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ABSTRACT

Measurements were made on a cylindrical, indirectly heated Cs-vapor
thermionic converter having a stainless steel collector spaced 1 mm from a
13.3 cm 2 Th-W emitter. At an emitter temperature of 2100*K a power output
of 4. 4 watts/cm2 (at 1. 3 volts) at a measured over-all efficiency of 8. 5 per cent
was observed. At 22000K, a power output of 8.8 watts/cm2 at 11. 9 per cent
efficiency was observed. Measurements of the cooling of the emitter due to
electron emission indicate that in the retarding range of the converter the
emission cooling is just what simple theory would predict, the plasma electron
temperature being equal to that of the emitter. However, for collector-to-
emitter voltages more positive than approximately -1. 3 volts, the emission
cooling fell far below that predicted by simple electron emission from the emitter,
indicating that a large amount of power (as much as 20 watts/cm 2 at positive
collector voltages) was flowing from the plasma back to the emitter. This
anomaly in the emission cooling is interpreted in terms of resonance radiation,
excited atoms, and ions returning to the emitter. These originate in a region
of high electron temperature adjacent to the emitter.

Manuscript received May 21, 1963.
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PERFORMANCE CHARACTERISTICS AND EMISSION COOLING MEASUREMENTS
TAKEN ON A Cs VAPOR THERMIONIC CONVERTER

WITH A THORIUM-TUNGSTEN EMITTER*

J. M. Houston

I. INTRODUCTION

The present research had two goals. The first goal was to investigate
the power output and efficiency that would be achieved in a Cs thermionic con-
verter using a thorium-dispenser cathode (i. e., a noncesiated emitter). Because
Cs vapor is not used for modification of the emitter work function in this con-
verter, a Cs pressure of only 10-2 to 10-1 torr is sufficient to neutralize electron
space charge and to lower the collector work function. In contrast, cesiated-
emitter converters require much higher Cs pressures, i. e., typically several
torr. As a consequence of this low Cs pressure, plasma losses are low, output
voltage is high (1. 1 to 1. 4 volts), and there is no need for very close spacing
(i. e,, a 1-mm gap was used in the present work). Converters using Th-W
emitters have been built previously under this program,(1, 2) the maximum
power output and efficiency previously observed being 4. 2 watts/cm2 and 7. 5
per cent at TE = 2160 0K. The converter studied in the present research is the
first in which the collector temperature could be optimized, the previous Th-W
devices having collectors which operated near the cesium reservoir temperature.
As would be expected, optimizing the collector temperature (to minimize the
collector work function) improved the output, the present device yielding 4. 4
watts/cm2 at a measured over-all efficiency of 8. 5 per cent at TE = 2100'K,
and 8.8 watts/cm2 at 11. 9 per cent efficiency at TE = 2200 0K. It is felt that
emitter life should be relatively long at 2100 °K, i. e., in an earlier test one
such converter was operated 400 hours at approximately 2160°K without decay
in the power output. However, we do not yet know what the emitter life will
be at 2200 °K.

The second goal of this research was to measure carefully the emission
cooling of the emitter which occurs when large currents are drawn from the
thermionic converter. These measurements are of interest because they allow
one to estimate the power flowing from the plasma back to the emitter and thus
are another approach by which plasma processes in a Cs thermionic converter
can be studied. A previous measurement (3) had indicated that the emission
cooling is anomalously low during arc-mode operation. The present more
precise measurements, made over a range of emitter temperatures and Cs
pressures, confirm this anomaly. As will be later discussed, this anomaly is
caused by resonance radiation, excited atoms, and ions flowing from the plasma
back to the emitter.

*This work is related to that performed under previous contract No. AF-19(604)-
5472, reported under Scientific Report No. 1 of that contract, May 1960.
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II. EXPERIMENTAL TUBE AND APPARATUS £

The experimental tube is shown in Fig. 1. The emitter consists of a
porous sintered tungsten cylinder (OD = 0. 599 inch, ID = 0. 4880 inch, length
= 1. 100 inch, density = 16.0 g/cm3 ) which had been impregnated with a small
amount of thorium metal. Both the OD and the ID of the W cylinder were care-
fully ground to true cylinders before impregnating with Th. The outer surface
of the cylinder was also polished to a shiny finish. The W cylinder was slipped
over a carefully machined tantalum cylinder (OD = 0. 4875 inch, ID = 0. 462 inch)
which served as the vacuum envelope for the bombardment chamber. A thin
section (0. 187 inch long, 0. 004 inch wall) was machined into the Ta cylinder
adjacent to the emitter to serve as an "optimum lead. " Inside the Ta sleeve was
a tungsten bombardment filament (described in detail in the Appendix) which was
used to heat the emitter by radiation and electron bombardment. Both the top
and bottom of the bombardment chamber were fitted with several layers of heat-
shielding (0. 001-inch Ta foil ) to minimize stray heat losses. After initial evacu-
ation, the bombardment chamber was permanently sealed off from the pumps.

By occasionally evaporating a little
Ti in an attached getter bulb, the
pressure in the bombardment chamber
was kept in the 10-9 to 10-5 torr
range at all times.

0 E The collector was made of
INcH TO ION GAUGE type 347 stainless steel and had aINCH D Ti GETTER highly polished interior surface with

an ID of 0. 680 inch, the emitter-
collector gap thus being 1. 0 mm. The
emitter surface could be viewed
through a sapphire window and an
0. 081-inch-diameter hole in the
collector. A magnetically operated
nickel shutter was located adjacent to
the window to keep materials evapo-
rated by the emitter from darkening

SAPPHIRE the sapphire window. However, this
WINOWCOAILECTO proved to be a needless precaution

COLLCTOR since there was never the slightest
evidence of window darkening, even
on the portions of the window not
protected by the shutter. A heater-
tape was wrapped around the sapphire
window in order to maintain its tem-
perature above that of the Cs reservoir
and prevent Cs condensation.

TO CESIUM RESERVOIR The metal-ceramic seal was
composed of a Lucalox-type high-

Fig. 1 Experimental Cs thermionic alumina ceramic (99. 5 per cent A1203 )
converter 6A. brazed to 0. 010-inch Ni sheet. An
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additional layer of Ni was incorporated into the seal as a lard ring to allow the
elimination of leakage currents when measuring small r erse currents in the
diode. A thermal impedance (plus a cooling tube) was in. .- ited into the
collector so that the seal could be run cooler than the collect, , However, to
dale that feature has never been used, the seal being operatea at close to collector
temperature.

