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An Investigation of Short-Time Thermionic Emission from Oxide-Coated Cathodes

ROBERT L. SPROULL*

Cornell University, Ithaca, Nezo Fork

(Received July 12, 1943)

Vacuum-tube circuits were developed to measure thermionic current as a function of time
for times ranging from 0.2 to 300 @sec. The decay with time of the temperature-saturated
electron emission from oxide-coated cathodes was observed with this apparatus. Simultaneously
with the application of anode voltage to an experimental diode the thermionic current density
rose to an initial value and subsequently decayed to a steady value 1/5 to 1/15 of the initial
value. The rate of decay was proportional to the current density, the decay requiring about
20 @sec. at 1200 K and about 500 @sec. at 900 K. The initial current exhibited a somewhat
greater anode-voltage effect than did the steady-state current. The range of decay was in-

dependent of the thickness of cathode coating over the region 1 to 30 mg of oxide per cd.
An electrolytic conduction hypothesis of the decay process is proposed. The form of the ob-
served current as a function of time agreed with the form predicted by this theory. The observed
rate of decay, as interpreted on the basis of the electrolytic conduction hypothesis, indicated
that within a single crystal of barium or strontium oxide between 0.05 and 0.5 of the total
conduction current is ionic. The possible connection of this decay and the flicker e6ect" is
noted.

I. INTRODUCTION

A LTHOUGH the first oxide-coated cathode
was prepared forty years ago, knowledge of

the process of thermionic emission from such
cathodes is still in a very unsatisfactory state.
Recently, experimenters have applied to these
emitters periodic fields such that current was
drawn during a pulse of a few psec. duration and
no current was drawn for the rest of a period. It
was discovered that the average temperature-
saturated current during each pulse was con-
siderably greater than the current which could be
emitted continuously by the same cathode under
the same conditions of temperature and electric
field. The present work was directed toward
finding the decay characteristics of oxide cathodes,
and the dependence of the decay time and the
maximum current on temperature and on the
chemical properties of the cathode coatings.
There was a threefold purpose for this investi-
gation: First, knowledge of the decay Charac-
teristics would enable one more confidently and
efficiently to design cathodes for delivering cur-
rent intermittently. Second, any increase in our
knowledge of the emission process from oxides
which might result from such an investigation
would be very welcome. Third, it might happen
as a result of this work that, by suitable changes

* Now at RCA Laboratories, Princeton, New Jersey.

in cathode material, thickness, or core metal, the
initial (maximum) current could be drawn for a
longer time or, perhaps, continuously.

II. APPARATUS

The experimental tubes used in this investiga-
tion were "sealed-off, " high vacuum diodes.
Anodes were nickel blocks drilled to provide a
0.32-cm diameter hole for the anode surface; a
small peep-hole was provided in the anode, so
that an optical pyrometer could be focused on the
emitting surface of the cathode. Cathode sleeves
were 0.127-cm diameter tubes of nickel con-
taining 0.2 percent silicon. The sleeves were
hydrogen-fired and then sprayed with alkaline-
earth carbonate mixtures suspended in amyl
acetate. Each cathode was trimmed to the re-
quired emitting area (about 0.05 cm') by scraping
away the undesired part of the coating and
polishing the underlying nickel. Tests on cathodes
of widely different trimmed areas showed that
the nickel from which carbonates had been re-
moved exhibited the thermionic electron emission
characteristic of pure nicke1.

A cathode and anode were assembled into a
tube and aligned concentrically with mica
spacers. A rigorous heat treatment was employed
during the exhaust of each tube in order to outgas
all parts. Cathodes were activated by glowing at
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FIG. 1. Square wave generator, experimental tube, and pulse measuring circuits.

Tg, Tg, Tv~6C6.
Ts ~6L6.
Z 4 —+804.
T.~6L6G.
Ts~6J7.
Ts 6D6'.
Tg~6H6GT (one diode).
Tso-+6ES.

C1—+16 pf elect.
Cg, Cv~.0005 ~f.
Cs, Cs, Cg4~.001 pf.
C4 —+0.003 pf.
Cs, Cg, Cog~.005 pf.Cs~.0002 pf.
C1o —+0.01 p,f.
C11—4.02 Pf.
C)g —+58 ypf.
Cis ~100 papf.
C &4 ~245 ppf.
Cys~555 ppf.
Cvs ~890 ppf.

Ctv ~0.00211 p,f.
C1s~0.00527 pf.
Cvg~0.0112 yf.
C~o —+40 py.f.
Cgi ~20—80 PPf.
Cps~0.03 pf mica.
Cgs ~0.05 pf.

Tr1-+2 Kva. Variac.
Tr2~Filament transformer,

rewound,

Mt —+0—150 volt a.c.
Mg —4—200 gamp.
Si, Sg, Ss, S:—+tap switches.
S4~DPDT, low capacity.
So~SPST, time sensitivity

selector.
Sv~SP3T, range selector for Mg

used as voltmeter.

E1, Ev, Eg~1.5 v.
Eg, E4~6 v.
Es~45 v.
Es~23 v.
Ep, Es—e4.5 v.
Eb, Vp~see text.

Rt ~300K.
Rg, Rs4 —+2M.
Rs-+25K.
R4~15K.
Rs, Rsv~i K.
Rp~3.5K, 50 watt
Rv —+175K.
Rs-+38.7.
Rg ~49.4.
Rto ~75.7,
R11~100.3.
Rts~153.1.
Rts ~193.
R14 —+304.
Rt s —+507.

