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FOREWORD

This report was initiated by the Power Branch, Office of Naval Resear.h,
Washington 2%, D.C. The research and development work upon which this report is
based was accomplished by the Nuclear Development Division, Ford Insfrument Company,
Division of Sperry Rand Corporation, Long Island City, New York, under the Office
of Naval Research Contract Nonr 3416(00), Task No. NR 099-3%6, “Lo-Temp Thermionic
Plasma Study.”

The research and development was directed by M. Silverberg - Engineering
Department Head, and L. L. Haring - Project Supervisor. The bulk of the experiments
and theoretical analysis were performed by W. G. Stenzel - Principal Engineer. The
electrical circuitry was designed and set up by Walter Oppen - Project Supervisor
and M. Cosenza - Senlor Engineer. W. Franklin - Principal Engineer, J. McInally -
Senior Engineer and R. Mercer - Assistant Engineer were responsible for device
fabrications. Commander John J. Connelly Jr. monitored the project for the Power

Branch.
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ABSTRACT

Measurements of electron temperature, electron concentration and space
potential in the plasma region of low temperature thermionic converters were deter-

mined by means of a pulsed Langmuir probe technique. The gpatial distributions of

these parameters, in parallel plate geometry, were measured with the aid of movable
probes within these operating converters. The experimental values are shown to be
consistant with reasonable physical models.

Spectroscopic measurements were made in both the visible and infrared
regions and the validity and applicability of the results are discussed.

Results obtained from converters, in which small amounts of oxygen

were present in the discharge region, are explored. The effects of cesium and
"patch effects™ on the surface characteristics of impregnated tungsten emitters
are discussed on the basis of a theoretical analysis and experimental results

with numerdus test cells.
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NOMENCLATURE
Richardson constant
Einsteln coefficient of spontaneous emission
Ionization coefficient
Smgllest Bohr radius
First radiation constant
Second radiation constant
Velocity of light
Random distance travelled by electron
Electron Field strength
Energy of excited level
Charge on electron
Helmholtz free energy
Fractional area »f spot i
Oscillator strength
Statistical weight of state j
Planck's constant
Collector current
Saturation current
Intensity of emitted line
Output current density
Emitter current density
Ion current density
Electron current density
Boltzmann's constant

Mean free path of electrons
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NOMENCLATURE (cont'd)
Length of Discharge
Mass of atom
Mass of electron
Mass of ion
Concentration of atoms in excited state n
Concentration of atoms in ground state
Quantuiw number
Pressure
Load resistance
Plasma resistance
Reflection coefficient
Area of emitting surface
Absolute temperature
Collector temperature
Emitter temperature
Excitation temperature
Gas temperature
Ion temperature
Electron temperature

Cesium temperature

Output potential

Collector sheath potential

Potential difference between surfaces of emitter and collector
Emitter sheath potential

Externally applied potential



NOMENCLATURE (cont*d)
_Ionization potential

Minimum potential in emitter sheath
Plasma potential drop

Space potential

Average random electron velicity
Electron drift velocity
Temperature coefficient of work function
Absorptivity

Emissivity

Wavelength

Chemical potential

Electrochemical potential

Frequency of emitted light

Ion concentration

Electron concentration
Electrostatic potential

Collector work function

Emitter work function
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SECTION 1. PURPOSE OF INVESTIGATION

. In order to improve the operating characteristics of the low
temperature cesium vapor thermionic converter and to find possible avenues
leading to better devices, it is necessary to understand the conditions actually
prevailing within the body of the discharge, and to uncover the physical mech=
anisms governing these conditions. A complete understanding of the converter
also requires knowledge of conditions prevailing at or near the surface of the
emitter and the collector during, before, and after operation. In addition, a
smaller level of effort was directed at determining the effects of additives
(in particular, oxygen) on the operation of the low temperature thermionic
converter.

The present investigation was undertaken to shed light on some of
the above problems. In particular, the following areas were studied:

a. The space potentials, electron temperatures, and electron con-
centrations within the body of the discharge under various modes of operation
of a pﬁre cesium vapor device.

b. The effect on performance of adding oxygen to the system.

c. The variation of the work functions of the emitter material
with temperature and with cesium vapor pressure.

d. The amount of patchiness and its effect on the emitter material
(i.e., impregnated tungsten).

e. Finally a useful physical model was to be suggested on the

basis of the results of this investigation.

1.




SECTION 2. SUMMARY OF RESULTS

2.1 Specific Program Accomplishments
l. The first and only reported measurements of the spatial variatio

of electron temperature, electron concentration, and space potential were
accomplished in an operating and practical thermionic plasma diode. These
were achieved with a movable Langmuir probe utilizing pulse techniques in
both hard glass and metal ceramic constructions.

2. Spectrographic studies were carried out in the infrared as well

n

as the visible region of the emitted spectrum. The value of such measurements

for determining plasma characteristics is analyzed in detail.

3. Theoretical models of the originally puzzling ultra low voltage
arc in cesium are developed and verified on the basis of a mechanism which
maintains adequate ion generation for space charge neutralization.

4, It was demonstrated that the plasma in a wide spacing converter
spills over beyond the limits of the emitter, thus providing a ratio of
collector to emitter greater than one, a factor which results in increased
performance.

5. The dependance of the impregnated tungsten emitter work function

on temperature and cesium pressure is demonstrated and explained thermody-

namically.
2.2 Conclugjong

1. The discharge is shown to consist of three distinct regions.,
The first is the emitter sheath where the electrons are accelerated to
energies sufficient to provide neutralizing ions , the second is the plasma

region where the positive and negative charge densities are essentially equ

al
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and the third is the collector sheath where there is a decelerating field.