The Cs reservoir was initially made completely from nickel. However,
after encountering difficulties with the vacuum-tightness of squeezed-off Ni
tubing, this was changed to a fernico and glass reservoir which has proved to be
completely satisfactory at the relatively low reservoir temperatures used in this
research. When we first operated the experimental tube we found that the
reservoir temperature was being affected by the collector temperature (via heat
conduction down the connecting tubing). To prevent this we clamped on a "buffer"
oven part way down the tubing which was operated about 50 degrees hotter than
the Cs reservoir and served to decouple the collector and Cs reservoir. Boththe
"buffer" oven and the Cs reservoir oven had their own automatic temperature
controllers. The Cs oven incorporated a large piece of heavy brass tubing in
close proximity to the glass reservoir so that the Cs reservoir was held at a
uniform temperature. A Chromel-Alumel thermocouple was used to measure
the Cs reservoir temperature. By virtue of these refinements the Cs reservoir
temperature could be held constant (within a few tenths of a degree) for as long
as desired.

In this research the emitter and collector temperatures, TE and TC,
were independently varied over wide ranges. To achieve high values of TC
(e. g., 700°K) at low values of TE (e. g., 1400 *K) it was necessary to add glass-
wool insulation to the collector. At high values of TE (e. g., 22000K) it was
necessary to cool the collector. This was done by spraying the outside of the
collector block with several small jets of air carrying a mist of distilled water.
The water evaporated instantly when it struck the collector, but carried away
much heat in the process. This "mist" cooling proved to be quite convenient
and easy to adjust. We controlled the collector temperature manually, but by
adding a solenoid-controlled air valve the control could easily have been made
automatic.

All emitter temperatures quoted in this report were determined with an
optical pyrometer, the brightness temperatures being converted to true temper-
atures by assuming the spectral emissivity of tungsten plus a small correction
for the sapphire window transmission.

Figure 2 gives the circuits which were used to take 60-cycle current-
voltage characteristics and for steady-state operation. Various modifications
of these circuits were also used. For instance, when small back-currents were
being measured (e. g., ion currents or collector thermionic emission) the collector
was operated at negative potentials and the guard-ring connection on the metal-
ceramic seal was used. All the meters shown in Fig. 2 were high-quality mirror-
scale meters with accuracies of 1/2 per cent or better. In addition, we carefully
calibrated several of the meters, e. g., the ones used to measure I and V, and
corrected the data for the slight meter errors.
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(a) Circuit used for 60 cps
THEAVY CABLE I-V data.

"Im TO SCOPE4,50 V
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,•140 AMP

PRECISION ý50Mv
I MILLIVOLT-METER 'HN

(b) Circuit used for steady-
state data.

WATER-
COOLED
LOAD

Fig. 2 Circuits used for heating the emitter and for either operating steady
state or sweeping the collector voltage at 60 cps.

During the emission cooling measurements it was necessary to alternate
between open-circuit and various resistive loads, the emitter being returned to
precisely the same temperature before each data point was read. It is the
author's experience that this can only be done to an accuracy of about ± 10
degrees using an ootical pyrometer, and it Is a very tiring and qualitative process.
A 10-degree error causes about a 10-watt error in the resultant power input,
and causes a large scatter in the emission-cooling data.
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Fig. 3 Photoresistor apparatus and circuit used to hold emitter temperature
constant during emission cooling runs.

In order to avoid this problem the photodiode apparatus of Fig. 3 was
assembled. In this apparatus an image (enlarged five times) of the emitter lIght
passing through a 0.081-inch hole in the collector, is projected onto a CdSe
photoconducting cell. The image more than covers the photodiode so alignment
is not critical. The photodiode is quite sensitive, so a simple, inexpensive lens
(diameter = 1. 6 cm, focal length = 9. 8 cm) is adequate. Because the photo-

diode is not very temperature sensitive at the light fluxes (about 10 footcandles)
used in this experiment, no temperature stabilization was used. The photodiode
electrical circuit is also shown in Fig. 3. A stable source of voltage must, of
course, be used.

The photodiode was used as follows. Before each emission cooling run
the power input conditions necessary to reach a given emitter temperature (at
open-circuit) were noted. Then the pyrometer was removed, the photodiode put
in its place, and the emitter returned to the desired temperature by precisely
duplicating the power input conditions. The current flowing in the photodiode
circuit was next read by balancing the potentiometer. The potentiometer setting
was then left unchanged during the remainder of the run, the power input to the
converter being adjusted to bring the potentiometer galvanometer to a null at
each data point. The 10 ma meter was used to get close to the null before keying
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the potentiometer. In this manner one can easily and rapidly return to very
nearly the same emitter temperature at each data point.

With this circuit one could readily detect a 0. 1 degree change in
emitter temperature (corresponds to I mm deflection of potentiometer galvanome-
ter) but the stability of our power sources was such that we only attempted to
hold the emitter temperature constant to within one degree. This proved to be
quite easy after we equipped the bombing supply with "coarse" and "fine" voltage
adjustments. The photodiode circuit did exhibit a steady drift of the order of a
few degrees per hour, perhaps because it was not temperature controlled.
However, in emission cooling measurements one is only interested in short-term
stability since one goes back and forth between open-circuit and various loads.
Thus this drift was not a problem.
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M. CURRENT-VOLTAGE CHARACTERISTICS,
POWER OUTPUT, AND EFFICIENCY

In order to survey quickly the performance of tube 6A we took current-
voltage (hereafter denoted I-V) data over a wide range of emitter and reservoir
temperatures using a 60 cps voltage sweep and oscilloscope photography. The
results are shown in Fig. 4. In the constant-current region of many of the I-V
characteristics taken at the lower Cs pressures, one sees a blurred region that
is due to the occurrence of radiofrequency oscillations. The behavior of
oscillations in this type of thermionic converter has been described previously( 4)
and will not be repeated here. At the higher Cs pressures one also notes dis-
continuities in the I-V characteristics corresponding to a discontinuous jump
into "arc mode" operation.