Rvp ~1.24K.
R tv ~1.83K.
Ris —+2.5K, 4 watt.
Rig ~75.
Rgp —+4.92K.
Rg&~2.SK, MPO 50 watt novi-in-

ductive.
Rgg ~2K.
Rgs —+500K.
Rg4 ~75K.
Rop —e20M.
Rg p ~1.5K.
Rgv-e6K.
Rgs ~30K.
Rgg ~25K pot.
Rsp —+SK pot.
Rs1~1K pot.
Rsg —e250K.
Rss ~50K.
Rss —+150K.
Rsp —+750K.
Rss~i K pot.

Condensers above 0.01 pf are paper, 0.01 pf and below are mica, unless otherwise noted; K =10000; M =1,000,000Q;
Resistors are 1 watt unless otherwise noted.

1300'K and slowly applying a potential difference
between anode and cathode. A nickel-clad barium
getter was Hashed in each tube, and the tube
sealed from the pumping system at a station
pressure of less than 10 ' mm of mercury.

The requirements for an instrument with
which to investigate the time effect under con-
sideration were: (1) An electric field must be
applied to the cathode surface in such a manner
that the thermionic current increases from zero to
a temperature-limited value in a time short
compared to one psec. ; (2) after a short interval,
this field must be removed, in order to allow time
for the cathode to recover; (3) the current vs.

time characteristic of a cathode must be faithfully
reproduced, even when the current peaks are of
only a few ysec. duration; (4) current pulses

differing by a factor of fifty or more in amplitude
and in decay time must be accessible, in order to
ascertain the temperature dependence of the
effect. Further requirements were imposed by the
impossibility of procuring at the present time
certain tubes, notably thyratrons, transmitting
tubes, and high transconductance amplifying
tubes.

The vacuum tube circuits developed to meet
these requirements are outlined in Fig. i. Tubes
Ti, T2, T3, and their adjacent circuits constitute a
square wave generator which delivers positive
pulses to T4. The width of these pulses can be
selected by S& (about 100, 300, 600, or 2000 psec. )
and. the pulse repetition frequency can be
selected by Se (about 20, 30, 60, 120, 600, or 1500
pulses per second). Condenser C~ synchronizes
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Fro. 2. Method of measuring current vs.
time characteristics.

the pulses with the 60-cycle power line in order to
minimize the effects of ripple and pick-up in the
subsequent circuits. The control grid of T4, which
is about 70 volts negative with respect to T4
cathode during most of a cycle, is driven positive
for the duration of the pulse. The potential Et
(less the small drop across T4) is applied suddenly
to the experimental tube, if "A" is connected to
"a:"The value of Eb ranges from —100 to —1000
volts, depending on the plate voltage desired at
the experimental tube. The function of B~ and R~
is to apply a small negative potential to the plate
of the experimental tube during the (major)
fraction of the cycle in which T4 conducts only a
few microamperes. The transformer Tr2 is spe-
cially constructed to minimize the capacitance
between secondary and ground. The entire
capacitance which must be charged through T4 is
less than 30 ppf, which permits applying a po-
tential difference of 500 volts to the experimental
tube in about 0.05 psec.

The remainder of the circuits serve to measure
the size and shape of the current pulse in the
experimental tube. Switch S3 selects an appro-
priate resistance so that the potential drop be-
tween ground and the point "8"will be about 15
or 20 volts at the maximum of the current pulse.
With "B"connected to "b" and S4 in the upper
position, a negative pulse is applied to the grid of
T5. This pulse is mirrored in the plate circuit of
T5 and subsequently measured. With "A" con-
nected to "a'," and "8" to "b'," a negative
square wave is applied to "J3." If S4 is in the
lower position, the resistance-capacitance combi-
nation of R2p and one of the condensers C~2 to C~9

serves to apply an exponential (negative) pulse to
the T5 control grid. The values of R~p and of these

Ie~ E4
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FIG. 3. Static characteristic.

condensers can be determined by bridge measure-
ments, and hence a calibrating pulse of known
shape and time constant can be applied to the
measuring circuit. (The resistors used had negli-
gible skin effect at frequencies less than 2 Mc).

The performance of T6 approximates a diode in

which the current passed is zero whenever the
plate is negative with respect to the cathode and
is a fixed value for any positive plate potential.
Figure 2 shows the principle of measurement by
use of such an ideal circuit element. The solid
line shows the plate potential E~ of T5 as a func-
tion of time; B& rises abruptly from its quiescent
value when the pulse arrives, then decreases.
When El rises above the value of Uo (approxi-
mate quiescent cathode potential of T4), T4

begins to conduct, charging C22. The cathode
potential of T' (dashed line in Fig. 2) rises slowly
until Eb falls to P2, at which point T6 ceases to
conduct. The T6 cathode potential then slowly
decreases (time constant of R» and C» is O.OO25

sec. ) to Uo again in preparation for the arrival of
another pulse. The amplitude V~ of the cathode
potential's excursion from Vp is a measure of the
time t elapsed between P& and P2. By setting Vp

at successively diferent values and measuring
the time t corresponding to each, a plot of Vp" vs. t
reconstructs the shape and size of the experi-
mental tube current pulse. Closing S6 introduces
a larger condenser to be charged (but about the
same time constant) and hence decreases the
time sensitivity of the instrument.