2., 1In the plasma region of an operating low temperature themmionic
converter, the electron distribution is definitely of the Maxwell-Boltzmann
type. The average electron temperature along the axis of the plasma lies
between 5000 and 8000°K. The higher value is obtained with small area
emitters (3 mm diameter) while the lower value is obtained with an emitter
with a diameter of 0.25".

3. The apparent electron temperature drops in the radial direction
outward from the axis. The drop is larger for smaller emitters so that out-
side the luminous region the apparent electron temperature is about 4000°K
for all emitter sizes.

4, ;f the current density is increased above the value corresponding
to maximum power output there is an increase in electron concentration as is
expected from the developed flow equation.

5. Spectrographic techniques are useful only for obtaining distri-
bution of excited cesium energy levels in the discharge. Theoretically
these distributions could be related tu electron digtributions, but such
correlation requires exact knowledge of the magnitude of electron-atom ex-
citation cross-sections which is not available at present. The results
verify that the original emphasis on probe techniques was well justified
due to the limited value of the spectrographic determination of electron
temperature from an assumed maxwellian distribution of excited states.

6. The required ionization level can be explained by single collision
process with tﬁc high energy tail of the electron distribution in conjunction

with molecular ionization enhanced by "radiation entrapment" phenomena.

3.
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7. The variation of emitter work function with temperature and

cesium pressure corresponds very well with known theoretical mechanisms,

4.
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SECTION 3. EXPERIMENTAL SECTION

3.1 SELECTION OF METHOD OF MEASUREMENT

Various methods have been used for obtaining plasma data. Three
that have possible application are:

a. Spectrographic techniques

b. Microwave methods

c. Langmuir probes

The advantages and disadvantages of these experimental methods
were studied in order to select a technique best suited for the present purposes.
Spectrographic techniques are theoretically capable of measuring electron and
gas temperatures, and electron concentrations without disturbing the discharge
itself. In long column discharges spatial distributlion of the quantities
can also be obtained. These measurements depend on two basic phenomena:
first, the population of excited states in a gas depends on the temperature
(i.e., the total internal energy); second, the free electron concentration
perturbs the discharge thus widening the width of a given emission line.

It can be seen that these measurements require the use of a spectro-
graph that has sufficient resolution to isolate individual emiesion lines and
to accurately show their width, that then gives the absolute as well as the
relative intensities of each line, that covers the spectral region covering
the lines of interest. For short period discharges or discharges of rapidly
varying intensity, only an optical spectrograph can be used; for steady dis-
charges, a scanning spectrograph is more convenient and gives rapid accurate
results, However, the most valid equations used in interpreting spectrographic
data depend on the existence of "local thermal equilibrium,” (i.e., the electron,
fon and gas temperatures must be essentially equal (J. M. Somerville, The

Electric Arc, Wiley, 19%9). This condition prevails in high-pressure arcs, but

S,



in low-pressure arcs the electron temperature is much higher than the gas or ion
temperature; hence, spectrographic data become difficult to interpret without
the use of rather extreme assumptions. Also, spectrographic data do not permit
the determination of space potentials or electron distribution functions.

Microwave techniques are used for determining electron concentra-
tion in plasmas. Tn general, these methods require that the plasma be confined
in a cavity of known dimensions; but a more recent method, permits the measure-
ments to be carried out essentially at definite points (Levitskii and Shasharin,
Soviet Physics-Technjcal Physics 63 315, 1961). This method measures the die-
lectric constant of a plasma with the aid of a shorted transmission line, the
bare end of the line being inserted at the required point. The resonant fre-
quencies of a definite length of the line depend on the dielectric constant
which in turn is determined by the plasma concentration. Measurements have
been carried out in the 3 cm. and the 10 cm. regions. The 3 cm. microwaves
gives better agreement with Langmuir probe results. Densities from 1010 to 1013
cm. ~3 can be measured.

Finally, the Langmuir probe (G.E. Rev. 27: 449, 538, 1924 G.E. Rev.
28: 727, 1926) can be applied to plasmas which do not have a very high gas or
jon temperature (i.e., low pressure discharges). The probe essentially consists
of a thin insulated wire with the bare end inserted into the plasma. A positive
potential is applied to the probe, and the current drawn is measured. The
"probe characteristic" is a semilogarithmic plot of the probe current vs. the
potential applied to the probe. In general, this characteristic consists of a
straight line which has a distinct break at a definite value of the potential.
At this break saturation electron current is drawn since the probe potential
is then equal to the plasma potential. The slope of the characteristic is

equal to 3034 , where T. is the electron "temperature" in degrees Kelvin,
Tl
6.
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The electron current density is equal to ’oee /kI s where Pe is the
2™

electron concentration, e and m the charge and mass of an electron, respectively
and k the familiar Boltzmann constant. Thus, the probe characteristic permits
the determination of the space potential, the electron temperature, and the
electron concentration at the point where the end of tﬁe probe is inserted.

Furthermore, if the characteristic is strictly rectilinear, the
electron distribution is completely Maxwellian. The "electron temperature"
is the equivalent electron temperature corresponding to a Maxwellian dis-
tribution. 1If the characteristic is not a straight line, Druyvesteyn
(Z._Phys. 64s 781, 1930) has shown that the actual electron distribution can
be obtained by an appropriate numerical integration. Medicus (J. Ap. Phys.
27: 1242, 1956) has developed a particularly simple method for performing this
integration.

It was concluded that the method that could obtain the maximum
information from our low temperature low voltage arc was the Langmuir probe
techniqeg. Spectrographic techniques were also utilized with due regard
for the assumptions of interpretation.

3.2 LANGMUIR PROBE METHOD

Once the Langmuir probe method was chosen as the principal tool
it was necessary to select the best technique for recording the data. The
simplest way is to apply a DC voltage to the probe and record the probe
current with an ammeter. However, the surface of the probe can become con-
taminated by substances evaporated from the emitter during the measurement.

