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‘s casium=vapor thermionic converters, and (i) apply the results of

1.  INTRODUCTION - : L
This is the third quarterly report of progress on JPL Contract ot
951225, a program to (1) investigate basic materials, processes, and ‘

operating parameters affecting the stability and optimization eof

these investigations to the fabrication of practical, high-perform-

ance, -high-efficiency, long-life cesium-vapgr thermionic converters.

~

1.1 Program Goals ‘ ' - .7 o
Thé program goals are: (1) to generate fundaﬁental data L
* on the various converter operational parameters such as interelectrode
spacing, Langmuir-Taylor type cesiated electron emission and work
function of various electrode materials, and to establish optimum
electrode materiéls processing, all to be applicable to practical
cesium~-vapor thermionic converters; (2) to conduct auxiliary ekper:
iments pertinent to the engineering desiéh and converter fabrication

in a manner such that the results are applicable to practical, high-

-

éfficiency long~life cesium-vapor thermionic converters, and (3) to
’ ) o

design, fabricate, and test a maximum of six cesium-vapor thermionic

converters utilizing the results of the auxiliary experiments, leading

to a performance of 20 watts/cm2 at 0.8 volt output and an efficiency
exceeding 14 percent for an emitter tewperature of 1735°%.

Adequate attention will be accorded the collector and radi-
ator'hea;-transfer problems so that a converter with a 2-cm2 emitter
having an output of 40 watts at 0.8 volt can be fabricated with a
minimum radiator weight. The weight of the converters must be con-
sistent with the achievement of a four-converter generator Qéighing ’
less than 4 pounds. Thé radiaco} area of the converters must be such - ‘?:
that no additional cooling (such as excessive thermal conduction down :'
the collector lead straps) is necessary for operationvof the converter

at its design conditions.

6352-Q-3 1-1
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1.2 Summary of Work Performed During Reporting Period

During this past reporting period, precision data obtained
f:om the variable parameter vehicle have substantiated and extended
the measurements of the optimum pressure~distance (pd) relationships
for a cesium vapor thermionic converter reported previously for lower
temperature converters. These data have confirmed the predictions
that an interelectrode spacing of approximately four mils (0.004 inch)
is required for optimum converter operation at 0.8V dc utilizing
polycrystaliline rhenium electrodes., The operation of a converter in
the close spaced t;gion (liss than 0.0005 inch interelectrode spacing)
was examined in greater detail thanm previously repofted and the
expectation of high dc performance in this region ;as verified.

Extensive dc converter optimization data was obtained as
a functién of interelectrodé spacing, collector root and cesium
reservoir temperature for a constant emitter temperature of 1735°%.
Sufficient dc data points were taken to precisely ideptify the
optimum inter-relationships of these variables for optimum Re-Re.
converter operation. |

The saturated electron emission was measured from cesiated
polycrystalline rhenium emitters and collectors., Three separate
cesium reservoir temperatures were examined for emitter temperatures
covering the range from 2100°K to 1000°K. Bare work function measure-
ments of the emitter were obtained in the high teeperature range.

Heat transfer measurements were obtained which pertaiy to
thermal conduction in cesium vapor. Two cesium pressure regions ‘of
interest were examined: first, the pressure region where the cesium
atom-atom mean free path is greater than the interelectrode spacing
(for vapor pressures of interest to converters this requires spacings

of approximately O.OOOZIinch); second, the pressure region where the

cesium atom-atom mean free path is less than the-interelectrode spacing.

.During this report period, two secondary converter exper=

iments were concluded. The first experiment involved the direct




optical measurement éf the interelectrode spacing as a function of
element temperature for a converter_mockup. The spacing data obtained
from the mockup compared favorably with values of the spacing cal-
culated from the thermal expansion of the converter members. The
second expé}fuént established the feasibility of eléctronsbeam —
welding prefabricated ceramic-metal seals directly to thermionic

converter subassemblies.

1.3 Summary of Significant Results and Conclusions

The following significant results were achieved during

this past quarterly report period:

1. Cesium-vapor converter output as a function of inter-
electrode spacing was accurately characterized over a
spacing range encompassing the four different regions
of converter operation: space-charge limited region,
the onset or incipient breakdown region, the optimum
pd region, and the fully developed positive column
region. The measurements were made under dc steady-~
state conditions utilizing 0.l percent accurate meters.
The spacing measurements were made with + 0.0001 inch
accuracy.

2. The optimum cesium pressure-interelectrode distance
product, pd, was precisely measured for two different
cesium pressures. An optimum p x d value of 16 mil-
Torr. was obtained for a polycrystalline rhenium
electrode converter operating at a true emitter tempera-
ture of 1735°C.

3. Langmuir-Taylor S type curves were obtained for cesiated

.

\J

polycrystalline rhenium. Measured saturaged emission
densities as high as 180 amps/cm2 were obtained., Mini-
mum cesiated rhenium work functions of 1.45 - 1.47 ev
were obtained. The bare wqu function of the rhenium

emitter used ik the wmeasurements was approximately 4.75 ev.

>

6952-Q-3 1-3




4. Precision cesium conduction heat transfer data was v '.?‘*
obtained. The results agree with classical héat trans- .
fer theory and with the semi-empirical:snaslyses of ' ‘;‘ a ~%ﬁv;v
Lapor transport. : ' o

5. The variable parameter vehicle has undergone 700 hours

of continuous operation without variation in measured ° B

Xt

quantities. Converter optimization data has' been
reproducible to within milliwatts of power output over
this test time., At 0,8V dc, the maximum power output
at an emitter temperature of 1735°C true, is 15.6 watts/cmz. ]
6. A thermal mockup of a thermionic converter was operated
in a manner to provide a direct, optical measurement
of the interelectrode spacing. These spacing measure-
ments agree to vithin 8 percent with values of spacing

calculated from thermal expansion considerationms.

.
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2. VARIABLE PARAMETER TEST VEHICLE

The variable parameter test vehicle has been operated in excess
of 800 hours. All systems operate as designed. The véhicle, when
briginally installed in the test station, was equipped with cooling
straps on the cesium reservoir to permit low cesium reservoir temper-
ature operation as required by the contract york gtatement (127°C).
It was found that the straps created a thermal shunt around the reser-
voir heater and an accurate measurement of the true reservoir tempera-
ture could not be egtablished. By removing the straps, the cesium )
reservoir temperature was accurately measured. The straps will be
replaced after all high cesium pressure data have beer obtained.