Of course, T6 is not such an ideal circuit ele-
ment as assumed above, but because of its low

screen potential and the cathode bias resistor R22,

T6 forms a fairly good approximation to the ideal
diode. Figure 3 shows the static characteristic of
this tube in the circuit in which it is used. The
deviation of this characteristic from ideal is im-
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portant only when examining a current pulse in

a region where curvature of the current vs. time
relation is large.

As 8& rises abruptly, a displacement current
Rows through T6. In order to neutralize this, a
simultaneous current pulse of opposite sign is

applied by condensers C&p and C», C» is adjusted
to produce a minimum net effect of displacement
currents.

The circuit beyond T6 is merely a very sensitive
vacuum tube voltmeter of the peak, slideback
type; its function is to measure the amplitude V&

of the pulse generated by T6 and its associated
circuit. T7 and T8 are direct-coupled amplifiers;
Tg operates to increase the time constant of the
pulse being measured from 0.0025 sec. to 0.1 sec.
Typ, an eye type indicator tube, gives a visual
indication when the balance point of the voltme-
ter has been reached. The network connecting R2~

to Vp is, of course, the control grid bias of T7.
When no pulses are applied to T7, R» is adjusted
so that Typ shows the existence of a balance.
When pulses are applied, the potential increment
V~ which must appear across R29 and R3p to re-
store T~p to balance is a measure of the height V~

of the pulse and hence of the time during which
T6 was conducting. Switch S7 selects the sensi-
tivity of meter M2, which measures V&, the maxi-
mum sensitivity is 0.3 volt full scale, which
allows measurement to 0.001 volt. Pulse ampli-
tudes less than 0.2 volt can be measured to within
0.002 volt with this circuit; B6 and B~ total 6
volts, thus permitting measurement of pulses up
to 6 volts in amplitude. An oscilloscope, con-
nected from plate to cathode of T7, serves as a
monitor of the circuit operation.

Power supplies, various coarse and fine con-
trols, and filter and by-pass condensers are not
shown in Fig. 1. Voltage regulation is obviously
important in the supplies for the direct-coupled
amplifier, for the adjustable voltage Vp, and for
the plate voltage of T~. Since constant alternating
current voltage was also needed for the heater of
the experimental tube, the alternating current
supply for all power supplies was taken from a
motor-generator set with electronically regulated
output voltage. In addition, all power supplies
were electronically regulated.

Only the linear region of T5 was used. The
voltage gain of this circuit was measured in the

l.6
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Fio. 4. Calibrating pulse.

elapsed from the beginning of the calibrating
pulse, and we may write t = C V& ~ Since the
calibrating pulse is exponential with the time
constant ~, we know that

U8" ——(constant) exp ( t/r). (1)—
A plot of log&p Up" vs. V& should then yield a
straight line of slope m, where

m = (6 logio U8")/(6 U&) = —C/(2. 303r). (2)

Figure 4 shows such a plot for ~ = 25.9 @sec., with
S8 closed (that is, low sensitivity to time); the
points lie on a line, except for two points toward
the "tail" of the pulse. The slope is evidently
m= —0.995 per volt, and hence

C= —2 303rm = 59.5 use. c./volt. (3)

usual manner, with precautions to insure that the
screen grid potential during the measurements
was the same as it was in actual operation. A
meter circuit was devised which measured Vp'

directly, the zero of this meter being set at the
quiescent plate potential of T8 (this circuit is not
shown in Fig. 1).

The method for calibrating this instrument has
already been outlined. If the circuit operates
properly, U& will be proportional to the time t

1.8
y
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Calibrations were made for several pulses
differing widely in time constant, and a calibra-
tion was taken each time the instrument was
used. All calibrations were within 2 percent of
t=60V& @sec. for the low sensitivity (Sa closed)
and within 4 percent of t =9.5 V~ lo,sec. for the high
sensitivity (Sq open).

The fidelity with which the instrument repro-
duces pulses of small time constant (of the order
of several ysec. ) and the rapidity with which the
square wave rises must also be determined. In
or'der to accomplish this, exponentia1 pulses of
time constants ranging from 2.5 to 50 @sec.were
applied to the grid of T5. The amplitudes of these
pulses were equal at the grid, but unequal at the
plate of T5,. the amplitudes at the plate were
compared by using the voltmeter circuits as
usual. Analysis of the circuit associated with Ts

'
enables one to determine the time constant of the
T5 plate circuit. from these data. By this method
the time constant of the T5 plate circuit was
found to be about 0.07 ysec.

The time constant of the rise of the square
wave generated by T4 could not be measured
directly in this way. It can be inferred, however,
that this time constant was less than 0.05 @sec.by
two considerations: First, a comparison of the
known resistances and estimated capacitances of
the T4 and Ts circuits indicated that the T4
circuit should have a smaller time constant than
the T5. Second, the analysis of the T5 circuit
assumed a perfectly sharp square wave; if the
time constant of the rise of the square wave were
greater than 0.05 p,sec. , then the above measure-
ments would indicate that the time cog.stant of
the T5 plate circuit was less than 0.05 @sec., which
would be inconsistent with the known load re-
sistance of T5 and estimates of the minimum
capacitance at the T5 plate. Of course, this esti-
mate of the time of rise of the square wave is for
the case in which the square wave generator
supplies calibrating pulses to the Ts circuit.
AVhen the generator is connected to the experi-
mental tube, the capacitance added and the How

of thermionic current in the experimental tube
reduce the time constant of the rise of the square
wave to about 0.2 psec. From this analysis we

conclude that thermionic current pulses of O. j.