This changes the work function of the probe material; thus the contact potential

7.
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between emitter and probe. Since the probe potential must be corrected by
the contact potential to determine the absolute potential, serious errors
may occur. This is particularly true when using impregnated tungsten
emitters that evaporate large amounts of barium. Some investigators have
overcome this problem by cleaning the probe by electron bombardment before
each dc measurement. Such a technique is very tediocus and does not com-
pletely eliminate the problem since contamination can occur during the
several seconds required for each d¢ measurement.

Waymouth (J. Ap Phys. 30; 1404, 1956) has developed a special
method in which a large positive triangular pulse is applied at intervals
to a probe maintained at a potential of =45 volts with respect to the emitter.
During the off-pulse time the probe is kept clean by ion bombardment. The
total pulse is applied for adjustable periods in the microsecond ranges
at intervals of 1/60 of a second. Since the probe is thus positive for
only a few microseconds, little contamination can occur during the measure-
ment. Brodie, Jenkins and Trodden (J. Elect. and Control 6: 149, 19%9)
have shown that an impregnated tungsten emitter give off less than 0.8 mono-
layer of barium per second at 1500°K (the normal operating temperature).
Thus in 2 microseconds at most 1.6 x 10~ monolayers of barium can evaporate
from the emitter and be deposited on the probe surface.

If we consider the cesium impinging on the probe, the flux,
géi_ » is equal to about 1022 atoms per m? per second. Thus, during the

4
time the probe is positive, about 2 x 10l6

1 m2 of the probe. Since a monotomic layer of cesium 1s about 5 x 1018 atoms

atoms of cesium will impinge on

per m2, only .004 monolayer could be deposited on the probe during this

period,



Thus, Waymouth's method for obtaining probe characteristics was
adopted for our studies. The I-V characteriZtics of the probe can be dis-
played on an oscilloscope and a picture can be made rapidly and studied at
leisure. It must be noted thét it is an integral part of Waymouth's circuitry
that the emitter be grounded and thus all voltages are measured with respect
to the emitter.

The Waymouth method was particularly well suited for use in our
experiments. In the experiments with glass cells an electrically heated
emitter was employed and it was necessary to make all measurements when no
voltage was applied to the heater. The heater was thus energized with a
half-wave a-c¢ current and the probe pulse was applied during the off-cycle.
The relationships are shown in Figure 1.

In addition, the method makes possible the measurement of the
contact potential between the probe and emitter surfaces under actual oper-
ating conditions. None of the other standard methods of measuring contact
potential potential which were considered (i.e., the Kelvin method, the
Zisman method, the intersection method or the magnetic method), offer this
advantage. (Herrmann and Wagener, The Oxide~Coated Cathode, Vol. 2, p.82,
Chopman and Hull, Std., London, 1951).

3.3 EXPERIMENTAL RESULTS WITH LANGMUIR PROBES

In order to test the applicability of and gain experience with
the Waymouth technique as well as to obtain useful preliminary results, the
first test cells built were made with fixed probes. All the probes used in
the present investigation consisted of .015 inch diameter tungsten wire in-
sulated by a thin layer of glass (.005 inch). The end of the probe was

ground flat to expose a plane section of the wire. As mentioned in the

9.




previous section, all voltages are measured with respect to the emitter.
Eixed Probes. The first probe tube was TC-94. The base assembly

is shown in Figure 2. The probe extends in from the radial direction and the
end is situated about half-way between the emitter and the collector. The
total pulse width was varied from several microseconds up to 20 microseconds.
No significant difference in the results were observed; hence, the widest
pulse was used in all subsequent tests because it gave the least difficulty
in obtaining reproducible traces. Some results were obtained with this tube
by operating at the minimum collector-emitter voltage possible. These
results are given in Table 1.

Table 1. RESULTS WITH TC~94

Cesium Emitter o Electron Electron
Temperature, tes Temperature T, Temperature T‘ Concentrationfbe
°C oK? oK ﬂ-3

190 1260 14,100 4.6 x 1012
190 1450 17,100 6.4 x 1011
210 1220 13,600 1. x 1013
210 1270 15,600 6.5 x 1012
210 1420 17,600 6.6 x 101!

Several probe tubes were made with a longitudinal probe passing
through the collector (Figure 3). Some trouble was encountered with §lass

melting or splitting from the probe. Attempts were made to spray coat the

probe with alumina using jet-spray methods. Although it was possible to obtain

a uniform white coating, this coating did not exhibit a good adhesion to the

base metal. Also, it was too brittle to hold the probe wire with the necessary

10.



rigidity. The probes used in the latter tests with glass cells were coated with
a uniform coating of uranium glass and no trouble was encountered.

Fixed probe pulse TC-106 was used to obtain characteristics at
different operating conditions. Table 2 gives the results obtained at
various cesium pressures with the emitter maintained at 1300°K. Table 3
gives the results with the emitter maintained at 1450°K. Figures 4 and 5
reproduce the probe characteristics corresponding to these measurements.
The origin of the probe voltage axis is displaced for each curve so that the

characteristics are clearly separated to show their properties.

Table 2.