Prelimiﬁaryrelectrical characteristics of the vehicle indicated
the existence of a parasitic reservoir. This condition was remedied
by proper heat shielding of the reservoir tubulation. -

The variable spacing mechanism has proved capable of allowing

. 4
accurate setting of the interelectrode spacing of the vehicle ta

. within £0.1 mil with a total travel in excess of 15 mils. The dial

indicators reached a maximm temperature of 140°C with sll auxiliary

_ heaters on and a dc collector current of 80 amps for an emitter tem-

perature of 1735%C.- At this temperature, the spacing was accurately
determined to within 0.1 mil.

The guard ring equalizing load is performing satisfactorily. The
guard ring potential is maintained within 10 millivolts of the col-
lector potential and the collector current i{s maintained between 4.5
to 5 times that of the guard ring current. Figure 2-1 shows I-V
characteristics for both the guard ring and the collector, indicating
the currenc'ratio between the twe. The collector has a collecting
area 4.9 times that of the collecting area om the.face of the guard.

These current ratios indicate successful action of the guard ring.

6952-Q-3 2-1




FIG. 2-1
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Curve 1: Collector Current
100 amps/div
0.5 volt/div

Curve 2: Guard Ring Current
40 amps/div
0.5 volt/div

SAMPLE I~V CHARACTERISTIC FOR BOTH GUARD RING AND COLLECTOR
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The ptincip‘i purpose of the variable parameter test vehiclé is
to bbtain precision thermionic converter optimizatibn data. Subsec-
tion 2.1 discusses the determination of optimum collector, and |
reservoir temperatures to obtain maximum converter power output at .
0.8 volt de. In addition, current output variation as a function )
pf interelectrode gpacing at these specific dc voltages is-pteacnted.;
These data are esgsential for precision thermionic couverﬁef design.
Data of a more basic nature are presented in Subsection 2.2 which
discusses the variation of vehicle voltage output as a function of
interelectrode spacing at a ‘constant dc éurrent. These data also
provide the optimum spacing relationships for maximum power output %’

as well as basic plasma parameter variatioms.

2.1 Converter Optimization Data

2.1.1 Measurement Technigue
The converter optimization data near 0.8 volt output

consisted of optimizing the dc current output of the vehicle as a

function of spacing, cesfum temperature, and collector temperature

at a true emitter temperature of 1735°C true and at two voltage out-
puts of 0.8 volt and 0.7 volt measured at the current leads. The

exparimental procedure consisted  of utilizing the electronic‘load :o:-

maintain a constant voltage output and setting a fixed collector , P
temperature and a fixed spacing and varying the reservoir cémﬁerature )
until an absolute maximum in ocutput current had been obtained. The
cesium reservoir temperature was varied between 310°C and 350°%. At
each fixed collector temperature, the apacing was varied between 0.002
and 0.005 inch. This procedure was repeated for collector root tem-
p‘rltutes-of 57d%; 59690,‘610°C, and 66Q2€. Collector root tempera-
tures are qﬁoted since the upper collector surface immersed thermo-
couple opened duting the first few hours of vacuum outgassing. The

precise matching collector surface temperature will be determimed \

when the device 1s disassembled.



2.1.2 Measurement Results

The optimum parameters for maximum power output
(15.44 watts/cmz) at 0.8 volt are: collector root temperaturer6100C,
cesium reservoir temperature 331°C, and interelectrode spacing between
0.0032 and 0.0038 inch. The 0.8-volt data are shown in Figs. 2-2
through 2-5., ' '

-y
A

The data for 0.7-volt optimizati;n_hqu not been . f‘f

completed but some preliminary data are shown in Figs.2-6 and 2-7.

The complete optimum parameters will be determined during the next Lo
report period. _ '
T The maximum power variation at 0.8 volt as a functiom
of spacing was measured with the collector root and reservoir temper-
ature set at Pheir optimum values. Keeping the woltage output comstant
at 0.8 volt by the electromic léad and only var;ing spacing, the cur-
rent output:.variation was determined. This {s showmn in Fig. 2-8. Of

particular interest is the minimum power point observed at a spacing

of 0,001 inch, As the spacing decreases further, the current (power)
output increaseé again. This is the first time complete documentation
of this. behavior has been obtained in the emitter temperature regiom
above 1300°C. The data show that only at spacings of less than 0.0003
. inch will the power output exceed that available at a spacing of
approximately 0.003 inch. The theoretical interpretation of this ,45

and following curves will be made in subsequent sections.

2.1.3 Discussion

From the staﬁdpoint of practical thermionic converter
fabrication, the‘optimizatibn of power output at a spacing of 0.0035,.
inch fof the specified parameters increases the probability of lomg
life operation at comstant output, and reproducibility.

As indicated in Fig. 2-8, the only manner in which
the power output may be increased from the practical maximum at 0,0035
inch is to reduce the gpnc&ag te less than 0.0003 imch. At this close

- r
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spacing, the difficuley in fabricat;on and characteristic reproduci-
bility is considerably increased as well as decreasing the reliability
and uséfulness of the device in some applicatianﬁ. - ]

In apparent contradiction to these megsurements is
the accumulated experience of many thermionic converter suppliers,
which essentially is that: the closer the spacing, #he higher the
power output. This statement is true, buérrequires qualification.
This increasé in power occurs only at the expense of voltage output.
If a apecific.voltage output such as 0.8 volt is specified, the power

output will vary as shown in Fig, 2-8. .

2.2 Voltage-Sgacigg Relationships

2.2.1 Measurement Technique and Results

After establishing the variation of power output (at
0.8 volt output) with lpacing shown in Fig. 2-8, it 1is desirable to
relate the variation to the cesium plasma parameters. In order to
achieve this, the power ougput is measured as 4 function of spacing
at a comstant dc current. The measured quantity is the voltagg oﬁtput
variation with spacing at constant output. This variation of voltage
with spacing at conmstant current is shown in Fig. 2-9. The advantage
of this method is that all vehicle spacing problems due to differential
expénsion are eliminated due to the steady state vehicle temperature
dfstribution.

Figure 2-9 1is the voltage variation at a constant 38
amperes at the vehicle parameters for maximum power output of 0.8 volt,
i.e., collector root temperature 610° C, cesium reservoir temperatute
331%. Figure 2-10 is a similar plot at a higher cesium pressure
T h = 350°C. The dc current is the same in Figs. 2-9 and 2-10,

cesium
but the power output is lower for the higher reservoir temperatures.