@sec. time constant can be detected with this

circuit, and pulses of time constant greater than
about 3 @sec. can be accurately measured.

In using this circuit to measure the current vs.
time characteristics of experimental tubes, we
must assume that the thermionic current rises to
its maximum value immediately that anode
voltage is applied to the experimental tube. That
this assumption is justified, if "immediately" is
interpreted as "in less than 0.2 psec. ,

" can be
inferred from the following experiment: Suppose
that instead of using resistors Ri8 and 8~9 (Fig, 1)
to generate a square wave for a calibrating pulse
as outlined above, the experimental tube is con-
nected to the resistance-capacitance pulsing cir-
cuit (R2o and one of the condensers Cgg to R19) by
throwing switch S4 into the lower position. This
will be as effective in producing pulses of time
constant 2 to 10 psec. as the R~8, R~9 circuit, pro-
vided the thermionic current rises to its maximum
value in a time short compared to 0.2 @sec. This
experiment was performed, and the result indi-
cated that the thermionic current increased to its
maximum value in less than 0.2 psec.

Temperatures of the experimental tube cath-
odes were observed with an optical pyrometer.
The brightness temperature of the actual emitting
surface, rath'er than of the nickel core, was ob-
served in order to avoid errors caused by temper-
ature gradients in the coatings and to afford
observation of any change in temperature with
changes in thermionic current density. The
spectral emissivity e), for optical pyrometry
(X=0.65@) of barium and strontium oxides is a
matter of some disagreement; e), apparently
varies with thickness of oxide layer, ' state of
aggregation of the oxide particles, and choice of
core metal. ' In the present work, e), was assumed
to be 0.45 for all coatings; absorption in the glass
envelope of the tube reduced the effective eq to
about 0.40.

It is well known' that the temperature-limited
current from an oxide-coated cathode is subject
to wide variations. Two cathodes installed in

different tubes, but constructed as nearly as
possible identically, frequently yield widely dif-
ferent work functions. The emission from a single

P. Clausing and J. B. Ludwig, Physica 13, 193 (1933).' G. E. Moore and H. %. Atlison, J. App. Phys. 12, 431
(1941).' J. P. Blewett, J. App. Phys. 10, 688 and 831 (1939).
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cathode will frequently change with time in an
unpredictable manner. The temperature-limited
emission depends markedly on the treatment of
the cathode for the time just preceeding measure-
ment. Glowing at a diA'erent temperature, draw-
ing current at the same or different temperatures,
application of strong fields, or. allowing the
cathode to operate space-charge limited —all
affect the saturation current by unpredictable
amounts. In addition, there are several time
effects of a few minutes or a few seconds duration:
Joule heating, poisoning of cathode by gas
liberated from the anode, and a decay effect
investigated by Blewett. '

It was only natural, then, that the attempts to
measure short-time currents at first yielded data
which were thoroughly scattered and quite

un reproducible. The usual vagaries of oxide
emitters here caused more than the usual error in

measuring thermionic constants, since ten or
fifteen minutes were required to obtain the decay
characteristic at a single temperature (as con-
trasted with the few seconds required to read an
ammeter if only steady current were being
measured).

After considerable experimenting, the follow-

ing technique of measurement was developed:
(1) The cathode was glowed at T+100' for about
55 sec. (glowing 'at T' yielded the same results,
but 5 to 10 min. were required instead of 55 sec.);
(2) heater power was then reduced to an amount
sufficient to maintain the temperature T', and
hence the cathode cooled to this temperature
(one min. was allowed for cooling); (3) the square
wave pulses were applied and measurement
begun, the actual balance of the circuit being
obtained 3 sec. after pulsing began. A reliable
reading could not be taken in less than 3 sec. , and
measurement showed that the decay in this time
was always less than 3 percent (3 sec. of pulsing
entails less than 0.1 sec. of actually drawing
current). This procedure was followed for each
point on the current vs. time characteristic. At
the end of a series of readings at a single tempera-
ture, an attempt was made to repeat the first of
the series; if this could not be done within 2 or 3
percent, the entire series was discarded. A similar
check was employed at the end of a group of

characteristics for different temperatures; After
six or eight characteristics were taken (in order to
find the temperature dependence of the short-
time decay effect), a.n attempt would be made to
repeat several points on the first characteristic. If
this could not be accomplished within 8 or 10
percent, all the characteristics were discarded
and &he cathode was aged by applying pulses to
it for an hour before subsequent measurements.
This procedure resulted in data much more
reproducible and regular than are usually associ-
ated with oxide-coated cathodes.

%hen anode voltage was suddenly applied to
the experimental tube, the charging of the anode-
ca,thode capacitance necessitated a How of dis-
placement current through the resistance selected
by 83 (Fig. 1).This current was of the same order
of magnitude as the smallest thermionic currents
measured. By observing the displacement current
with the cathode at room temperature and
analyzing the circuit (including distributed ca-
pacitance) adjacent to the experimental tube,
this displacement current could be determined
and subtracted from the total observed current,
yielding true thermionic cathode current.

It is not necessary to make a similar correction
for the current resulting from abruptly collecting
electrons from the "space-charge cloud" sur-
rounding the cathode, since, calculations based on
the theory of Langmuir' show that this current is
several orders of magnitude lower than the
thermionic currents observed.