RESULTS WITH FIXED PROBE CELL TC-106

'l‘e = 1500°K

Cesium Output Externally Output P u n
Temp. Potential Applied Current Space Electron Electron

Potential Density Potential Temp. Conc.
t v v J v T Pe
ofi® volts vngs amps/cm? voits °§ em3
203 - 1.4 2.1 3.0 13’600 R 1.51x10
228 - 0.06 2.4 0.4 10,100 1.21x10{2
248 0.07 - 2.3 0.1 9,300  1.31x1012

Table 3

RESULTS WITH FIXED PROBE CELL TC-106

Te = 1450°K
Cesium Output Externally Output Probe Measurements
Temp. Potential Applied Current Space Electron Electron
Potential Density Potential Temp. Conc.
t s v Vext J Vs Te
of8 Volts  wvolts  amps/cm®  yoits _°K ws
203 - 1.4 1.8 2.4 11,600 0.93x10
228 0.3 4.8 0.6 10,100 1.22x1012
248 0.3 8.5 0.1 9,500 1.19x1012

11,
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Because of a poisoned emitter the test cell had a rather low
activitys; its saturation current density was below 1 nupybnz. Only one
of the measurements was made with an output voltage actually present (Cs temp.
248°C, T' 1500°K) . The other measurements were made with the minimum applied
voltage required to sustain the discharge. The discharge under these conditions
always consisted of a purplish glow within a cylindrical volume extending
longitudinally from close to the emitter up to the collector and with a
diameter approximately equal to that of the emitter surface [0.3 cm.).

The end of the probe was inserted into the center of the discharge
and thus all the probe data refer to this point. Under the normal operating
conditions (t.q 200°C, T, 1500°K), the measured space potential was 1.6 volts
more positive than the supply potential. The measureh electron temperature
of 13,600°K corresponds to an average accelerating voltage of 1.2 volts.

An increase in cesium pressure improved the activity, permitting the supply
voltage to be lowered. This is to be expected since the cesium coverage of
the emitter will increase and thus lower the work function. }he space potential
drops almost to zero at the point of measurement. The electron temperatures
also drop, but an accelerating voltage of at least 1 volt must be present
in front of the emitter since the measured electron temperatures remain
close to 10,000°K. The electron concentrations seem to remain fairly constant
at about 1012 electrons per cm3.

) Lowering the emitter temperature by 50°K does ﬁot affect the
results greatly except to reduce the performance of the cell somewhat, as is
to be expected. This reduced performance is exhibited in either a lower output

current or a higher external voltage required to maintain the discharge.
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Otherwise the results are not significantly different than at the normal
emitter temperature.

The actual probe characteristics shown in figures 4 and 5 all
have one very significant feature: <the characteristic is a straight line
in every case., This shows that, within the limits of the measurement accuracy,
the electron distributions at the center of the discharge were strictly max-
wellian. This shows that the electron velocities have become completely
randomized, "thermalized", at this position which also shows that the con-
cept of "electron temperature" i3 very valid in all these measurements.

ADJUSTABLE PROBES:

Iable 4. .
Results with a movable probe (Run A) - TC-1%8

T, = 1500°K V=.10wlt ,
tos = 192°C J = 4,2 amps/cm
Distance from Space Potential Electron temp. Electron conc.,
cathode Vep T Pé¢
inches volts ° cm-3
.029 1,30 10,400 0.35x1013
.043 1.23 8,900 0.68x1013
057 1.30 8,350 o.emo{g
.072 1.48 8,0%0 0.63x10
.086 1.33 6,500 o.sex10i3
.100 1.25 6,150 0.54x1013
13.



Table 5
RESULTS WITH A MOVABLE PROBE (RUN B) - TC-1%8

T, = 1500°K V= .13 volt

to, = 193°C J = 4.2 amps/cn?
Distance from Space Potential Electron temp. Electron conc.

cathode v Te re&
_inches —vaif oK 3
.029 1.05 8,800 0.51x1013
043 1.10 7,600 1.09x1013
057 1.10 6,800 1.03x1013
072 1.10 6,500 0.91x1013
086 1.0% 6,400 0.71xlo{3
.100 0.98 5,500 0.69x1013
Table 6
AVERAGE RESULTS WITH A MOVABLE PROBE TC-1%58

Tq = 1300°K V =0.12 + .02 volt

tog = 195 * 3°C J = 4.5 + 0.3 amps/ca?
Distance from Space Potential Electron Temp. Electron Conc,
cathode v T
inches vo1 8§ o &
029 1.50 + 0.33 9,700 + 600 «47+.06x1013
043 1,37 * 0.27 8,500 + 500 .84+,16x1013
057 1.36 + 0.21 7,900 * 700 .91%,08x1013
072 1.41 + 0.16 7,700 + 600 .78+.10x1013
.086 1.42 + 0,20 6,400 + 100 65 + .05xi013
.100 1.31 + 0.19 5,600 + 400 57+.08x1013

The results given in tables 4, 5 and 6, were obtained with a fairly
active adjustable probe tube TC-158 (figures 6 and 7) which had a saturation
current donsity of 10 aups/bmz. Tables 4 and 5 give the results obtained with
two typical runs taken on different days while table 6 gives the average
results of all runs made with this test cell. All measurements were made under
normal operating conditions.

The cell operated as a thermionic converter in all these measure-
ments and had an output voltage of about 0.1 volt with an output current
density of 4.5 amperes per square centimeter. The discharge was a cylindrical
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purplish glow as described previously in the case of the fixed probe cell and
it was confined within the same spatial limits.

Figures 8 and 9 plot the variation of the space potential with
position. It can be seen that there is an initial increase in the potential of
l.1 to 1.5 volts near the emitter, i.e. there definitely is a "virtual
collector” very close to the emitter. In the remainder of the space the
potential remains essentially constant in the longitudinal direction up to
the actual collector, although, as will be shown later, there must be a definite
decrease at the surface of the collector. This shows that there is practically
no longitudinal electric field within the plasma region of the discharge.
Figure 9 shows that this result holds true for the individual runs as well as
for the average results.

Figures 10 and 11 show plots of the spatial variation of electron
temperature. The electron temperature reaches a maximum of about 10,000°K
near the emitter and then gradually drops to about 6000°K near the collector.
Again the curve is essentially the same in each individual run as in the
average.