This ip as expected, since the optimum power was determined to occur -
-

! o
at T, ooium = 331°¢C.
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Several interesting observations were made du;ing‘
accumulation of the experimental data: (1) at all spacings less than
the minimum at 0.0005 inch the vehicle is operating in the space
charge mode, (2) the minimum power point is a very.unstable operat-

- ing point due to the fact that at this spacing (0.0005 inch), t
breakdown point coincides with the dc operating point and slight
variations in temperature causa'ignitions and extinguishing of the
arc, and (3) the data were obtained by taking dc data points and chen
characteristic. Due to the increased collector heating and'emitter
cooling resulting from operation at the high curreunt portion of the
sweep, spacings less than 0.0003 inch camnot be maintained if thc
sweep is applied for more than. approximately 30 seconds. High cur-

‘rent sweeap operaticn causes shorting of the vehicle at close spacinga

- due to thermal expansion of the collector. v

Figure 2~11 {3 a voltage-spacing curve for an emitéér ‘ e

temperature of 1330°C and a dc current of 20 amperes.

2.2.2 Analysis and Interpretation o
Utilizing Léngmuir's equation to determine the cesium

vapor pressure associated with a particular reservoir temperature: : ﬁ £

" s
/

. - . ." 0 - ¥
log,q P = 11.0531 - 1.35 log); T 5—3$,' , e o

zhe pd (mil-torr) for the relative maximum in Figs. 2-9 and 2-10 were
 determined. The results are shown im Table 2-I. The fundemental.[
feature of the pd relations results from similarity relationships,

that is, certain characteristics of a sustalned discharge obey a
similarity law relating dimensious and basic parameters. Tbereforo,

for a discharge in identical gases aund identical electrode materials,

o
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TABLE 2-I
T % P
cesium b d (mil) pd (mil-torr)
331 4.1 %0.2 3.9 16.0 £0.8
350 6,22 £0.3 2.7 16.8 +0.8

the vapor pressure, field intensities, ang space potentilals are
directly related to the ratio of the spacings. Thus, a§ expected,
the maximum power point of Figs. 2-~9 and 2-10 occur at the same
pressure-spacing product.

In all of these voltage-spacing measurements, the

L]
_ constant cesium reservoir temperature, collector root temperature,

and emitter temperature along with constant current dénsity results
in a constant sheath thickness at the cathode and ancde, comstant
plasma density, and constant plasma electron temperature, Therefore,
the voltage output variation with spacing may be related to a voltage
profile of the vehicle interelectrode space. This 1s not to say thgé
the voltages in Fig. 2-9 can be interpreted as a direct measurement
of the’discharge potential. The voltage output of the test vehicle .
is related to the internal voltages by the following equation:

vout = vcpd + vm - Vcathode sheath ~ vplasma ivanode sheath (2)
where _
chd = contact potential difference bet?een the
cathode and anode

Vm. = spacé charge minimum voltage, {i.e., if a
double sheath exists at the cathode, Vm =
voltage barrier necessary for an electron
to overcome proceeding from the cathode

surface to the accelerating portion of the

sheath
1
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Vcathode sheath ™ pocentia} drop from the voltage minimum to

the blasma
: vplasma = potentidl drop in the plasma »
V' le sheath = value of the accelerating or retarding voltage
» : at the collector
Vanode sheath ™87 be zero under certain conditions of electrode geometry,

anode temperature, and spacing., Thus, the variation of output voltage
with spacing is a summation of all the spacing dependent terms of Eq. 2.
_ Figure 2-10 has three points of interest designated
on the curve for the voltage variation with spacing at a cesium temper-
ature of 350°C. I-V characteristics for each of the points of interest
are shown in Fig. 2-12. Point "A" shows the characteristic at an
interelectrode spacing of 0.0002 inch; the dc point of 38 amps current
is plainly visible on the characteristic. The breakdown spike can be
observed at the top of the photograph occurring at approximately 60
amps and 0.5 volt. It is apparent from this characteristic that the
vehlcle for a spaciﬂg of'0.000Z inch and at the dc operating point is
operating in the space charge limited mode. Figure 2-13 shows the Cr ?l;
potential distribution in the interelectrode space at the specific
points on the voltage spacing curve. Again, point "A" indicates the
classical double-diode space charge distribution. Point "B" is at the

minimum of the voltage-spacing curve. Figures 2-12 and 2-13 show the

' IV characteristic and potential distribution at this point of operatiom.
- As can be seen in FPig. 2-12, the dc operating point for point "B" occurs

directly ac-thiiggpgkﬂown point. This operating point is very unstable

since the constant current point can occur at two different voltages. U
‘ .

Compared to point "A'", the voltage output has decreased to allow for

the accelerating potential distribution for electrons into the anode.

A plasma has not developed yet, but as this potentfﬁl approaches the
first excitation potential for cesium, the ionization mechanisms can

be optimized. This process continues until point 'C" 1is reached. At

6952-Q-3 2-18
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éhis_point, a fully-developed plasma exists as typified by the poten-

tial diagram of point "C" in Fig. 2-13. 1In all of the.potential
diagramg of Fig. 2-13, the potential is shown matched to the anode.
Since, depending on the geometry and anode temperature, the anode
sheath can either be accelerating, decelerating, or matched to the
anode for simplicity, the diagrams were constructed as shown.

To further clarify the gas discharge nature of the

cesium thermionic converter, a preliminary analysis was performed on

the space charge region of the voltage-spacing curve of Fig. 2-10.
Using both the.Childs-Langmuir space charge equation and the colli-
sion dominated space charge equation, dV/dx was calculated:

) 3/2
1 2eV _
J= e /—;~ —;E— Childs-Langmuir
‘ 2 2
=2 A Y_  Collision dominated
8 oT - .

electron x

“where ,
A = electron-atom mean free path
v = electron-atom collision frequency
ctron temperature,
Telectron ele .

The transijtion from the classical space charge limited mode and the
plasma dominated region indicated in'Fig. 2-10 results from the

increase in the space charge current (86 percent) produced by ion

(3)

(4)

neutralization and the increased contribution of the collision domi-

nated space charge current given by Eq. 4. A complete analysis of

this situation will be provided in the final report. dV/dx was then

evaluated at point "A" where X = 0.0002 inch and J is a constant 19

amperes/cmz. The results are shown in Table 2-II.