Current and time measurements with this
apparatus were- accurate to ~4 percent at any
values of current and time considered, and to
&2 percent for all times greater than 10 psec.
Lack of knowledge of the spectral emissivity of
oxide cathodes limited the accuracy of measure-
ment of temperature to about ~2 percent.

III. A THEORY OF THE THERMIONIC
CURRENT DECAY

Before discussing experimental results, we shall
digress to propose a theory of the decay of
thermionic emission during the short tjme interval
(about a millisecond) after drawing of current is
initiated. This theory is based on the assumption
that the enhanced emission of oxide cathodes is

"J.P. Blewett, Phys. Rev. 55, ?13 (1939). ~ I. Langmuir, Phys. Rev. 21, 419 (1923).
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caused by a layer of barium atoms on the
emitting surface. (We shall write "barium" for
"barium, strontium, or calcium" except when
referring to the work of other investigators. )

Langmuir' demonstrated that the electron
emission from a metallic surface could be in-
creased a million-fold if a layer of thorium atoms
were adsorbed on the surface. This increase comes
about because each "adatom" exists during a
fraction (of the order of 0.1) of the time as a
positive ion, having lost an electron to the
metallic surface; Gurney7 has showed that the
average charge of an adatom depends on its
distance from the metal. Becker' investigated
films of barium on tungsten and on barium oxide. '
His work with barium oxide confirmed the
hypothesis proposed by Koller" and Rothe" that
the enhanced emission from oxide-coated cathodes
was caused by a surface layer of barium. The
small A factor in the thermionic emission equa-
tion and the activation effects observed (Blewett')
with these coatings substantiated this hypothesis.

Becker' showed that unless barium was de-
posited on the cathode from an external source,
the barium layer residing on the cathode surface
was always thinner than that required for maxi-
mum emission. Thus any process which removes
barium from the emitting surface should increase
the thermionic work function. Such a process is
evidently the drawing of thermionic current,
since the electric field at the cathode surface
necessary to sustain current How forces barium
ions away from the surface and into the interior
of the cathode coating. The net How of barium
ions inward would cease when the rate of diffusion
outward and subsequent ionizing of barium
atoms equals the rate of removal of ions under the
inHuence of the electric field. The electrolytic
current density of barium ions is proportional to
the electric field which is in turn proportional to
the thermionic current density i, The diffusion
current density is proportional to the concentra-
tion gradient of barium atoms, which is in turn
proportional to the net number of atoms which

I. Langmuir, Phys. Rev. 22, 357 (1923).' R. W. Gurney, Phys. Rev. 4"I, 479 (1935).'J. A. Becker, Trans. Am. Electrochem. Soc. 55, 153
(1929).' J. A. Becker, Phys. Rev. 34, 1323 (1929).' L. R. Koller, Phys. Rev. 25, 671 (1925)."H. Rothe, Zeits. f. Physik 36, 737 (1926).

where X is the number of adsorbed atoms per
cm' of surface at the time t, i is the thermionic
current density (amp/cm'), e is the absolute
magnitude of the electronic charge (coulombs), a
is a constant proportional to the ionic mobility,
and P is a constant proportional to the atomic
diffusion coefficient and inversely proportional to
the thickness of the layer in which the concentra-
tion gradient is set up. The subscript 0 refers here
and hereafter to conditions at the instant drawing
of thermionic current is begun, that is, at t =0.

Langmuir's' equation for the thermionic cur-
rent from an emitter possessing a layer of adatoms
ls:

log (z/z~ o) =8 log (z~,/zA- o),

where i~, is the current when X=¹,i~ 0 is the
current when N=O, 8=N/N„and N, is the
number of barium atoms per cm' in a complete
monatomic layer. From Becker's' data for
barium films on tungsten or barium oxide we
learn that Eq. (5) is not strictly correct. We can
say, however, that

log (z/z~ ) = 0I., (6)

where I is a slowly varying function of 0; over the
range of 0's producing a range of a factor of 10 in
thermionic current, I is approximately constant.
For 9 near 0, L=2 log (i~,/z~ o); for =8—0.7,
L—0.6 log (i~,/i~ o)=

If we write an equation like Eq. (6), but with
io and 80 in place of i and 8, and subtract it from
(6), we obtain:

log (z%o) =L(& eo). (7)

Differentiating (7) with respect to time and
combining with (4) yields:

1di d8 L, dN (nL )= —LP(e —~o) —( ~z. (8)idt dt N dt (e¹)
We can eliminate 8 by using (7) again and obtain:

i dz &i) EeN)

have left unit area of the surface. Hence we
obtain:

AZ

+——P(No N)—,
e
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Equation (9) represents approximately the de-
pendence of thermionic current upon time.

Physical processes other than the one postu-
lated might lead to Eq. (9). For instance, the
density of barium adatoms might remain con-
stant with time, but the average charge of each
might decrease as current was drawn, If an
adatom moves inward under the influence of an
electric field, its average charge must eventually
decrease, . since it becomes indistinguishable from
an interstitial barium atom and conductivity
data'2 show that only a very small fraction of
such atoms are ionized at 1200'K. Thus, the
decay of the emitting power would be caused by
a slight displacement toward the oxide, and
consequent decrease in average charge, of the
barium layer. However, it is probable that this
process produces a steady state in a time of the
order of 1 psec. , which is much shorter than the
decay times observed in this investigation.