All the I-V data of Fig. 4 (except for Tr = 5730IK are taken at the
optimum collector temperature which was measured at each reservoir temper-
ature. At Tr = 5730 K, the collector temperature was a few degrees below
optimum, but the difference is negligible, i. e., $c was within 0. 01 volt of its
optimum value. In Fig. 5 these optimum collector temperatures are shown for
the present device (tube 6A) and for a similar earlier device (tube 4) which had
a copper collector and a glass envelope. Note that the optimum Tc values vs
Tr are not very different for the two tubes. There is considerable scatter in
the data because the work-function minimum is broad, i. e., there is a range of
the order of +30 degrees around the optimum Tc where $c is within 0. 01 volt
of optimum.

The value of the optimum se was determined by several techniques,
I. e., analysis of the retarding range of low-pressure I-V curves and by direct
measurement of collector thermionic emission (assuming a Richardson "A"
of 120). Both of these techniques yielded *c = 1. 8 volts at optimum Tc. It is
interesting to note, however, that the optimum $c found for tube 4 (by the same
techniques) was 1. 5 volts. It is not obvious why the two tubes differ since the
collectors in both tubes are known to be covered with many monolayers of
evaporated thorium. Presumably some gaseous impurity in tube 4 caused the
difference.

Figure 6 is a plot of log (short-circuit current density) vs reciprocal
emitter temperature, the J values being taken from Fig. 4. Also plotted are
the Richardson lines (A = 120 amp/cm2 0K2 ) for *E = 3.3 and 3.4 volts. A
value of $E = 3. 35 volts is a reasonable fit to the data. At Tr = 348 a and 3740K
the T values fall below this line (at high TE) because of ion limiting of the con-
verter current. It is difficult to take good data on this ion limitation at low Cs
pressures because, as the collector or other miscellaneous parts of the tube
warm up, they give off Cs and the diode current can temporarily go to much
higher values than the true ion-limited value determined by the Cs reservoir.
However, at Tr = 348 *K we did take pains to wait until these spurious Cs
pressures had died away. The dashed lines on Fig. 6 are plots of 492 Jp, where
J was calculated from the Langmuir-Saha equation for surface ionization and
4B2 is the square root of the Cs atom-electron mass ratio as required by simple,

* collisionless space-charge neutralization. As can be seen, the observed electron

! -9-



TR: 348°K TR: 374*K TR= 424°K
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Fig. 4 Current-voltage characteristics taken with the 60 cps voltage

sweep.
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Fig. 4 (continued).
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IV. EMISSION-COOLING MEASUREMENTS

As explained in the Introduction, the purpose of these measurements
was to explore the anomalously low emission cooling which occurs in the arc
mode. The philosophy of these measurements is as follows: Hold the emitter
temperature constant (so that all stray losses, e. g., radiation and heat con-
duction, will remain constant) and measure the required power input both under
load and at open circuit. The difference between the "load" and "open-circuit"
power inputs is then just that due to emission cooling (or heating) effects as a
result of current leaving (or arriving at) the emitter. The experimental results
can be interpreted in terms of a mixed flow of particles, e. g., electrons leaving
the emitter and ions (or excited atoms) arriving at the emitter.

The measurements were made using the circuit of Fig. 2(b), except
that during part of each run the water-cooled load was replaced with a storage
battery so that the measurements could be extended into the region where the
collector is positive with respect to the emitter.

As explained in Section II, a photodiode was used to hold the emitter
temperature constant to within about 1 degree, which corresponds to a random
uncertainty in power input of about 1 watt. The collector temperature and Cs
reservoir temperature were also held constant during a run. The measurements
were made by measuring the power input at various load currents, returning to
measure open-circuit power input after every two or three data points. Suc-
cessive open-circuit measurements of Pin usually agreed to within 1 watt although
there was sometimes a slow, regular drift in open circuit P. values (presumably
due to photodiode drift) which amounted to about a 5-degree drift in TE during
the entire run. This much of a change in TE is insignificant. The change in TE
between a "load point" and its adjacent open-circuit points (which were used to
calculate A P) was always much less than 5 degrees. Several runs were repeated
to check the data for reproducibility. The runs always agreed well (e. g., see
Fig. 10). For typical values of input power, etc., see Table A-I in the Appendix.

The quantity AP/I was plotted where I is the converter current and A P
is the net emission cooling given by the following expression:

A P = P 1 + I2Ro-P 0 . (1)

Here P1 and Po are the power input under load and at open circuit, respectively,
and the I 2R term is a small correction added because the load current does
produce a little ohmic heating of the emitter (and of the thin "optimum lead")
which thus slightly reduces the value of P, that would otherwise have been
measured. It can easily be shown that for a uniformly emitting cylindrical
emitter:

S= (Rt/2) + (Re/3) (2)

where Rt is the resistance of the thin "optimum lead" and Re is the end-to-end
resistance of the emitter itself. This correction is very small, e. g., for a
typical data point where I = 51. 7 amperes, the values of the quantities in Eq. (1)
were P1 = 676.4 .watts, P0 = 481.2 watts, and 12Ro = 1. 4 watts.
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Note that there is one more possible source of resistance, namely the
interface between the Ta support cylinder and the W emitter. If this resistance
were even as large as 20 milliohms, it would completely upset the emission
cooling measurements at high values of I. For this reason a careful analysis of
this resistance was made which is given in the Appendix. This analysis indicates
that this contact resistance is negligible.

The measured values of AP/I for TE = 2000°K are plotted in Figs. 10,
11, and 12, and for TE = 2100°K in Figs. 13, 14, and 15. The values of collector-
to-emitter voltage are shown beside each experimental point. The solid line drawn
on each of these figures is the theoretical emission cooling one would expect if the
diode current were all electrons flowing from emitter to collector. This line was
calculated by assuming the Richardson equation with an A value of 120 amp/cm2 @K2 ,
as follows:

J = 120 T 2 exp (-eV /kT) . (3)
Ek

From this equation one can calculate a barrier height, Vk, as a function of I.
The emission cooling when emitting electrons over this barrier is given by:

(AP/I) Vk + (2kTE/e). (4)

[ I

o 'l$ -1.56

. L54
4- -1.65 -12

o -0.45
_07 - 0.60

-'.,45

-04 O Fig. 10 Emission cooling data taken
- at TE = 20000 and 2100°K for three
-0.77 different Cs reservoir temperatures.