6952-Q-3 2-21
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TABLE 2-I1

dv/dxX at 0.0002 inch
Eq. 3 Eq. & Experimental
431 volts/cm 22.6 volts/cm 512 volts/cm-

.

.

Table 2-II indicates that within the accuracy of experimental deter-
mination, the Childs-Langmuir lew applies to region "A" of Fig. 2-10
and for these short spacings the vehicle is definitely operating in
the.classical space charge limited mode.

A point-by-point differentiation of the curve in
Fig. 2-10 is shown in Fig. 2-14. This is not a plot of the internal
field intensity since the plot is of dvout/dx' Differentiating Eq. 1

results in:

av dv dav dav
out - cathode sheath __plasma " anode_sheath (s) .
dx dx dx - dx

Therefore,.  Fig. 2-14 represents the contributions of several spacing
dependent terms in the voltage output equation. The shape of the curve-
is simiiar to the field intenaity distribution of a gas discharge, but
further analysis will be required to completely pin-point the regions

of influence of each of the voltage output equation terms. One obser-
vation can be‘made at.the present time. The copstant dvout/dx beyond '
point ""C" seems indicative of the formation of a positive column in

the plasma of a thermionic converter for inte;electrode spacings greater

than 0.0035 inch and the general device parameters stated.
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2.3 Cesiated Work Function Measurements

2.3.1 Measurement Technigues

In all of the reported measurements, the volt-ampere
characteristics are obtained by the combined dc and ac method. This
method is utilized since it traces an instantaneous characteristic at
fixed parameter temperatures. The dc operating point is usually set
by the electronic load. The sweep transformer }hen sweeps out a given
portion of the complete I-V characteristic around this dec point. Col-
lected current is determined by measuring the voltage drop across a
calibrated, 0.l-percent-accurate shunt and displayed on the y-axis of
an X-Y scope. Applied voltage or generated voltage is measured
direcély across the Vehicle leads and displayed onAthe x-axis of the
oscilloscope. In order to accurately determine saturated emission, ‘
it is necessary to sweep the arc voltage as much as 2 volts.inﬁo the
applied voltage quadrant. Since the diodes in the electronic load,
discussed in previous reports, cannot hold-off more than 0.5 volts,
the electronic load was replaced by a manual load across the vehicle
and a low inductance, low impedance, secondary step-down transformer
employed as a sweep.source. The saturated emission is defined as the
intersection of the extrapolated Schottky slope and slope of the
plasma region. The large applied voltage is necessary to define the
Schottky slope. Figure 2-15 consists of three volt-ampere charac-
teristics with an applied voltage of between 1.5 and 2.0 volts. To
assure that a true saturated emission was being measured, the emission
was measured at three interelectrode spacings: 0.001, 0.003, and
0.006 inch. The characteristics show that the measured saturated
emission was constant within %5 percent while the spacing varied‘by
a factor of six.

Exact determination of temperature is a very impor-
tant part of accurate electron emission measurements. For all temper-

ature determinations, other than the emitter and collector, calibrated
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IS INDEPENDENT OF SPACING
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" thermocouples were calibrated by platinum rhodium couples in the

chromel-alumel thermocouples traceable to the National Bureau of
Standards were used. The emission measurements were conducted over

the emitter temperature range between 1000°K and 2000°K. The tem-
perature foé the higher portion of the emitter range (above 1200°C) o
can be determined very accurately by comparing the color of 8-to-1
blackbody hole in the emitter with a micro-optical pyrometer. Below
1200°C, optical temperature measuring methods require large correc-

tions due to radiation reflections and emissivity changes. Therefore,
thermocouples are required to measure the temperature ranges below
lZQOOC. Tungsten 5 percent rhenium, tungsten 26 percent rhenium

thermocouples were attached to the emitter by tantalum pads. These

lower range and blackbody holes in the higher range to give the

-saturated emission data continuity over the complete temperature

range. Figure 2-16 shows the thermocouple calibration.

2.3.2 Ceslated Emitter Work Function Results

4 . Figure 2-17 is a plot of the saturated electrom

emlssion from polycrystalline rhenium. There are two significant

results to be obtained from this figure: the electron current den- ' .
sity and the minimum work function. The elecéron density measured

from the polycrystalline rhenium emitter is a factor of two higher .
than {110} single crystal tungsten emission (Ref. 1) measured for

approximately the same cesiumvreservoir temperatures (arrival rate),

and a factor of ten higher than the cesiated electron emission meas-

ured from'polycrystalline molybdenum (Ref. 2). The minimum work

function for the polycrystalline rhenium is converging to a value of
approximately 1.45 volts. This work function is between 0.1 and 0.15

volt less than the minimum work function reported for polycrystalline

tantalum, polycrystalline molybdenum (Ref. 2) and {110}‘single crystal .

tungsten (Ref, 1),
)
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The importance and value of these 'data is that they

" were obtained in a system and manner directly related to operational

.thermionic energy converters. Therefore, converter performance can

be accurately predicted from the data obtained from this vehicle.

2.3.3 C&lléctor Work Function Results

To determine coliector surface work functions, the
saturated emission from the c¢ollector must be measured. This is
obtained by sweeping the volt-ampere characteristic beyond open .
circuit woltage. This is in effect reversing the potential distri-
bution within the interelectrode space, allowing the collector to°
act as an emitter, Figure 2-18 shows two oscilloscope sweeps for
two different sets of parameters. In these photographs the forward
saturated emission is obtained in the positive applied voltage quad-
rant and the reverse saturated emission (from the collector) is .
obtained in the negative applied volcagg quadrant. Knowing the
collector surface temperature, the saturated emission can be plotted
versus temperature, in the same manner as the emittler data were pre-
sented. Since the collector surface thermocouple was ipoperativé;
no accurate determination of collector work function could be made
during these tests. An approximate collector work function can be
determiﬁed by making various approximations. The first quarterly
report discussed the thermal conduction of a mock collector under
various heat input and dissipation conditions. If L/A corrections
are made to correlate those data with the existing collector geometry
on the variable parameter vehicle, the temperature drop dowm kheﬁcol-.
lector barrel should be no greater than 100°¢c for a thermal 1npu£ of
265 watts/cm2 and no less than 40°C for a thermal input to the collec~-
tor surface of 130 watts/cmz. Therefore, for a collector root temper-
ature of 727°C and a collector saturated emission of 42.5dA/cm2 as
shown in Fig. 2-18, a collector work function between 1.42 and 1.34
volts is obtained. For the.second case in Fig. 2-18, the work function
would lie between 1.45 and 1.36 volts. This correlates well, consid-~-
ering the circumstances, with the emitter saturated emission data

presented in Fig. 2-17.
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2.4 Bare Work Function Measurements »

Bare work function, or more properly, low cesium coverage
(L.e., 8 4 0.01) , measurements were taken from the rhenium emitter.
The saturated electron emission was measured over the emitter temper-
ature range from 19739K to 2133°K at a reservoir temperaturefof 1229C
which was the minimum achievable. The work function was computed by
way of. the Richardson-Dushman equation assuming a pre-exponential A
value of 120 amps/cm2 - °Kz. The work function values are indicative
of the upper portion or high temperature end of the Langmuir "S" curve
ranging in value from 4.45 volts to 4.75 volts, the latter value repre-
senting a close approach to the condition of no cesium coverage on the

emitter surface.