Let us definei& by:

fcxLii) p 1

L eX, i Clog (ip/~i) J

and write

q~1, $~ m. We thus identify the ca se g = 1, i = ii,
with the steady state condition (t = ~).

Returning to (12) we note that, although the
variables are separable, this equation cannot be
integrated easily as it stands. Furthermore, one
cannot perform a single numerical integration
and solve the problem completely, because of the
presence of the parameter qo. To obtain an
approxima. tion to g(&) we shall write

1 —log q/log il,—1/g. (14)

(15)

Upon integrating, we obtain

(16)

This is not so severe an approximation as it may
seem. The term represented by Eq. (14) is small
relative to g except in the region near g=1; at
rj= 1, Eq. (14) is exact. After obtaining iv($) upon
the basis of the approximation contained in (14)
we shall compare our result with a numerical
integration of (12).

Using Eq. (14), we find Eq. (12) becomes

po i,/ii, $ = (iiuL/eX. )t (11) .
I 16 for, sovrng ~ 6j or q,

Ke have as yet ascribed no meaning toi&. Using
(10) and (11),we find Eq. (9) becomes: (17)

1dg ( log g)
g dP i log so&

(12)

Consider the. behavior of (12) a,s g increases
from 0. When / =0, t= 0, g =go. Initially,
(1—log q/log qo) =0, so the initial slope is

(dq/d$) = —g', thus q decreases rapidly at first as
P increases. The term (1—log q/log qo) slowly
increases as g decreases. The asymptotic behavior
of (12) for large $ can be seen by separating the
variables and integrating:

Evidently as the upper limit of the integral
approaches 1, the integrand becomes approxi-
mately proportional to dg'/(1 —g'); hence as

"W. Meyer and A. Schmidt, Zeits. f. tech. Physik 13,
137 (1932).

Figure 5 shows q(() from Eq. (17) for three
different values of qo. The dots in Fig. 5 are the
results of a numerical integration of Eq. (12) for
the case qo 11. Evid——ently g(&) as given by (16)
provides a solution of Eq. (12) that is sufficiently
accurate for the purpose of comparison with the
experimental data presented below.

IV. EXPERIMENTAL RESULTS

In this section we shall report successively five
features of the experimental results, and compare
each with predictions based on the hypothesis
proposed above. Ke shall use results from five
tubes for each of these features, and in connection
with the dependence of the decay on coating
thickness we shall use the results of two addi-
tional tubes (No. 3 and No. 4, to which the
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stants properly chosen, represents the data of
Fig. 7, and all of the 25 decay characteristics
obtained, with error of about the same magnitude
as the scattering of the experimental points.

By fitting Eq. (17) to data on 3 tubes, the
values of io (initial current) and ii (final current)
portrayed in Fig. 8 were obtained; all the points
above the dashed line represent io, all those below
are values ofi~.

10.

O.I 02 0.3
y

0.4 0.5 0.6 0.7

FIG. 5. g(() for three values of go.

measurement cycle of glowing and pulsing de-
scribed in the first section was not applied).

All of the data exhibited in Figs. 6—8 and in
Table III were taken under the following con-
ditions: (1) Anode voltage was applied to the
tubes in pulses of about 300-p,sec. duration;
(2) these pulses were repeated at the rate of 30
per sec. ; (3) between pulses, a small retarding
field was applied to the cathode; (4) the amplitude
of the anode voltage pulse was 450 volts.

1. Current as a Function of Time

Figure 6 shows the decay of thermionic current
at a fixed cathode temperature. The solid line is a
plot of Eq. (16) with the scale factors ($/t) and

(it/i) and the parameter it, (=io/ii) chosen to give
the optimum fit; the dashed line is a fit of the
exponential function, i =2+8 exp (—t/r), to the
same data. Equation (16) evidently represents
the experimental data much more closely than
does the simple exponential function.

Figure 7 shows decay characteristics of tube
No. 11 at 3 different cathode temperatures. The
scales for the 3 temperatures are different, and
the solid lines were obtained from Eq. (17).
Equation (17), with the three adjustable con-

&O.5

O.R
~0

0
E

I
O.I ~

50 Ioo t i5O S sec. ZOO .R5O

Fio. 6. Decay characteristics.

2. Dependence of Decay on Cathode Thickness

Table I shows the compositions and thicknesses
of the cathode coatings studied. Since the points
in Fig. 8 from tubes No. 8 and No. 11 practically
coincide, we conclude that the "range" io/ii of
the decay phenomenon does not depend on
cathode coating thickness, at least when this
thickness is of the order of a few mg/cm. '
Furthermore, tubes No. 3 and No. 4 produced
nearly identical results for range and rate of
decay. Comparison of Table I and Fig. 8 indicates
that the two different compositions of coating
material produced about the same decay range.

Tube No. 14 exhibited less range of decay than
the others. The cathode of this tube was removed
and examined. About one-half of the cathode area
looked as if most of the oxides had been removed
during activation and use, leaving a layer of
oxide more or less combined with the nickel core.
The tube No. 12 cqrrents show a more marked
dependence on temperature than exhibited by
other tubes, which suggests that the cathode in
this tube may have been incompletely activated.

Consequently, these data indicate that over a
wide range of thickness of oxide coatings the
initial and final currents at a particular tempera-
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FIG. 7. Decay characteristics.