-0.0 The solid line is the theoretical
-0.49 

+ 10/

-0.35 prediction for simple electron flow-- 0,30- 0,5 1 • .... + 64
0.24 o ý6 -+3.3 from emitter to collector.

AP-0.+5.26

AP -0o15

VOLT

TUBE 6A
o RUN 26
A RUN 272- TE,- OO'K
Te -sea -K
Tft* 424 °K

A" 33.3 c*t

I O
0 10 203 050

1 AMP
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o20 '•oý1. 15 - 0.86

'-0.75
Vo-0.61 Fig. 15 Same as Fig. 10.

VOLT

2 \q +0.70
TUB 6A V+0.77
RUN 38 +105
TE - 2100"K
TC- 723*K
TR - 524"K OQ 1.65

AE - 13.3cm'
d -Imm

0 

"020 40 60 90 100 120
I AMP

Note that, in general, the experimental points agree well with the solid line at
small values of I but fall far below the solid line at large values of I. The
scatter in the experimental points becomes larger at small values of I, merely
because, as mentioned earlier, there is a random measurement error of about
1 watt in AP. This produces a random error in AP/I which increases at small
values of I, i. e., is about 0.2 volt at I = 5 amperes and only 0. 02 volt at
I = 50 amperes.

The fact that the measured AP/I values agree with the simple theory at
small values of I is in accord with the motive diagram shown in Fig. 16(a).
Here (for all the Tr values of Figs. 10 through 15) there is an ion-rich emitter
sheath in accord with the predlctions of the Langmuir-Saha equation and the
experimental observations on ion-limiting shown in Fig. 6. The barrier which
determines the diode current, I, is at the collector, i.e., the diode is in the
retarding range. The saturated electron emission of the emitter flows into the
plasma, much of this current flowing back to the emitter from the plasma. The
electron temperature in the plasma is very close to that of the emitter, as the
energy balance in the plasma requires it should be.

When V Is reduced to the order of -1. 3 volts, the AP/I values begin
to fall below the solid line predicted by simple theory. The dashed lines in
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Fig. 16 Motive diagram for the Fig. 17 Plot of the discrepancy between
converter in the retarding range the experimental points and the solid
(case a) and for arc mode oper- lines drawn on Figs. 10 through 15.
ation (case b).

Figs. 10 through 15 were arbitrarily drawn in as a reasonable fit to the experi-
mental points. Figure 17 is a plot of the power deficiency (expressed in watts/
cm 2 ), i. e., the difference between the solid curves and the dashed curves in
Figs. 10 through 15. Note that the power deficiency increases rapidly as Cs
pressure increases, and is as high as 20 watts/cm at Tr = 524°K.

Note that the power deficiency is still present (although smaller) at
relatively low Cs pressures, i.e., Tr = 424°K (see Figs. 10 and 13). During
these two runs noisy fluctuations were present in the diode current for values of
V > -1. 3 volts. These fluctuations, which are certainly related to the coherent
oscillations seen at this Cs pressure at slightly lower values of TE, looked like
white noise on an oscilloscope being swept at 50 j~sec/cm. They could not be
synchronized or "stopped" on the oscilloscope under any conditions. The band
of noise had an amplitude of approximately 1 volt, centered about the d-c value
of V which was read with a meter. The noise peaks never extended into the
retarding range of the diode, however. No fluctuations were noted in the current
during emission cooling measurements made at the higher Cs pressures (i. e.,
Figs. 11, 12, 14, 15) in accord with earlier observations of oscillations in this
type of converter. (4)

-20-



The decrease noted in the AP/I values is due basically to the fact that
power is somehow being fed back from the plasma to the emitter. Various
mechanisms are possible. One possibility is energy feedback via high-temperature
electrons which flow back to the emitter from the plasma. This effect will exist,
but is far too small to explain the observed anomaly. For instance, an electron
which is emitted at 2000*K and returns at 5000°K contributes only 0. 52 ev to the
emitter. Furthermore, as V becomes more positive, the current flowing from
the plasma to the emitter must diminish (i.e., is small compared to I even at
short circuit) whereas the anomaly grows.

Another highly probable mechanism is the flow of excited Cs atoms back
to the emitter. For instance, most theories of the "arc mode" postulate that the
first excited state in the Cs vapor (1. 4 volts above the ground state) is densely
populated. At the left-hand side of Fig. 17 is indicated the power which would
flow to the emitter if every neutral Cs atom striking the emitter yielded 1. 4 ev
to the emitter. Here the flux of Cs atoms was assumed to be Pa, the value
calculated from gas kinetics. One sees that excited atoms could explain nearly
all of the anomaly in the power-output quadrant of the I-V curve (i. e., for V <0).
However, the anomaly gets too large to be explained by excited atoms for V> 0.

Another mechanism which almost certainly is occurring is the flow of
Cs ions from the plasma to the emitter. These ions recombine at the emitter and
heat rather than cool the emitter. The current I at the emitter is thus made up
of an electronic and an, ionic component, Ie and Ip. The ions are created by
volume ionization in the Cs vapor adjacent to the emitter, i. e., the so-called
"arc-mode."

In order to get an idea of the magnitude of the ion currents which would
be required, the data of Figs. 10 through 15 were interpreted assuming the entire
anomaly is due to ion current. The motive diagram of Fig. 16(b) is used in this
calculation, where VE and Vc are the emitter and collector sheath voltages
[assumed to be positive when having the polarity shown in Fig. 16(b)], and Vp
is the ohmic drop in the plasma. This is the motive diagram usually employed
in explaining low-voltage arcs, and is in agreement with experimental obser-
vations - (5,- ) Note that the diode is now definitely not in the retarding range, the
barrier determining the electron flow in the diode now being 0E*

Each ion flowing from the plasma to the emitter contributes an energy
VE + (Vi - *E) to the emitter, where VE is the emitter sheath down which the
ion falls and (Vi - 4 E) is the recombination energy which is assumed to be
delivered to the emitter as heat. The thermal energy of the ion is ignored since
the neutral atom carries away approximately the same thermal energy when it
leaves the emitter. The net emission cooling of the emitter can thus be written:

A eP = 1(0E + 2kTE/e) - Ip(VE + V E - . (5)

Since I = Ie + Ip, Eq. (5) can be rewritten (after algebraic manipulation):

S(0E + 2kTE/e) - (AP/I)

VE + Vi + 2 kTE/e
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In order to use Eq. (6) one must know VE, the emitter sheath. Since
direct knowledge of the emitter sheath is lacking, one must estimate it in some
manner. By adding up potentials in Fig. 16(b), one can write

VE = $E $c + VC -Vp + V . (7)

Thus an estimate of VE can be made if Vc and•VD can be estimated. Here the
probe measurements of Morgulis and Marchuk(Oin a low-voltage, hot-cathode
Cs-vapor arc are most useful. They found, at Tr = 523*K and in the range
X = 1. 7 to 7 amp/cm 2 , that a uniform electric field of 0. 4 to 0. 5 volt/cm was
present in the plasma and that Vc was very small, e. g., 0. 1 to 0. 2 volt. At a
spacing of 1 mm, this electric field would give rise to Vp,-' 0. 05 volt. There-
fore, both Vc and VP were neglected in the present experiment, the two terms
tending to cancel anyhow. It should be noted [see Eq. (6)] that one does not need
a precise value of VE to estimate Ip, i.e., a 1-volt error in VE would typically
cause only a 20 per cent error in the resulting Ip value.

By inserting Eq. (7) (with Vc - Vp = 0) into Eq. (6) one can calculate
(Ip/I) values from the measured values of AP/I. Note, however, that the
numerator of Eq. (6) must vanish (because ID = 0) where the dashed lines on
Figs. 10 through 15 join the solid lines. Thus, by reading the (AP/I) values at
the intersection points, one can get an independent check on the value of OE,
since at the intersection point *E must equal (AP/I)-2kTE/e. Table I gives the
values of *E determined by this method. It is seen that they average 3.4 volts
which is in reasonable agreement with the Richardson data plotted in Fig. 6,
especially when one remembers that the true short-circuit electron current (at
high I values) may be slightly less (10 to 20 per cent) than that plotted in Fig. 6
because of ion current.

TABLE I

TE A P/I 2kTE/e E

(volt) (volt) (volt)

Fig. 9 2000 3.71 0.35 3.36
10 2000 3.75 .35 3.40
11 2000 3.76 .35 3.41
12 2100 3.78 .36 3.42
13 2100 3.75 .36 3.39
14 2100 3.82 .36 3.46

If one assumes *E = 3. 4 volts, 6 c = 1.8 volts, Vi = 3. 89 volts, and
assumes an average value of TE = 2050 0 K in the unimportant kinetic energy terms,
Eqs. (6) and (7) become:

I 3.75 - (AP/I)
S(8)+ V + 5.84 '

By the use of Eq. (8), a value of ion current was calculated for each value of
AP/I in Figs. 10 through 15, the equation being valid in the region where the

-22-



S TUSEGA
T g M.4 nul 37 TI'A

T1 524*6 T9 .200019 1ft3

o IEFUP 1 32

jP To 5 41 4
AAM

T

I

OL- J 44
1PTm'424-K

T T-
"•~~~ RUN U.T'4" "

RuN 38

0 TT 42 100" T - 45244K

T1. 2100-K

RUN X AMP
02 51.24-K-N

IP I RUN 33
MI Ri33 T.,475*I

0.1-. 4750K

RUN 20 RUN 28
To-424-K T1-4241K

-II3 -2 1I 0 2 3 '4 5
V VOLT V VOLT

Fig. 18 Ratio of ion current to total Fig. 19 Ion current density vs
current as a function of converter converter voltage.
voltage. To obtain these values the
entire emission-cooling anomaly was
assumed to be due to positive ions.

dashed lines of Figs. 10 through 15 diverge from the solid lines. The results of
these calculations were plotted in three ways. In Fig. 18 are shown the resulting
values of Ip/I as a function of V. In Fig. 19 the ion current density is plotted.
Note that rises rapidly as V becomes more positive, especially at high Cs
pressures. The Jp values also rise somewhat as TE is increased, but in general
not as fast as Je increases. As a result, the Ip/I values tend to be a little higher
at TE = 2000 0K than at 21000 K.

In Figs. 20 and 21 are shown the experimental I-V characteristics
(circles) taken in the course of several emission-cooling runs, as well as the
electron-current-vs-voltage characteristic (triangles) determined by subtracting
.p from I. It is seen that Ie continues to increase as V becomes more positive,
but at a slower rate than I increases.

Also shown in Figs. 20 and 21 are careful tracings (solid lines) of the
60 cps I-V data from Fig. 4. These were taken on a different day from the
point-by-point data, and there is no guarantee that OE or TE was precisely the
same in the two sets of data. At Tr = 474°K, the 60 cps and point-by-point data
agree well except at positive voltages for TE = 2100 0K. At Tr = 424°K the 60 cps
and point-by-point data agree well in the retarding range (where there are no
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Fig. 21 Measured steady-state and 60 cps I-V data. No oscillations were
observed. The arrows show a small step in the I-V curve which is believed to
be the transition Into the arc mode. The triangles give the electron current
only, i.e., total current minus ion current.
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oscillations) but disagree at more positive voltages where the noisy oscillations
were noted. This is not surprising because, once oscillations are present, the
I-V characteristic depends strongly on the impedance of the load or voltage
source. In the case of the very-low-impedance 60 cps sweep, the oscillations
appeared only in a narrow voltage range (dashed region) whereas they were
present in all the point-by-point data for V> -1 volt. From these data (and from
measurements of 60 cps and steady-state power output) we conclude that, for this
device, there is little difference between 60 cps and steady-state data.

The J values resulting from this experiment are surprisingly high, and
one cannot hel4 but wonder: "Are these results valid, i.e., could some spurious
phenomenon be going on which caases the anomalously low values of emission
cooling ?" One good method of checking this is to compare results with other
experiments. Unfortunately there appear to be no similar experimental studies
made on Cs thermionic converters. However, one paper by Morgulis and
Marchuk(6 ) was found in the Ukrainian Journal of Physics which describes a
study of a hot-cathode low-voltage Cs-vapor arc discharge. Though the contact
potential and spacing are quite different from the present experiment, the results
can be compared if account is taken of these differences.