2.4.1 Measurement Techniques and Results

There are two problem areas in obtaining electron
emission measurements where current densities are low and emitter tem=-

peratures high. Low, current density measureéments are difficult to make

2
ar
%

since leakage paths are available across cesium-coated ceramics. To
eliminate this leakage source, a dc null circuit was.employed which
voided current leakage over the collector and guard ring insulators.
The schematic for this null circuit is shown in Fig. 2-19. All instru-.
ments used in thg circuit were Sensitive Research meters certified at
0.1 perce?t accuracy. A point-by-point dc measurement of the test
vehicle I-V output was plotted utilizing the null circuit. Three such

curves are shown in Fig. 2-20 where each point on the curve is a dc,

steady-state value read from high accuracy meters.

The second problem in obtaining emission data is
accurate temperature measurement of the emitting surface. Identical
to all emitter temperature measurements in excess of 1100°C reported
from the test vqhicle, the temperature was def;rmined by directly
viewing an 8:1 depth-to-diameter hohlraum with a micro-optical pyrom-

eter which is periodically calibrated against a NBS standard lamp.'
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For the high emitter temperatures (i.e., 2000°K), the normal trans-
mission loss through the bell jar increases. It was therefore neces-
sary to'correct the observed temperature by an additional 8°C to 13°C

depending on the temperature.

2.4.2 Discussion of Results

Table 2-1I1 summarizes the measurements taken from
the emitter at the conditions described. The bottom of the "S" curve-
is evidént from the work function change of only 0.02 volts over a
100°C increase iq emitter temperature. Emitter temperatures higher
than 2133°C are desirable to complete the picture of a noncesium-
covered value of 4.75 volts; however, higher emitter temperatures may
alter the surface structure of the emitter and render the preVious pd

data and cesiated emission measurements nonreprodutible.

TABLE 2-I11
SUMMARY OF BARE WORK FUNCTION MEASUREMENTS

J Amp/cm2 ? (Volts)
S .3 T,o - 2 2
x 10 ('K) A = 120 amps/cm” - °K
1.8 1973 4,45
1.85 2008 4.53
2.42 2100 4.55
3.25 2133 4.75

NOTE: Data taken at a constant cesium reservoir temperature of 122°C,

Curve B fram Fig. 2-20 was plotted on semilog paper
to analyze the Boltzmann slope of the I-V curve. Except at the bottom-
most portion of the curve where some exponential behavior is apparent,
there does not appear to be a true retarding field portion of the curve.
This lack of linearity is probably caused by the presence of cesium
atoms in the interelectrode spacing giving rise to collisions. As
noted previously, it was not possible to easily lower the reservoir

- temperature below 122°C.,
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2.5 Cesium Conduction Measurements and Results °

2.5.1 Measurement Technigues

To measure the heat transfer from a thermionic
emitter due to cesium vapor conduction requires the detection of
small changes in heat input to the emitter.. Therefore, it is
desirable to reduce or completely omit electron emission from the
emitter during the course of these measurements since the heat
transfer associated with electron evaporation from an emitting
surface may be 10 times that for cesium tonduction. The measure-
ments of cesium conduction heat transfer were always taken at a
condition of no current flow in the test vehicle.
The procedure for taking the cesium conduction .
‘measurements is as follows:
1. The emitter temperature is set at.1735°% true; the col-
lector root temperature is set at 465°C and an initial
inferelectrode spacing of some arbitrary value (e.g., 1
mil) is set.
2. The cesium regservoir temperature is set at some initial
low value such as 300°C and the electron bombardment
voltagé~current is meagured for the preéet conditions of
T, = 1735% (true), T
1 mil.

3. Progressively Increasing cesium reservolr temperatures

° -
coll. root 465°C, and.SPBCing of .

are established and the increase in bombardhent power to

maintain the preset emitter temperature is recorded. The

‘collector root temperature is fiked by a temperature con-

troller which regulates the heater input power to the

collector to account for the additional heat input via .
cesium conduction. Measurements were also taken by decreas-

ing the cesium vapor pressure to reproduce the data.
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The sources of possible error in these measurements
aie: reading accuracy of the meters which is about 0.5 percent, the
spacing gages which are accurate to within #0.0001 inch, and thermo-
couple readings of the reservoir which is a %1 percent chromel-alumel

thermocouple.

2.5.2 Measurement Results .

Measurements were made according to the procedure
outlined'above for interelectrode spacings of 0.2, 0.5, 1, 2, and 3
mils, and cesium reservolr temperatures ranging from 573°Kk to 700°K.
In all cases, the collector root temperature was preset and controlled
at a constant 738°K while the emitter bombardment power was adjusted
to maintain an emitter temperature of 2008°K.