"M. Benjamin, R. J. Huck, and R.R. O. „enkins, Proc.
Phys. Soc. SO, 345 (1938).

ture are substantially constant.
0

. On the other
hand, Eqs. (4) and (10) require that the final

1 o the thicknesscurrent be inversely proportiona, to e
of the layer in which the electrolytic conduction
and diffusion take place. Thus this layer cannot
be identified with the thickness of the cathode
coating, but mus e a ay, b t b layer of the same thickness
in all coatings. uc aS ch a layer could arise because
of the granular nature of the oxide catho e.
W'th' any single oxide partic. e, e y

''
le electrolytici in a

' noftheconauction mayd t' ay be a substantial fraction o
total current. The conduction between two
adjacent oxide particles should be largely e ec-
tronic, since the wave-length of a barium ion is
muc grea erh t r than that of an electron, and ence
an electron can more easily cross the gap e-
tween partic es. e

'
1 Th diffusion-conduction layer

would thus be the layer of oxide particles lying at
the emitting surface. In the cathoh des used in this
investigation, this layer wou,ld be about 2

microns in thickness.
According to this barium conduction hypothe-

sis, the stea y-s ah d - t te current i i should increase as
h f ide particles decreases. his is e-

cause there is no reason to believe that i p s ou
ut te

logarithm of the decay ratio i0/ii should be pro-
portional to the thickness of the particles com-

Jenkinsia investigated the dependence of thermi-
oniccurrentuponsizeox oxi e pf id articles and found
an increase in steady-state current with de-
creasing particle size.

Measurement of the ratio of thermionic cur-
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rent decay i0/ii on a cathode composed of a
single, fairly thick crystal of barium oxide shou
in icate w e erd' h ther or not this electrolytic con-
duction ypot esis cann th

'
can be correct. If it is correct,

h ldthe thermionic emission from such y
~ ~ . ~ ~

her stalsshou
b'e extremely small when current is drawn
continuously.

electrol ticIf the emitting surface decays by electro ytic

of the cathode coating should decrease the ratio

only useful current, we m'g yi ht tr to maintain
ayers o a

'
1 f b rium on materials with greater
e ec ronic1 t '

conductivity than barium oxi e u

with the same or smaller work function. t mig
for example, be possible to maintain barium films
on silicon, which apparently meets the above
requirements.

3. Anode Voltage EBect and Recovery Time

All the data reported so far were taken with an
anode-cathode potential difference of 450 volts.
This potential difference is about 3 times as arge
asnecessary opt prevent space-charge limitation o
catho e curren aa t t the highest observed current
densities. Such a potential produces, of course, an
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FIG. 9. Anode voltage effect.

Fi . 8 we can compute valueesof ' in the
a 1equation orf thermionic emission rom

Composition (by weight)

30 SrO, 10% CaO
60% BaO 30% Sr, o
60% BaO, 30% SrO, 10% Ca

50% BaO 50% SI0
50% BaO 50% S10
50% BaO~ 50% SrO
50% BaO, 50% SrO

0.7
16
32

1.2
5.2
9
0.8

'4A. Rose, Phys. Rev. 49, 8838 1936),
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i . 8 were takenSince all data assembled in ig.750 v.

a ial these measurements
500v.

at the same anode poten ia,
av t d for the anode vo tagehave not been correc e~i50 .
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s also made to determineAn investigation was a so ma

e rate at whichuration of the current pulse or the ra e
200 ere cate . ta xin p sec.
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emission.
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cycles, the ratio io/i& was ecrFi . 9 were taken; t is p
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decay characteristics off tube No. a a
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'
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d on the basis of
Thickness

s in Fi . 10 is easily exp aine on
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d. Since the amountthe theory wewe have propose . inc

disa ears when

No. 8ion will deteriorate most when
current is rawn.d The passage of current us



SHORT —TI ME TH E R M ION I C EM I SSION 177

tronic semi-conductor:"

i =AT"' exp (—g'e/kT), (18)
1.0-

or we can compute values of p in the ordinary
equation for thermionic emission from a pure
metallic surface;

i=AT'exp (—ye/kT).

0.5

Tube ~ll, 1020 K.

5. Rate of Decay

Our experimental data yield values of t/$
= eN. /i~nL, which measures the time of decay.
Before we can obtain values of n from these
results we must know L and N, .

From the information presented in conjunction
with Eq. (6), we see that L decreases from about

TABLE II. Work fu nc tions.

1.17 v
0.98 v

1.12 v
0.91 v

"R. H. Fowler, Statisticat Mechanics (Cambridge Uni-
ersity Press, London, 1936), second edition, p. 401.

With the help of Fig. 10, we can correct the values
of @' and @ for the anode voltage e6ect. When
this is done, we obtain the values shown in
Table I I, representing approximately the be-
havior of tubes No. 8, No. 11, and No. 13.

