 10-3 torr for a short time until the cathode carbonate is con-
verted to oxide and the gas is pumped away. In the third method, that of MacNair of Bell
Telephone Laboratories, the cathodes are converted in an atmosphere of hydrogen which is
evacuated after conversion. This method has the advantage that initial contamination of elec-
trodes by the conversion products, which must be prevented by other means in vacuum, is pre-
vented by the reducing atmosphere of hydrogen.

The initial results of ASTM diode conversion tests indicated that the hydrogen-converted
cathodes were capable of two to three times the emission of the vacuum-converted cathodes.
Later, when we had refined our vacuum-processing and activation techniques, we found that the
vacuum-converted cathodes were superior. The results of the latest tests have shown that there
was little difference between the slow- and fast-vacuum-converted tubes and that the vacuum-
converted tubes were as a group capable of about three times the emission density available
from hydrogen-converted cathodes. A review of our experiments and discussions with the
Cathode Research Group at Bell Telephone Laboratories led us to believe that the range of con-
version temperatures and times we investigated for hydrogen conversion was greater than the
optimum. When we opened the tubes and inspected the cathode we discovered that the hydrogen-
converted cathodes appeared to have sintered coatings with the nickel base visible between groups
of sintered particles. It appearsthat a hydrogen-convertedcathode is much easier to activate than
a vacuum-converted cathode when care has not been taken to prevent contamination of nearby
electrodes in the vacuum-processed tube,

The cathode-conversion chamber used for both ASTM and Coomes diodes was prepared as
follows:

{a) The diode was sealed onto the pumping system which was then evacuated

and checked for leaks using a portable vacuum system with a helium-
sensitive leak detector.

(b} The chamber was baked for two hours at 150°C.

{c) The valve to the high-vacuum system was then opened and the chamber
baked at 400° to 450°C for 10 hours.

Since the data reported above did not include any hydrogen-converted diodes, only the vacuum
conversion will be described.
II. ASTM DIODE SLOW-VACUUM CONVERSION

When the high-temperature vacuum bake had been completed, the anode was heated to 750°C
for one minute by RF induction heating. After the anode cooled, the cathode was heated in stages,

keeping the pressure below 10_5 torr until the filament voltage reached 3.5 volts. At this voltage,
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the binder has usually been driven off. Then the anode temperature was raised to and held at
850°C. It was found that raising the anode temperature to this point any sooner in the processing
would greatly increase the time required to drive off the binder and to convert the carbonate to
oxide. The cathode voltage was then increased in steps to 7.5volts (the cathode temperature was
850°C) keeping the tube pressure below 10-5 torr. By this time, a sharp drop in pressure had
usually occurred indicating that conversion had been completed. The filament voltage was then
raised abruptly to 12 volts and held for 5 minutes after which the voltage was returned to 7.5 volts

and the anode was allowed to cool.

III. ASTM DIODE FAST-VACUUM CONVERSION

After the high-temperature bake the cathode-filament voltage was raised immecdiately to
7.5volts and the anode temperature was simultaneously raised to 850°C. The system pressure
would then rise to the 10-2 torr range for about a minute and fall back below 10-5torr. When
the pressure was below 5 X 10-7 torr, the filament voltage was increased to 12.0volts for 5

minutes and then reduced to 7.5volts, and the anode was allowed to cool.

IV. COOMES DIODE CONVERSION

We used the technique described by Coomes, e_’ca_l.1 The very thorough appendix of their
report is to be recommended to anyone interested in the details of vacuum tube construction,
cleaning and processing. The section on conversion is quoted here.

"1. Binder removal: The cathode power is set at approximately 3 watts;
the pressure should not go above 5 X 10-5 mm. This temperature is held

for a few minutes and then the heater power is increased to about 3.5 watts.
As the cathode is held at this temperature for a few minutes, it can be ob-
served visually that during this procedure it changes in color from a light
gray to a patchy white to a pure white. Experience indicates that the cathode

must be put into this state if a sharp and complete conversion is desired.

"2. Conversion: After removal of the binder the cathode temperature is
raised immediately in one step to between 850° — 900°C, and held at

this temperature until conversion is complete. (During conversion the
emissivity of the cathode decreases so that the heater voltagec must be
decreased correspondingly to maintain a constant tcmperature.) If con-
version is proper the pressure at the end of breakdown should fall from
10-3 mm to below 10“6 mm in a few minutes or less. Experience has shown
that a cathode whose pressure lingers at some value above 10-6 mm after

conversion is most generally poor for pulsc applications."

The Coomes diode was activated on the pump. A DC potential applied betwcen cathode and
anode was increased slowly until 25 ma/cm2 was drawn. The ASTM diodes were activated both
before and after they were sealed off from the pumping system. A DC potential was applied
until 50 ma/cm2 was drawn. This current density was generally drawn for several hours before
the tube was sealed off. After sealoff the diodes were found to reach maximum pulsc emission

only after 50 ma/cm2 had been drawn for several days.
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