The results of the measurements at the two closest
spacings are shown in Table 2-IV. The cesium reservoir temperatures -
are shown in the first column and the corresponding cesium vapor
pressures in the second{co;umn. The vapor pressures were calculated

from the equation (Ref., 3):

i a3
log Pcs (torr) = 6,91 - (3.80 x 10 )/Tcs

3 or
o 4041
log,q P = 11.0531 - 1.35 logy, TCK) - TR
TABLE 2-IV .
BOMBARDMENT POWER REQUIRED FOR T, = 1735°C
AS A FUNCTION OF T.g FOR INTERELECTRODE SPACINGS
OF 0,2 AND 0.5 MILS -
’ W= 0,2 mil W =0.5mil -
vr - * . N »'
' °cs Pcs R AR H AR ' ‘migh
. K (torr) o) M) ()} Sﬂl‘ :
573 1.9 261.9 257.4 B
. 603 41 271.6. >33 271.9 17.5 CoM
. 617 . 5.5 277.4><>> 274.9
641 9.3 282.5— 10-9 981 9 10.0

P

6952-Q-3 | 2-36




L R ST -

The third and fifth columns show the total bombardment power delivered

to the emitter to maintain the emitter at 1735°C at the indicated

cesium reservoir temperatures for the spacings of 0.2 and 0.5 mils,

respectively. Note that these values represent several power losses

in addition to cesium vapor conduction losses and, therefore, thefr

magnitudes are less.importa;t than their differences. The power dif-

ferences between the first and third reservoir tempefatures and the

second and fourth reservoir temperatures are shown ;n the fourth and

sixth columns. Since each power measurement is made by measuring

bombardment current and bombardment voltage with a meter reading

accuracy of 0.5 percent, the reading'error is about 1 percent in the

absolute'magnitudes. This results in an error in the differences in

power that can be as high as 2.5 watts. ’ g
The results oé'the measurements at the larger spac-

ings are shown graphically in Fig. 2-21. The plotted points are power

differences calculated from the measured power levels. Each curve is

identified by the interelectrode spacing in mils. The errors in these

data pointﬁ are comparable to those of the clbse-spacing data of 7

Table 2-1IV, aléhough the relative error is less. The solid lines are |

calculated from the semiempirical equation determined by Kitrilakis

and Meeker (Ref. 4), with the constants shown in the figure.

2.5.3 Discussion of Results

Although all the cesium conduction measurements were'
made at relatively high cesium pregsures from about 1 torr to 30 torr,
there are two transport regimes represented by the data of Table 2-IV
and Fig. 542i.' The data from the measurements at 0.2 and 0.5 mil
spacings indicate a free-molecule transport while those made at ‘the
larger spacings indicate transport is occurring in the transitiom

region between free-molecular and mass or viscous flow.
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Free molecular heat tranéport will occur when the
cesium mean free path is approximately equal to, or greater than, the
interelectrode spacing and is characterized by its independence df
spacing. This characteristic is shown by the power differences of
Table '2-IV for the two close spacings. Within experimental error,
these differences are identical although the spacings differ by a
factor of 2.5. . Estimates of the cesium mean free path based on
hard-sphere interactions are consistent also with this interpreta-
tion. Assuming a cesium diameter of 4 to 7h and cesium atom number

densities ranging from 3.2‘1016 cm-3 at the lowest reservoir temper-

ature to 1.4‘1017 cm-3

at the highest temperature, the mean free path
ranges from a maximum of 1.7 mils for the low pressure and smaller
diameter to O.l.mil at the higher pressure and larger diameter. The

equation used for these estimates is

L (cm) = Q/E T 02 n)-l

g = hard-sphere diameter
n = number density
For free-molecular transport, the heat flow between

parallel plates for monatomic cesium is given by (Ref. 5):

H:zaeukS(Te‘Tc)

= effective accommodation coefficient for heat transfer

a
e 1] .
b = cesium arrival rate
k = Boltzmann's constant
S

= area of the plates

T, T = emitter and collector temperatures
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The arrival rate is calculated by

b= /(2 mkT) 172

where
m = mass of the cesium atom
Pcs = vapor pressure of cesium in the reservoir.
The appropriate temperature in this equation is the temperature at the
point where the cesium enters the interelectrode region from the
channe} connecting this region and the reservoir. For the test vehicle,
this temperature is the collector temperature. Using Te - Tc =

1.24410° °K and T_ = 760°%,

H (watts) = 3,8 a S P
e cs

for Pcs in torr and S in cmz. The difference, AH, between the heat

conducted at two cesium pressures is

. AH--3.8ozeSAPcs
assuming constant a, and S. Using the data of Table 2-IV for the four
power differences shown, a, S varies from 0.5 cm2 to 1.3 émz with an
average of 0.9 cm?. For an area of 2.4 cmz, this indicates the effec-
tive accommodation coefficient is 0.4. This result{ although Pased on
data with considerable relative error, is consistent with the results
of others (Ref. 6) for heat transport in the molecular flow regime.
Since ﬁhe accommodation coefficient at the low cesiﬁm coverages on
the emitter at these temperatures and pressures is undoubtedly very
close to unity, it is reasonable to conclude the value 0.4 is charac-
teristic of the collector surface covered by at least one monolayer of

[}

cesium.
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The data for spacings of 1 mil and larger has not

been examined completely during this report period. However, within
experimental error, it follows the predictions of the semiempirical
equation of Kitrilakis and Meeker (Ref, 4). The results of these

meagurements will be investigated in detail in subsequent reports.
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3. CONVERTER STUDY AND SECONDARY EXPERIMENTS

3.1 Interelectrode Spacing

A thermal mockup of a converter was fabricated with the same
L/A ratio as the converter SN=l0i. The intention is to experimentally -
measure directly the at-temperature interelectrode spacing of the
simulated converter.
This section will describe the interelectrode spacing vehicle,
show theoretical calculations and show the experimental results.
Spacing information from the test vehicle will be correlated to con- -

verter fabrication techniques. - , {

3.1.1 Theoretical Calculations of the Converter Thermal
. Mockug

Figure 3-1 is a cross section of the interelectrode

spacing vehicle thermal mockup. The emitter heat choke was machined to
give a L/A ratio similar to that of a converter. 1t has a 0.003-inch-

thick wall for a length of 0.200 inch,

0.200 x 2.54
WA = -
3.14 x 0.633 x 3 x 6.45 x 10

5.08 x 107

L/A =
3.85 x 10

L/A = 13.2 em !

To minimize ghe cost of the emitter heat choke it was made of tantalum
rather than rhenium. The thermal expansion characteristics of tantalum
are very similar to rhenium (Ref. Fig. 3-&).

In order to calculate the interelectrode spacing, a
temperature distribution of the emitter heat choke was taken. Fig. 3-3

shows the temperature distributioﬂ of the envelope. The interelectrode

6952-Q-3 ‘ 3-1
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spacing is the expansion of the emitter envelope plus the expansion
of the seal minus the colléctor expansion. Assuming that the emitter
at room temperature is stress-free, the thermal expansion of the
émittet envelope can be calculated using a pieceiwise solution. It
is felt that a piece-wise solution is valid because sufficient number
of pieces (seven) will be taken. The expansion is Al = lo o AT,
where Al is the change in length, lo is the initial length at room
temperature, o is the coefficient of thermal expansion of tantalum
(Ref. 7) and AT is the change in temperature.