In the Morgulis-Marchuk experiment a planar cesiated-Mo emitter was
used, spaced 30 mm from a Mo collector. Typical operating conditions were
Tr = 523°K, TE = 10400 toll2 0 °K, and J = 1. 7 to 8 amp/cm Their measurements
indicate that * E = 1. 5 volts at low current densities, and drops to 1. 3 volts at the
higher J values. By means of a movable probe they measured VE, Vo, and Vc.
By measuring the emitter heat balance they determined TV/I ratios, using
essentially the same assumptions and equations as given In this report.

In comparing the Morgulis results with the present experiment one must
include the fact that contact potential (i. e., *E-0c) was quite different in the two
experiments. Also in the Morgulis experiment a plasma drop, Vo, of the order
of 1. 5 volts was present (because of the wide spacing). The plasma drop should
be very much smaller in the present work. For this reason the best way to
compare the results is at the same VE values, since it is primarily the emitter
sheath voltage (and the current density) which will determine the rate of volume
ionization. Figure 22 is a plot of the Io/I values deduced by Morgulis and Marchuk
vs their measured value of emitter sheath. They made two calculations of Io/i,
one (curve a) in which the recombination heat was not assumed to enter the emitter,
and one (curve a') in which it was.

Also shown in Fig. 22 is the Tr = 524*K data from Fig. 18. To convert
V values to VE for this plot, Eq. (7) was assumed with 0 E = 3.4
volts, 0c = 1.8 volts, and Vc-Vp = 0, as discussed previously. The numbers on
the curves of Fig. 22 are the measured current densities. Both experiments
happen to have been done at about the same X values. One sees that, although the
agreement is not perfect, both experiments yield the same general result. This
strongly suggests that a real effect is being measured, and that both experiments
are observing the same phenomenon.
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Three mechanisms (electrons, excited atoms, and ions) have been
discussed which can feed power back to the emitter from the plasma. A fourth
mechanism exists, namely, radiation. As Mohler(7 ) has shown, most of the
photon energy in a Cs plasma is carried by the two resonance lines (8521 A and
8943A). The absorption distance is also very short (e.g., 10-3 cm) at these
wavelengths, i. e., the plasma is optically dense. In order to estimate the
maximum possible magnitude of this resonance radiation the following calculation
was made. The electron temperature was calculated from

Te = TE + (e/2k)(V+ €E c (9)

This equation, first given by Johnson, (8) merely assumes that all of the energy
the electrons gain as they are accelerated by the emitter sheath is converted into
random motion. The plasma was assumed to radiate as a black body (emissivity
-1) within the line width, with zero radiation outside the line width. The radiation
was calculated for an 'average" wavelength (8720A) using the line width (sum of
the two resonance lines) reported by Mohler. (7) These line widths are 0. 76 A,
4.5A, and 19. 6 A at Tr = 424°, 4740, and 524°K, respectively. This procedure
of using an average wavelength is the same as that used by Mohler in determining
the effective line widths from measured radiation intensities. The emissivity of
the W emitter was assumed to be 0. 45, this being about 10 per cent higher than
the value found by de Vos(9 ) for tungsten at this wavelength to allow for the
porosity of the emitter.

The power delivered to the emitter (i. e., calculated radiation intensity
multiplied by emitter emissivity) is shown in Fig. 23. One notes that Figs. 23
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Fig. 23 Calculated maximum possible

12 resonance radiation delivered to the
emitter assuming Mohler's values
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emissivity = 0.45.
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and 17 (the measured power deficiency) have many similar features, except that
the magnitudes In Fig. 23 are, in general, somewhat higher than those in Fig. 17.
This merely indicates that the actual electron temperatures are not as high as
the maximum values assumed in the calculation. If one assumes that the entire
power deficiency is due to resonance radiation, an electron temperature can
readily be calculated, e. g., at Tr = 524°K and T = 2100 0K, this calculation
yields Te = 6800*K at V = 0 volt and 12, 500'K at ý= 2 volts.
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V. DISCUSSION

In the previous section, four mechanisms were discussed by which
power can be returned from the plasma to the emitter, i. e., electrons, excited
atoms, ions, and resonance radiation. At the present preliminary stage of
analysis, one cannot say with certainty just how much each of the four mecha-
nisms contributes to the observed "power deficiency," other than to state (as
discussed earlier) that neither electrons nor excited atoms are the dominant
effect.

Two models can be postulated which could explain the observed emission-
cooling anomaly. In the first model it is assumed that the fractional ionization
in the plasma adjacent to the emitter is governed by the Saha equation. Fractional
ionizations of nearly "one" result, and the power deficiency would then be primarily
due to ion current arriving at the emitter. Nottingham(10) has made a detailed
analysis of a model of this type.

In the second model, it is assumed that the Saha equation is not valid in
the layer adjacent to the emitter because of the drainage of ions to the emitter.
These atoms leave the emitter primarily as neutrals. As a result the fractional
ionization in this layer is considerably lower than would be predicted by the Saha
equation. Under these conditions it is possible that the power discrepancy is
mainly due to the feedback of resonance radiation. This resonance radiation
would mainly be delivered to the emitter (except at low Cs pressures) because
the region of cooler electron temperature would prevent much of the resonance
radiation from reaching the collector (analogous to a series of black-body heat-
shields).

In both models it is assumed that adjacent to the emitter is a region of
high electron temperature as a result of randomization of the electron injection
velocity. Several authors(8, 10, 11) have discussed the mechanisms by which
this randomization can occur. Inthis region of high average electron energy,
copious excitation and ionization will occur. The width of this region of high
electron temperature is uncertain. At low Cs pressure (or for very narrow
gaps) it could well fill the entire gap. At higher Cs pressure the electron temper-
ature will rapidly fall (due to inelastic collisions) as one moves away from the
emitter, eventually falling to an equilibrium temperature in the range 2000° to
3500°K typical of the positive column of a Cs discharge.( 6, 7) Note that this is
somewhat different from the usual published models of the arc-mode Cs converter,
which invariably assume a uniform electron temperature throughout the gap.