Figures 12 and 13 show the spatial variation of the electron con-
centration. The distribution is parabolic or sinusoidal within the plasma
and reaches a maximum near the center of the discharge. Here too this be-
havior holds for the individual runs as well as for the average values.

Figure 14 shows a typical set of probe characteristics obtained
with the test cells where the position at which each characteristic was
obtained is indicated on the individual curves. A3 was true for the fixed
probe characteristics, the origin of the probe potential axis is displaced

for each separate characteristic in order to keep each of them from overlapping.
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It is important to note that, except for the exact magnitude of the slopes and
for the exact points where the break occurs, all the sets of characteristics
exhibited the same properties so that the following discussion of these
properties is generally valid for all the results obtained.

It can be seen that before the knee of the curve each characteris-
tic has a long linear section. The slope of this line is the one used for
determining the "electron temperature"”. Since the length of the straight
line portion is fairly long, the distributions are all at least mainly max-
wellian so that the concept of temperature has reasonable validity. In
those cases where the characteristic is not completely a straight line the
observed electron current is always larger than it would be along the ex-
tension of the straight line. Thus, in these cases, there always is an
excess of electrons with higher kinetic energies as compared with a pure max-
wellian distribution,

Although theoretically it would be possible to apply the method
of Medicus (J. Ap. Phvs. 27, 1242 (19%)) and thus obtain exact electron
energy distributions, it did not appear warranted to attempt to find such
an exact distribution since the values corresponding to the higher electron
energies represent increasingly smaller probe currents with greatly increasing
percentage errors. Since in our measurements the measurements ornly encompass a

few volts in range, no valid conclusions can be drawn as to how the distri-

butions behave at very high electron energies particularly since all methods for

obtaining the distributions actually depend on second order graphical differ-
entiations of the characteristics.

Thus it can be said that up to a distance of .029", at least, from
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the emitter the distribution is not maxwellian and as is to be expected
there is a definite excess in high energy electrons since it appears that
the electrons have not been completely thermalized up to this point. In
the center of the plasma between .043" and .072" from the emitter the dis-
tribution seems to be completely maxwellian which agrees with the results
obtained with the fixed probes. More than .086" from the emitter the dis-
tribution again becomes non-maxwellian and up to the energies measured
there is an excess of electrons compared with a maxwellian distribution.
However, it must be"pgpyioned that at points beyond those shown (beyond
the collector) the probe electron current was too low to be measured so that
it may well be that at the higher energies there may actually be a deficit
of electrons. The results only indicate that there is a definite perturbation
in the distribution near the collector.

Results were also obtained with two other probe tubes, TC-150
and TC-15%, While the results are interesting, the tubes design and oper-
ating conditions were different from our standard thermionic converters.
TC-150 had an interelectrode spacing of 0.050 inch, only half that of the
smallest spacing used in experimental thermionic converters. The color
of the discharge was distinctly whitish indicating that at least some air
was present in the tube. However, the tube did operate in the thermionic-
ally active region, and the characteristics were obtained in this region.

Table 7 and Figures 15 and 16 show the results obtained with TC-150.
As with TC-158, the space potential is essentially constant between 1.4 and

1.5 volts in the discharge region, but rises sharply near the emitter.
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The collector current of 0.60 amperes was greater than the saturation (ex~
trapolated zero field) current of 0.30 amperes; hence, an accelerating field
must be present near the emitter, and correspondingly no potential minimum
exists. The electron temperature is much higher than in TC-158, but this

is easily explained by the higher maximum space potential; furthermore, there
is a distinct drop as the collector is approached. The elactron concen-
tration distribution increases markedly near the collector. Figure 16 shows
that (as in TC-158) the electron distribution is quite maxwellian in the

body of the discharge, but high energy electrons increase as the collector

is approached.

TC-155 had the same spacing as TC-1%8, 0,100 inch, but this tube
definitely contained air. It had a distinctly whitish discharge and became
inoperative due:to air leakage through a cracked base after one set of re-
sults had been obtained. These results are given in Table 8 and Figures 17 and
18,

As with the other cells the space potential is about 1.5 volts in
the body of the discharge, but it increases considerably near the collector
(Figure 17A). The space potential must have a minimum of about =0.16 volts
near the emitter since the satﬁration current is 0.74 amperes while the
collector current is only 0.20 amperes. Figure 17 shows that the electron
temperature falls in the direction of the collector. The magnitude of the
electron temperature is close to that in TC-13%0, but higher than in TC-158.
It exhibits a distinct minimum before coming close to the collector. The
curve of the electron concentration distribution (Figure 17c) approximates
that of TC-158 except that the maximum seems to occur closer to the collector.

The magnitude is about 1/10 that in TC-158, although it is about the same as
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in TC-1%0.

The probe characteristics shown in Figure 18 corroborate the results
with TC-158 and TC-150., The distribution is definitely maxwellian in the body
of the discharge while there is an increase in high energy electrons both

towards the collector and toward the emitter.

19.
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Table 7
RESULTS WITH TC=-13%0

T. = 1500°K V = .12 volt
to, = 196°C J =8.4 upo/cuz
Distance From Space Potential : Electron Temp. Electron Conc.
Emitter v Te pe
volfR K 3
017" 2.80 16,800 .38x1012
025" 1.40 14,500 50
.033" 1.22 15,300 o 47
042% 1.3 15,700 57
+050" 1,70 13,100 1.38
Table 8
RESULTS WITH TC-15%5
T, = 1500°K
tcg = 195°C
Distance Collector Collector Space Electron Electron
from Voltage Current Potential Temp. Concentration
Emitter \ J v Te Pe
Yolts  Mmpe/om?  v8Pis ek ca3
.025" .16 2.8 1.5 15,600 .62x1032
.038" 12 2.8 1.45 13,900 1.08
«0%0" .08 2.8 1,43 12,000 l1.47
063" 06 2.8 1,53 10,000 1.82
075" 01 2.8 1.88 11,100 1.9%
.088" .03 2.8 1.8% 11,400 1.61
-100" 0 2.8 2,18 13,600 1,26



After this series of cells a new voltage pulsing circuit was developed
for use in the testing of the cells. This circuit is capable of delivering
an almost perfect triangular pulse with equal rise and fall time. The rise
and fall times are adjustable within wide ranges while maintaining a constant
or controllable height. This circuit has.bcon used to obtain I-V character-
istics curves and with some modifications was used for the probe characteristic
in all the remaining experiments. Another advantage of this circuit is that
the pulse has an adjustable delay, ensbling it to occur at any point in the
heater off cycle.