The total expansion of the envelope is a summation of

the smaller members.

al = All+alz+ﬁl3+éla+"""+517
_ -4 -4
All = (1.7 inches x 1.27 x 10 = 2.06 x 10
-4 ' -4
Alz = 01.9 inches x 1.16 x 10 = 2.20 x 10
, -4 -4
Al3 = 01.9 inches x 1.10 x 10 = 2.09 x 10
-4 -4
'Alb = 0l.7 inches x 1.06 x 10 = 1.80 x 10
. -4 -4
Als = 02.0 inches x 1.0l x 10 = 2.02 x 10
. -4 -4
A16 = 01.9 inches x 0.96 x 10 = 1.82 x 10
-4 6.30 x 107°
Al7 ‘= 09.0 inches x 3.7 x 10 = "y
18.29 x 10

Therefofe, the calculated change in the emitter envelope is 0.00183
{nch.

Likewise, the thermal expansion of the seal assembly
can also be calculated. Assuming that the ceramic member has the same
coefficient of thermal expansion as the niobium metal member, Jf. 8)
with an average éeal temperature of 650°C, the o of niobium is

0.51 x 10-?; for a 0.50 inch we have
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0.50 inch x 0.51 x 1072 = 0.0026 inch

Therefore, thé seal expansion is 0.0026 inch.

The molybdenum collector expansion for a collector
measuring length (lo) of 0.650 inch, assuming an average colleccor'
temperature of 700°C; is & =‘0.35 X 10_2 (Ref. 9) and gives:
oL, = 0.650 inch x 0.35 x 10-2 = 0.00228 inch. Therefore, the cal-
culated change in the interelectrode spacing is:

45 = (0.00183 inch‘+ 0.0026 inch) - 0.00228 inch = 0,00215 inch with an
operating temperature of 1735°C on the emitter, an average collector

o .
temperature of 700 C, and a seal temperature of 6SODC.

3.1.2 Direct Experimental Measurement of In®erelectrode,
Spacing

Direct measurements of the interelectrode spacing

were made by optically measuring the gap distance at temperature by
sighting through a 0.038-inch-diameter hole which was drilled in the
side of the emitter envelope assembly.

Figure 3=& shows the testing 'setup. A self-contained
QO-liter-per~seéond vacuum ion pump was used to minﬁmize floor vibra-
tions. Precision optical measurements are taken through an optically
flat quartz window in a quartz bell jar. The spacing was directly’
measured by sighting through a Bausch and Lomb micrometer drum cross-
hair eyepiece mounted on a 75 power microscope. The micrometer drum
was calibrated against a ruled micrometer stage (Bausch and Lomb
31-16-89). The established accuracy of this optical system is
+ 0.0001 inch. The emitter temperature of the converter mockup was
varied from IZSOOC to lSOOOC with an electron bombardment heater. The
tantalum emitter has a 10:1 depth to diameter hohlraum for micro
optical pyrometer temperature measurements.

‘ The seal and envelope were fabricated as an aésembly

*

and electron~-beam welded to the collector.
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FIG. 3-4 SPACING EXPERIMENT SETUP. NOTE HIGH-QUALITY
QUARTZ WINDOW FOR OPTICAL MEASUREMENTS
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The molybdenum collector was bored to accommodate an-
immersion thermocouple. - Tantalum sheathed heaters were brazed to
the collectof root. The heaters allow the average collector tempera-
ture to be varied in order to allow the determination of the effects
of collector temperature on'the interelectrode spacing.

The emitter collector spacing was set at 0.003
inch when fabricated. This spacing insures that the emitter enve-
lope is in a stress free state at room temperature.

Distances between the emitter and collector were
measured by focusing on the selected electrode and aligning the cross-’
hair of the micrometer drum at the surface of FPac electrode; the cross-
hair wag then moved, counting the number of drum revolutions, until . /
it was aligned with the surface of the other electrode. This procedure
was then reversed. At least six readings were taken at each set of
parameters.

Direct optical.determination of the spacing yielded i

variations up to 0.0002 inch from reading to reading. The variation

in the readings is dependent upon the ability to precisely fogus on
the electrode faces when they are at temperature. ’A typical at-
temperature picture of the gap region looking through the microscope
is shown in Fig. 3-5. (The cross-hairs in the picture are out of
focus to accommodate the camera.)

' Figure 3-6. shows the change in interelectrode spacing
for varicus emitter temperatures, and geal temperatures of 608 degrees
and 650 degrees. The ralculated change in interelectrode spacing of

”0.00ZS.inch and the experimentally measured spacing changes of 0.0023
inch at T = 1735, T_ = 700°, T___, = 650°C show close

emitter al 4
agreement.

oll.

B

Calculated values for the spacing change cannot be
+
more accurate.than * 5 percent, because the best published data avail-

able for the coefficient of thermal expansion (g) vary by this amount.

6952-Q-3 . 3-8




Collector

Interelectrode
Spacing

Emitter

FIG. 3=-5 PHOTOGRAPH OF INTERELECTRODE SPACING AT AN

EMITTER TEMPERATURE OF 1735°C.

o
TCOLLECTOR = 700°C. INTERELECTRODE SPACING

MEASURED TO BE 5.6 MILS

(8]
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- For example, 99.90 pure niobium has an g of 8.03 x 10-6/°C, and 99.92
pure niobium has an o of 8.45 x 10'6/00. (Ref. 10). This variation
in 4 is due to differences in the purity of the material involved. A&s
a rule, the higher the purity of a particular material the larger its
therma) expansion (OQ..

3.1.3 Problems in Achieving Precision Interelectrode
Spacing in Thermionic Converter Hardware

In converter operagion, a large AT is present in the
collector due to the thermal load caused by the converter current.
This AT must be considered when correlating the spacing data obtained
from the interelectrode spacing device with an operating converter.

At 50 ampere converter current with a 1.88 c:m2 collector cross section
area, the AT in the mqubdenum collector is llSOC. At 70 amperes con-
verter current, the collector AT is lSOOC.

When fabricating a converter, the ability to achieve
an operating spacing that is accurate to £ 0.0001l inch is decidedly a
function of the fabrication processes such as machine tolerances,
annealing, electron-beam welding, and brazing.