Webster(1 2) has recently built a Cs converter in which he could observe
the interelectrode gap (0. 46 mm), i. e., look in parallel to the cesiated-W emitter
surface. At TE = 2050°K, Tc = 863°K, Tr = 590°K, J = 5. 7 amp/cm 2 , V = 0. 45
volt (arc-mode operation), he observed a bright layer about 0. 15 mm thick
adjacent to the emitter. This layer is probably a region of higher electron tem-
perature.

We are at present making calculations to see which model seems more
reasonable. Both models have minor difficulties. For instance, one can easily
calculate what ion current would strike the emitter if the plasma was completely
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I
ionized, I. e., the nuimber of ions/cm 2 sec was equal to I.a, the atomic flux. At
Tr = 424%, 474o, and 524"K, this ion current is 0. 21, 1. 72, and 9. 1 amp/cm2 ,
respectively. However, Fig. 19 shows that at Tr = 424°K an ion current of up
to 0. 33 amp/cma is required to explain the observed power deficiency. At the
two higher Cs pressures, this difficulty does not occur, I. e., the ion current
required to explain the power deficiency is less than that calculated for 100 per
cent plasma ionization. This discrepancy at Tr = 4240K merely indicates that
not all of the observed power deficiency can be due to ions, 1. e., must be
partially due to resonance radiation. The second model (power feedback inainly
resonance radiation) requires very high electron temperatures, i. e., higher than
have been reported for the positive column of Cs discharges. However, these
measurements do not rule out the possibility of a high electron temperature
adjacent to the emitter.

It is obvious that these emission cooling measurements are a new and
interesting method of studying the plasma adjacent to the emitter. After further
analysis has indicated which plasma model seems most reasonable (and, at the
moment, model one seems more likely), the power deficiency measurements
can be straightforwardly interpreted to find the electron temperature, the plasma
density, and the ion current adjacent to the emitter.
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VL CONCLUSIONS
The principal conclusions of this study are:

1. At TE = 2100°K a power output of 4. 4 watts/cm2 (at 1. 3 volts) at a
a measured efficiency of 8. 5 per cent was observed. At 2200 °K, a power
output of 8. 8 watts/cm2 at ii. 9 per cent efficiency was observed.

2. In the retarding range of the converter the electron temperature is
essentially equal to the emitter temperature, as is required by the power
flow into the plasma.

3. In the nonretarding range, the emission-cooling of the emitter falls
far below that predicted by simple electron flow, indicating that a substantial
amount of power (e. g., 20 watts/cm2 at a positive collector voltage) is
flowing from the plasma to the emitter.

4. This "power deficiency" is probably due mainly to ions flowing to
the emitter, although excited atoms and resonance radiation will also
contribute. The required ion currents are of the order of a few amp/cm2.
An ion current of this magnitude will cause a large accelerating (for emitter
electrons) electric field at the emitter surface.

5. It is possible that the resonance radiation contribution to the power
deficiency is larger than the ion contribution, i. e., that the power deficiency
is mainly due to resonance radiation. Further analysis will settle this point.
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APPENDIX
ELECTRICAL RESISTANCE OF INTERFACE

BETWEEN TUNGSTEN Et ITe ER AND TANTALUM SUPPORT SLEEVE

In this Appendix the electrical resistance of the interface between the
cylindrical tungsten emitter and the tantalum support sleeve will be analyzed
and shown to be negligible. It is essential that this interface resistance be
known, since if it were as large as only 2x10"2 ohm, an ohmic heat of 200
watts would be generated in the emitter structure when an emitter current of
100 amperes was drawn. This would be of the right magnitude to explain the
observed anomalously low values of emission cooling.

The procedure which is used to determine the interface resistance is
the following. First, the temperature of the tungsten bombardment filament at
any steady-state point in the experimental emission-cooling measurements can
be determined from its electrical resistance. From this filament temperature
and the filament power input, the temperature of the Ta support sleeve (which
surrounds the filament) can be deduced. One can then estimate the radiation
heat transfer across the Ta-W interface, the remaining power flow being by
thermal conduction through points of contact. The electrical resistance of the
Ta-W interface can then be calculated since the thermal and electrical conduc-
tivities are related by the Lorenz number. In the remainder of this Appendix
this procedure is described in more detail.

The bombardment filament (see Fig. 1 in main text) consists of a
bifilar helix composed of approximately 12. 7 inches (weld-to-weld) of 0. 020-
inch-diameter tungsten wire. This filament is a rather open structure, each
helix having a diameter (wire-center to wire-center) of 0. 231 inch and a pitch of
10turns/inch. The length of the filament which is within the heat-shielded
region (see Fig. 1) is approximately 12.4 inches. The filament is mounted on
0. 060-inch-diameter Mo press leads which each have a length of 7. 0 inches
down to the point where the potential taps for the filament voltmeter (for meas-
uring Vf) are attached just outside the tube. Both If and Vf are measured using
precision meters, the values of If being corrected for the small amount of
current drawn by the voltmeter.

After the filament had been welded to the press leads, but before it
was inserted into the experimentaltube,the filament was mounted in a bell jar
(where it radiated to free-space) and flashed to 2800°K for several minutes.
Then a careful measurement of filament resistance vs filament temperature
was made, the filament temperature being determined from the Jones and
Langmuir(1 ) tables of If/d3 / 2 where d is the wire diameter. The same potential
taps and meters were used during this measurement as were used during sub-
sequent operation of the tube.

The surface area of the portion of the filament within the heat shield
was determined to be 5.09 cm 2 from measured dimensions. Also values of
this area could be deduced from the filament resistance (after a small

1. H.A. Jones and I. Langmuir, GE Rev., 30, 310 (1927).
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correction for end effects) using the lones and Langmuir values for the resis-
tivity of tungsten. These were found to be 5. 16 cm 2 from the 2400°K data, and 4

5. 13 cm2 from the 2600 0K data. Therefore, a value of 5.12 t 0. 04 cm2 was
assumed for the value of Af, the filament surface area within the heat-shielded
zone.

As a check on the calibration of Rf vs Tf, we calculated the power
radiated from Af during this calibration, i. e., divided the measured filament
power (minus a small end-effect and press-lead correction) by 5.12 cm2 . At
Tf = 24000 and 2600°K, respectively, this procedure yielded 56.4 and 80. 2
watts/cm2 , which agree well with the Forsythe and Watson(2 ) values of the
radiation from tungsten (to free-space) of 55. 7 and 80. 6 watts/cm2 . Thus, our
calibration of Rf vs Tf does not appear to be seriously in error, and allows us
to determine Tf from the measured values of Vf and If.