Test cell TC-171 was first used with the new pulsing circuit to
obtain I-V characteristics at different rise times, different emitter and
cesium temperatures and with the pulse occurring at different times during the
off-cycle of the heater current.

Figures 19 through 24 give some of the I~V characteristics thus
obtained. In each case, the relationship of the heater pulse and the
collector voltage pulse is shown below the I~V curve.

Figures 19 through 22 were obtained with the cesium maintained
at 200°C and the emitter kept at a brightness temperature of 1100°C. There
was a load resistance of 1 ohm in the collector circuit. The rise and fall
times of the collector pulse were 1 millisecond each.

It can be seen that as long as the collector pulse occurs two or
more milliseconds after the heater current stops, there 'is essentially no
current flowing (uptrace) in the collector circuit before the arc is struck.

Figures 23 and 24 were obtained with rise and fall times of 0.5
milliseconds each undof otherwise the same conditions. Here a somewhat

larger current is drawn during the uptrace as the pulse is moved close to the
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beginning of the heater off-cycle. This larger current apparently is due to
the fact that the pulse starts only 0.5 milliseconds after the heater current
stops. These results show that heater interaction effects vanish within 10-3
seconds after the heater current is shut off.

The results with longer rise times and different emitter and
cesium temperatures did not alter the results significantly., Also the I-V
curve of the probe was the same as the uptrace and on the downtrace. This
result had been expected as the rise time of the pulse was long enough for
dynamic equilibrium.

The pulsing circuit was modified so that it can deliver up to
100 milliamperes at a positive voltage of 10 volts. Figure 2% shows the
shape of the pulse which was fed to the tube. The base level below the
zero line can be adjusted from any value between O and 50 volts. The total
width of the pulse can be adjusted from below O.1 milliseconds to about 2
milliseconds. The height of the triangular portion can also be adjusted down
to the base line. In the tests run the pulse was made to occur at the end
of the heater off cycle. However, it can be set at any point from about 1

‘millisecond after the start of the heater off-cycle into the on-cycle of the
heater,

Test cell TC-193 (axial-probe) was used mainly to check the oper-
ation of the new pulsing circuit. However, it also was used to test the
effects of a wider emitter to collector spacing since it was made with a .150"
separation instead of the .100" separation used in most of the previous test
cells,

Probe characteristics were obtained with pulse widths of 0.2,

0.5 and 1 millisecond. The probe was even with the surface of the collector,

the oven temperature was 205°C and the emitter had a skirt brightness temperature
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of 1423°K. With the 0.5 and 1 milliseconds width the curves obtained during
the upswing and the downswing portions of the pulse essentially coincided
except above the knee of the characteristics. However, with the 0,2 milli-
seconds width, the curves departed markedly. In all the measurements made,
the results were calculated from the curve obtained in the downswing part of
the pulse since equilibrium could be expected by then. The calculated results
with the three different widths are given in Table 9.
Table 9,
ESFECT OF PULSE WIDTH ON PROBE RESULTS

t. = 205°C
Cs
T, = 1500°%K
Pulse Width Electron Temperature Eloctrog Conc.
Milliseconds °K -
0.2 5540 .94x10713
0.5 5300 1,03x10-13
1.0 5140 1,10x10713

The results are very similar and well within the experimental
errors. Thus it is felt that any width between 0.5 and 1 millisecond is
suitable for the measurement.

Tests were now run at different positions of the probe with various
cesium pressures and emitter temperatures. The results are given in Tables

10 through 12.
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Distance from
Emitter

060"
LO75"
.090"
.120"
150"

Distance from
Emitter

.060"
.090”
.120"
«150"

Distance from

Emitter

060"
090"
«120"
-150"

Table 10
PROBE MEASUREMENT WITH TC-193

Electron Conc. p¢
cm™3 P

toe = 20%°C V = 0,2 volts
T, = 1300°K J = 7.0 amps/cm?
Space Potential Electron Temp.
Vgps Volts Tgs °K

1.4 7,100

1.6 6,400

1.7 5,800

1.7 6,100

1.6 5,000

Table 11

PROBE MEASUREMENTS WITH TC-193

0.67x1013
0.88x1013
1.43x10{3
0.84x1olg
0.63x10

Electror_\aconc *Pe

cm

tCs = 20%°C V = 0.3 volts

T, = 1400°K J = 8.4 anps/cm2
Space Potential Electron Temp.
Vsp’ Volts Th, °K
2.0 11,300
2.0 9,200
2.1 8,000
2.1 6,900

Table 12

PROBE MEASUREMENTS WITH TC-193
tcg = 230°C V =0 volts

Tg = 1400°K J=17.0 amps/cm2

Space PotentiaLKP Electron Temp.T,
Yolts 2K

0.5 5,400
0.9 5,000
1.1 5,400
1.1 3,700

0.32x10:3
o.70x10{g
0.65x10

0.56x1013

Elogtron Conc.p@
e

0.10x10}3
0.25x1013
0.39x1013
0.39x1013
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Table 10 gives the results obtained with an emitter temperature of
1500°K and a cesium temperature of 205°C. The results are very close to those
obtained previously under approximately the same conditions with test cell
TC-158, which had an emitter-collector spacing of .100"., The shape of the
distributions of the space potentials, the electron temperatures and the
electron concentration is not noticeably different. The values coincide
quite well except that the magnitude of the electron temperatures is slightly
lower. It thus appears that a change in spacing does not significantly
alter the operating parameters of this type of thermionic converter in the
active region,

Tables 11 and 12 give the results with an emitter temperature of
1400°K. Table 11 shows data obtained at an oven temperature of 20%°C while
table 12 gives the data at 230°C. At the lower cesium pressure (Table 1ll),
the arc could not be operated in the active region and a small voltage
Vext (0.3 volts) was applied.