One flbrlcation-procedure entails electron-beam weld-~
ing the emitter on the rest of the converter as the final subassembly
step. This insures not only the desired spacing but also eliminates
stress in the metal-to-ceramic seal. If the emitter-envelope sub-
assembly is seal brazed to the collector subassembly as the final
fabrication process, the spacing at operating temperature will be
determined: by variable braiing temperatures, variable braze run-out,
and annealing state of flange materials. Also, if the emitter and
collector surfaces are in contact the seal braze is made in compres-
sion, and variable stresses are induced in the seal and envelope.

A realistic tolerance for practical converter inter-

electrode spacings should be + 0.0002 inch.

v [}
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3.2 Electron-Beam Welding of Niobdum to Niobium g

An experimental investigation was conducted to examine the
feasibility of electron-beam welding prefabricated ceramic-metal
seals to the collector. Sample welds of niobium sheet were made to
molybdenum plate to determine a schedule that resulted in good pene-
tration into the molybdenum. A schedule of 150 kV x 4.2 mA at a part
speed of 91 in./min yielded penetration through the 0.020 inch niobium
sheet and approximately 0.025 inch into the molybdenum plate. A
niobium flange was then welded to a molybdenum rod utilizing this
schedule; however, the assembl} leaked. A‘subsequanf;assembly also
leaked. A niobium*niobium weld configuration was prepared by first
brazing a niobium ring to a molybdenum bar and then elé€ctron-beam
welding a 0.020 inch niobium flange to it. - The resultant joint was
leak tighé and metallurgically examined for penetration. Figure 3-7
is a photogtéph of the weld indicating penetration through the flange
and 0.020 inch into the backup ring.

There has been a notable lack of binary diagrams and infor-
mation. concerning the niobium-molybdenum system. Hansen (Ref. 11)
devotes only a paragraph to niobium-molybdenum concluding that
"Nb and Mo form an uninterrupted series of body centered cubic solid
solutions." However, more recent work (Ref. 12) on the Nb-Mo system
indicates: ) |

1. Intermediate alloys of Nb-Mo contain.large pores indicating
that Nb-Mo and Mo-Nb diffusion rates in the melt are quite
different. »

2. An increase in hardness from 200 kg/mm for 100 percent
molybdenum, to 420'kg/mm2 for molybdenum with only 15 per;
cent addition of n{obium. _

From this very preliminary survey it may be suspecteq that the electron-
beam welding of Nb to Mo could be a marginal process since both mate-
rials are brought to their melting point in the weld zone with the
lttend:ht;formation of a Nb~Mo alloy having properties substantially

different than the two base materials.

v
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FIG. 3-7

ELECTRON-BEAM WELD OF 0.020-INCH
THICK NIOBIUM RING TO 0.060-INCH
THICK NIOBIUM RING. BEAM VOLTAGE
OF 150 kV x CURRENT OF 2.8 mA.
PART ROTATION SPEED OF 40 rpm
(Mag 100X)
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4.  CONVERTER SN-101 (FABRICATION AND PROCESSING)

Converter SN~101 is being fabricated utilizing the data from the
variable parameter test vehicle and information obtained from the
secondary experiments. The electrodes are rhenium plate stock taken
from the same mill run as those used in the test vehicle and processed
in an identical, manner. The interelectrode spacing of SN-10l is being
set at 3.6 mils to obtain the optimum performance of 15.5 watts/cm2 at
0.8 volt dc ocutput for an emitter temperature of 1735°9C (true). To
obtain a spacing of 3.6 mils at temperature, the converter is being
fabricated with a spacing ‘of 0.0008 to 0.001 inch at room temperature.
Since the rhenium emitter is the last part to be joined to the exhaust
assembly, accurate height measurements of the emitter support struc-
ture and collector subassembly can be taken to grind a shoulder on the

emitter circumference. This shoulder will form a butt joint with the

envelope and allow the emitter to be self-fixtured during the E=~B wgld
operation. -
The electron beam welding operations for converter SN-101 are

rhenium to rhenium and niobium to niobium. The rhenium weld is the
attachment of the emitter to the emitter support structure. A weld
schedule of 150 KV x 4.9 mA at a part speed of 80 in./min was found to
produce good penetration welds and remain leak tight through repeated
thermal cycle. The niobiym weld allows the ceramic-metal seals to be
prefabricated, leak checked and then joined to the envelope/collector

subassemblies. In this manner the converter fabrication reliability

is increased and the interelectrode spacing can be accurately preset.
The ceramic-metal seals are being prefabricated by joining nio-

bium flanges to high purity alumina with Ni-Zr braze material. A

flange thickness of 0.020 inch was chosen to improve the mechanical

stability of the seal structure and consequently, the vibration
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resistance. Sample seals have been thermal-cycled at a rate of
100°C/min for 250 cycles and remained leak tight when tested with a
helium mass spectrometer of 5 x 10-10 cc-~atom/sec sensitivity. These
same seals have been operated at 700°C for 500 hours, determined to
be leak tight and returned toc test for an additional 1000 ﬁoursi
Converter SN-101 is presently being assembled by joining the
prefabricated seal structure to the collector and emitter envelope
subassemblies as shown in Fig. 4-1. The copper radiator fin struc-
ture is joined, in compression, to the molybdenum collector with a
nickel-gold alloy which was extensively tésted for thermal integrity
and determined to be satisfactory. It has been calculated that 200
thermal watts can be dissipated by this system corresponding to a
steady state 70 ampere operation. For lower current levels, separate
heater units are mechanically attached to the fins to allow for para-

metric optimization.
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5. PROGRAM FOR NEXT QUARTER

5.1 Variable Parameter Test Vehicle

Evaluation of the rhenium-rhenium electrode system will
be concluded by- acquiring the rest of the 0.7V and 0,6V dc con-
verter optimi;ation data. In addition, more pd curves will be ob-
tained and analyzed. After the rhenium-rhenium system is completed, *

a rhenium-molybdenum system will be evaluated in the same depth.

i

5.2 Secondary Experiments

The operation of a niobium-zirconium brazed, ceramic-metal L
seal will be terminated after 2000 hours at 700°C. After leak check,

the seal assembly will be metallurgically examined.

5.3 Converter Design, Fabrication and Test

The converter design and fabrication will proceed with
data from the variable parameter vehicle and converter secondary -
experiments. Converter SN - 101 will have‘a rhenium-rhenium electrode

system spaced at 3.6 mils for maximum power output at 0.8V dc.

6952-Q-3 : 5-1 .
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