Next, the temperature, Ts, of the tantalum support sleeve was cal-
culated by writing a heat-balance equation for the bombardment filament. In
deriving this equation, the bombardment filament was assumed to be immersed
in a black-body hohlraum at temperature Ts. The equation is:

Pf + ef a Ts4 Af = ef a T 4 A + + 2kTf/e) (Al)
f f f + b(*f f,~e

where Pf is the filament power within the heat-shielded zone (i. e., measured
filament power minus small end-effect and press-lead corrections), ef is the
filament emissivity, a is the Stefan-Boltzmann constant, Af is the filament
area in the heat-shielded zone, Ib is the bombing current being drawn from the
filament, and sf is the filament work function. The left-hand side gives the
power delivered to the filament, and the right-hand side the power leaving the
filament because of radiation or emission cooling (a small term since Ib was
always less than 2 amperes). Note that all the. terms in Eq. (AI) except T.
are known (or can be accurately estimated), so that one can solve for Ts at
each steady-state operating point of the thermionic converter. Actually, there
should be another term on the left-hand side of Eq. (Al) which takes account
of the radiation from the filament which is scattered off the Ta sleeve and
returned to the filament. Because this term was neglected, the calculated
values of Ts will be somewhat higher than actually occur, but that fact merely
strengthens the conclusions of this Appendix.

Table A-I gives values of Ts calculated in this manner for sample data
points during several runs. The data points were chosen to include wide varia-
tions of I, V, and Pin. Note that even though Pin varies by several hundred
watts (and at least 90 per cent of Pin must somehow be transferred across the
Ta-W interface), the values of Tf and Ts rise only a few degrees. Also note
that the temperature difference across the Ta-W interface is approximately
300 degrees in all the data.

The problem which must next be answered is: "How can powers of up
to 600 watts be transferred across the 10. 87 cm 2 area of the Ta-W interface?"

2. W. E. Forsythe and E. M. Watson, J. Opt. Soc. Am., 24. 114 (1934).
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TABLE A-I

Sample Data Points and Calculated Values of Ts

Run 38 Run 33 Run 32
T E - 2100*K TE - 2100'K TE - 2000-K
Tc = 723*K Tc = 683"K Tc -683"K

Tr = 524-K Tr = 475*K Tr = 474*K

I (amp) 0 93.4 114.6 0 51.7 87.3 0 20. 1 39.3

V (volt) -2.72 +0.70 +1.65 -2.72 -1.00 +2. 70 -2.56 -0.89 +3.48

Pin (watt) 491.0 672.6 626.6 484.0 676.4 696.7 387.6 454.0 445.0

If (amp) 10.91 10.85 10.91 10.61 10.54 10.54 10.94 10.93 10.91

Vf (volt) 13.60 13.61 13.62 13.03 13.02 13.00 13.20 13.21 13.19

Pf (watt) 145.6 144.9 145.8 135.6 134.7 134.4 141.6 141.6 141.1

T, (°K) 2605 2620 2608 2573 2586 2583 2535 2539 2539

T, (°K) 2388 2410 2392 2360 2382 2381 2289 2297 2298

Possible mechanisms include radiation, thermal conduction through contact
points, and thermal conduction through Cs vapor. The latter mechanism can be
immediately ruled to be unimportant because, regardless of the gap, at the
highest Cs pressure used in the measurements (TR = 523 0K) Cs gas conduction
can carry less than 1 watt/cm2 across a 300°K temperature difference. Radia-
tion, on the other hand, can transfer appreciable amounts of power, calculations
assuming clean-metal emissivities in the interface yielding a power flow of 155
watts for TE = 21000 K and Ts = 24000 K. If the tungsten surface were pessimis-
tically assumed to have a black-body emissivity (which is very unlikely since it
can be easily shown that the outer surface of the emitter has an emissivity
approaching clean W), the radiation transfer equals 248 watts. Thus one con-
cludes that radiation alone cannot transfer the required ",600 watts across the
interface, and that heat conduction through contact points must be transferring
at least 200 to 400 watts (depending on Pin)-

The following model seems to fit the observations. When the emitter
is initially heated to its maximum temperature of 2200°K, the tantalum sleeve
expands out against the W emitter (due to the larger thermal expansion coeffi-
cient of Ta), the soft Ta stress-relieving during this process. If the emitter is
then cooled to room temperature there would be a gap of several mils between
emitter and sleeve. On subsequent heatups, the Ta warms up (and expands)
until it is hot enough to transfer the entire input power by radiation, or until it
contacts the W sleeve and transfers a portion of the power by heat conduction.
That the latter is the case is shown by the preceding argument. That the latter
is true is also shown by the fact that Ts increases by only 20 degrees when Pin
changes by several hundred watts. No model involving only radiation heat
transfer could explain the relative constancy of Ts and Tf.

Since the differential equations determining electrical resistance and
heat conduction are identical (except for different constants) one can readily
show that

R = Kp AT/W (A2)
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where R1 is the interface electrical resistance, W is the thermal flow through
the interface contact points, AT is the temperature drop across the interface,
K is the thermal conductivity of the contact region, and p is the electrical
resistivity of the contact region. In deriving this equation, K and p were
assumed to be independent of temperature; hence values typical of the "average"
temperature of the interface should be used. Both W and Ta have Kp values of
approximately 6x 10-5 watt ohm/deg at 22000 K, which is also within 20 per cent
of the value predicted by the Lorenz number. Inserting W = 200 watts, AT = 300
degrees, and the above value of Kp into Eq. (A2) yields Ri = 9 x 10-5 ohm.
For I = 100 amperes, the I2Ri heating of the emitter is thus about 1 watt, which
would cause the negligible shift in the AP/I values of 0. 01 volt. Actually, the
error is even smaller than this since at I = 100 amperes, the W value is more
like 400 watts (since Pjin w670 watts and radiation < 250 watts). Thus one
concludes that ohmic heating at the Ta-W interface can be neglected when inter-
preting the emission cooling measurements.
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