It can be seen that the higher cesium pressure shows decreased
values for all the parameters measured. The lower electron temperature in-
dicates a closer approach to thermsl equilibrium at higher cesium pressures,
as is to be expected.

Measurements were also carried out to determine radial distribufion
of the converter parameters. Thus test cells were constructed in which the
probe was introduced into the periphery of the discharge. The arrangement is
shown in Figure 26,

Radial probe tube TC-194 was subjected to test. Right at the

commencement of the test the character of the discharge; i.e., a whitish
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rather than a purple color, indicated the probable presence of air. Never-
thole;s, a set of useful data was obtaine§ before the air pressure increased
to severe poisoning levels.

fdbla i3

TEST RESULTS WITH RADIAL TEST CELL TC-194

Radial** Collector Collector Space Electron Electron
Probe Potential Current Potential Temperature Concentration
Distance V J v T, ¢
cm_ ext Ampergg[cm2 vggts °K ¢ g;'3
0 .40 2.9 0.8 7900 .99x1013
.04 .51 2.9 1.1 7100 1.29x10%3
.08 .65 2.9 0.8 6100 1.57x1033
1 .75 3.6 1.1 5000 2.93x10}3
5% .90 4.2 1.1 5000 0.50x1013
.19 1.16 4.2 1.1 4400 o.saxmig
23 1.65 4,2 0.9 3600 0.40x10

*Outer edge of 3mm emitter
**Measured from emitter axis

It must be noted that these results represent only a single run.

It can be seen that a time increasing positive voltage had to be applied to
collector so that the cell was not thermionically active during the tests.
This voltage had to be increased during the course of the test most probably
due to an increasing amount of emitter poisoning by air leakage.

Nevertheless, the results are interesting particularly since they
indicate that the electron temperature at the edge of the discharge is con-
siderably below that prevailing in the center of the discharge.

Figures 27 and 28 show the details of the metal-ceramic adjustable
probe tube which was constructed at Ford to be able to make probe measurements
along radii as well as along the axis of the same thermionic converter.
Except for the addition of the adjustable probe assembly this cell is similar

to other metal-ceramic cells which have been operated successfully at Ford
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Instrument Company for many thousands of hours. The output characteristics
were similar to the cells without a probe assembly thus showing that the
sddition of the probe did not significantly affect the operating conditions of
the thermionic converter.

Tables 14 and 15 give the results of probe measurements made with
the converters operating with a power output of 1.3 watts per square centi-
meter. Table 14 gives the variation of the paramotort‘along a radius out-
ward from the axis near the middle of the discharge. These results are
plotted in Figures 29 through 31,

Figure 29 shows the space potential values along a radius. The
potential drops fairly rapidly near the center and reaches a plateau near

the edge of the discharge only to drop again outside of the visible arc region.
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Table 14
RESULTS OBTAINED ALONG RADIUS OF METAL CERAMIC CELL TC~-230

V = 0.20 volt Ty = 1500°K

J = 6.5 amps/cm2 tge = 200°C
Radial Space Electron Electron Conc.
Distance from Potential Temp. Pe
Center v Te
inches v§!;; ' °K gm'3
0 1.32 5194 1.32x1013
,023 1.25 %037 1.29
.045 1,20 4644 1,20
068 1,02 4171 1.09
.091 1.,04% 4407 .83
114 1,00 4564 «69
+136 0.9% 4876 «47
159 0.82 472% +37
.182 0.73 . 4564 «30

Table 15
RESULTS OBTAINED ALONG CENTRAL AXIS OF METAL CERAMIC CELL TC-230
V = 0,20 volt Te = 1%00°K
o J = 6.5 anps/cm? tog = 200°C
Distance from Space Potential Electron Electron Conc.
Emitter relative to emitter Temp.
inches , v T‘ Pé
) volls K gm'3

.022 1.42 9051 1.21x1013
029 1.38 8422 75
044 1.26 7955 .78
.058 1.20 6926 1,06
.088 1.23 5666 1.28
117 1.1% 5510 1,30
131 1.08 49%6 111
+146 1.10 %037 92
.163 0.9% 4956 .80
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Figure 30 shows the radial course of the electron temperature. It
drops from a value of about 5200°K at the center to about 4500°K outside
of the visible discharge region. The variation- seems to follow the space
potential curve to a great extent in that the electron temperature drops
near the center and falls again outside-of the visible region. However,
there is an apparent 1ncr§iﬁgfin,température near the edge of the arc, but

-

there algg_;;man”fﬁaizgzzén of a similar increase of the space potential.

"w/;igure 31 gives the electron concentrations along the radius. Here
the values steadily drop from the center outward except that the drop seems
at a smaller rate outside of the arc.