These results appear anomalous in that the
steady-state current i~, though smaller than io,
corresponds to a lower work function than the
initial current io. However, we must not regard
these values of p' as literally work functions.
Equation (18) is valid only if the surface potential
barrier is absolutely fixed in magnitude, inde-
pendent of temperature. A small change with T
of the barrier height would, of course, make a
significant change in the measured value of p'.
If, as we supposed in the last section, the copious
thermionic emission arises from the existence of a
surface layer of barium, the fraction of the
surface covered with active metal can easily
change with r. According to Becker, ' a change in
0 from 0.2 to 0.3 produces a change of at least a
factor of 10 in the thermionic emission. Thus only
a smail change with temperature of 00 or 8~ or
both would be required to produce this diver-
gence of the io and i~ lines.

ol
cs -l.5-
0

-2,0-

IO 20
y' Anode Voltage

FIG. 10. Schottky lines.

pO

2 log (i~,/iill=p) to about 0.6 log (i~,/i~ p) a—s 0,
the fraction of the surface covered with barium
atoms, increases from 0 to 0.7. To get an estimate
of log (iN, /iz=p), we use the measurement by
Becker. ' He observed currents differing by a
factor of 10' as barium atoms were brought to the
emitting surface electrolytically by sending a
stream of electrons into an oxide coating from the
vacuum. He believed that his surface may have
had some barium adsorbed on it at the beginning
of the experiment, so the actual ratio in, /i~=p
may have been 10' or 10'. Of course, his cathode
coating may have differed considerably from ours,
but we shall probably not err greatly if we
assume log (i~,/i~=p)=15. Then L should de-
crease from about 30 for dilute films to about 10
for 8—0.7.

The value of N, is also subject to a certain
amount of doubt. Both BaO and SrO form face-
centered cubic crystal lattices, with the funda-
mental cubes about 2.77A and 2.58A, respectively,
along an edge. If the (100) plane of the lattice lies
in the surface, there should be about 2.8X10"
atoms per cm' lying at the surface, for either BaO
or SrO. Metallic strontium forms a face-centered
cubic lattice, 6.06A on a side. If we assume that
the distance of closest approach of strontium
atoms in a surface layer is the same as the dis-
tance of closest approach in solid strontium,
there should be about 6.3 X 10'4 atoms per cm' on
the surface. Barium has an edge length of the
fundamental cube equal to 5.01A, but it is a
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TABLE III. Values of aI-.

Temp. , 'K

920
950
970
980
990

1020
1070
1100
1120
1150
1180

Tube
No. 8

5.1

5.2

5.4

Tube
No. 11

2.1

3.1
;3.1

3,2

Tube
No. 12

1.6
1.7

1.3

1.3

Tube
No. 13

3.9

3.7
5.0

body-centered cubic lattice, and hence yields
about the same density of surface layer as
strontium. Thus, we might expect in a complete
monolayer about one adsorbed atom to every 4
atoms of the crystal surface. We shall assume
that V, equals 6X10"atoms per cm'.

Table III shows the values of nL computed
from the decay characteristics of 4 tubes at
several different temperatures. In this table are
fifteen determinations of this quantity, corre-
sponding to the fifteen point pairs (i~ and fo at a
particular temperature) in Fig. 8. (Actually,
Fig. 8 contains 53 points, but 11 of these are
values of io for temperatures at which i1 could
not be measured, or vice versa; another 12 points
represent data from tube No. 14, which are not
included here because of the considerations pre-
sented in the preceding section. ) It appears that
aL is sensibly constant for any one tube over a
wide range of temperatures and currents.

It will be recalled that ai/e is the net number of
ions leaving the surface per sec. per cm' when the
current i flows. If the entire current in the region
near the surface were borne by singly-charged
barium ions, then a = 1. If only part of the current
in this region were electrolytic, o, might equal any
number less than 1.

The data in Table III, with the interpretation
of these data based on Eq. (4), indicate that a
large fraction of the current in a single small
crystal of BaO is carried by barium ions. Using
the limits we have placed on I and values from
this table, we see that this fraction is at least 5
percent and at most 50 percent. Measurements
of the electrolytic conductivity of BaO have been

made by Becker;~ he estimated that about I/200
of the current in BaO at 800'K is carried by
barium ions, and a smaller fraction at higher
temperatures. But his measurements were of the
conductivity of cathode coatings, rather than of
single crystals of BaO. By the argument put
forward in connection with the dependence of the
decay on thickness, we should expect that the
fraction of conduction current borne by barium
atoms should be much greater for a single crystal
than for an aggregation of small crystals. Thus,
Becker's measurements are not in conflict with
the interpretation placed on values in Table III,
provided that the distinction between the con-
ductivity of a cathode coating and of a single BaO
crystal is valid. We must use the fact that the
conductivity of small BaO crystals packed to-
gether is largely electronic to explain the lack of
dependence of the ratio io/i~ on the thickness of
the cathode coating.

This short-time decay effect is quite possibly
related to the "flicker effect" originally observed
by Johnson" and discussed by Schottky. "The
latter effect is the great increase in shot noise in
diodes with oxide-coated cathodes when the fre-
quency of the pass-band of the amplifier with
which the noise is measured is decreased below
about 5000 cycles per sec. Schottky estimated
that a surface process of some kind (re-orientation
of surface atoms or change in work function of the
surface at a localized spot) which has a charac-
teristic time of the order of 10 ' sec. must be
postulated in order to account for Johnson's
data. Unfortunately, the temperature at which
these data were taken was not reported, but if
this temperature were about 900'—1000'K, the
decay we have investigated would occur in about
the proper time interval to be the process
Schottky requires.

Part of the work presented in this paper was
carried out while the writer held a Charles A.
Coffin Fellowship. The author is particularly
indebted to Professor Lloyd P. Smith for sug-
gesting this study and for frequent suggestions
and assistance in the course of the work.

' J. B.Johnson, Phys. Rev. 26, 71 (1925),
'~ W. Schottky, Phys. Rev. 28, 74 (1926).