It must be noted here that as in the case of glass test cell TC-194
the electron temperature is lower at the outside of the discharge than at
the center. The central temperature of the glass cell is higher than that
measured with the metal ceramic cell. However, the emitter area of the
glass cell is smaller and as will be discussed later a higher temperature
is to be expected in this case. The glass cell gave an increase in electron
concentration near the edge of the visible arc, but this result is very
possibly caused by the change in applied field strength during the tiﬁe of
measurement as noted previously. However, both types of cells show a drop
outside the luminous region. The same comments can be made about the space
potential. _

Figure 32 reproduces g actual probe characteristics obtained in these
measurements. It can be seen that while at the center the electron dis-
tribution is maxwellian within the limits of the measurements, the distri-
butions deviate from a maxwellian as one proceeds outward. The temperature
values given correspond to the slope of the straight line portions before the

"knee" of the curve.
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Table 15 gives the values obtained along the axis of the dis-
charge and figures 33 through 35 plot the rosultlf Figure 33 shows that the
space potential rises to over 1.3 volts near the emitter and then drops to an
almost constant value near 1 volt in the body of the discharge only to drop
again slightly near the collector.

Figure 34 ghows that near the emitter the apparent electron
temperature is about 9000°K and then drops rapidly to a value of about
5000°K. The electron concentration as given by figure 3% shows a sinusoidal
vafiation in the body of the discharge with a maximum near the center of the

'discharge, but there seems to be an increase near the emitter.

Figure 36 reproduces the probe characteristic obtained
along the axis. Again the distribution appear to be esgentially maxwellian
in the body of the discharge. Near the emitter, as is expected, the dis-
tribution is definitely non-maxwellian. Approaching the collector there
is an indication of a non-maxwellian distribution, nevertheless the charac-

teristic obtained closest to the collector reverses this trend.
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TABLE 16

RADIAL RESULTS WITH METAL CERAMIC CELL TC-230 WITH VARIOUS

Radial Distance
from
Central Axis

inches

0

.034

062

.108

«136

«170

OUTPUT CURRENT DENSITIES

Ty = 1300°K
tcl = 200°C
Output Output  Space Electron Electron
Current Potential Potential Temperature Concentration
Density
J v Ve Te 4
amps/om® volts  woits K I
1.6 0.30 0.43 4564 0.61x1013
6.5 0.21 0.8% 5586 1.34
12.8 0 0.90 5747 . 1.33
1.6 0.30 0.40 3934 0.59x1013
6.5 0.20 0.80 5274 1.11
12,8 ) 1.03 5747 2.32
1.6 0.31 0.32 3622 0.64x1013
6.5 0.24 0.70 5666 1.10
12.8 0 0.55% 5274 1.16
1.6 0.34 0.06 3073 0.58x1013
6.5 0.20 0.70 5586 0.77
12.8 0 0.50 5666 1,03
1.6 0.32 0.1% 42%) . 0.39x1013
6.5 0.16 0.40 4800 0.61
12.8 0 0.46 5037 0.81
1.6 0.36 0.12 3385 0.39x1013
6.5 0.10 0.34 4880 0.66
12.8 0 0.0 4407 0.39
al,
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Another set of values were obtained with metal-ceramic cell TC-230
in which the radial variation of the parameters were obtained under three
operating conditions; maximum output voltage (J=1.6 amps/cuz), maximum output
current (J=6.% amps/bmz) and short circuit, i.e. V=0, (J=12.8 emps/cm?).
Table 16 lists the values obtained in this set of measurements while figures
37 through 39 plot these values.

Although the measured space potential are somewhat lower than those
obtained in the first set of measurements, figure 37 shows that the variation
is very similar, i.e. a rapid drop near the center, followed by a plateau and
finally a decrease outside of the luminous zone. The values for the two
highest current outputs are close together, but the lowest current gives
considerably lower potentials at all points.

Figure 38 shows that the curves of the electron temperatures roughly
follow the space potential curves except that they are flatter. Again, the
two highest current densities give closely the same values for the electron
temperature; it drops from ébout 5500¢K at the center to about 4000°K at the
outside. The lowest current gives appreciably lower values dropping from
about 4300°K at the center to about 3000°K at the outside.

In the case of the electron concentrations figure 39 shows that
the magnitudes vary with the output current density, i.e. the highest current
gives the highest electron concentration and the lowest current the lowest
concentration. It is also noteworthy that as the current decreases, the
electron concentration variation becomes flatter; with the lowest current
(1.6 amps/cm?), the electron concentration is essentially constant in the

luminous discharge region.
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3.4 SPECTROSCOPIC METHODS
Supposedly, an examination of the umission and absorption spectrum
of a cesium arc should permit the quantitative measurement of the following
parameters:
Electron Temperature
Ion Temperature
Neutral Atom Temperature
Electron Number Density
Ion Number Density
Neutral Atom Number Density
The types of examination which are involved are the followings
Emission Line Intensities
Intensity of Continuum
Reversal Temperatures
Line Broadening
There is no question that spectrographic methods of measuring tempera-
tures and number densities represent elegant techniques of great theoretical im-
portance. They also are probably the only methods which do not disturb the con-
ditions present in a thermionic converter. However, on the other hand they cannot
be used in every type of converter since it is quite apparent that the walls of
the converter must be transparent to the particular radiation to be observed. If
special windows must be provided, these may change the character of the discharge
to some extent and they lead to other complications. Thus, for example, beside
the structural modifications necessary for adding a window, the window itself is
subject to attack by the cesium (this is particularly true of quartz at high
temperatures).
The results obtained are subject to many restrictions. In general,
the numerical values have their main use as checks of other methods of measurement.
In fact, in some cases, spectrographic methods require other types of measured

results in order to be applied. Thus it may be necessary to find ion or gas

temperature in order to find their number densities or vice verss,
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Spectrographic techniques also require a good advance knowledge of
the concentrations and temperatures to be expected. The validity of most of the
methods depends on proof of equilibrium conditions being present and usually it is
necessary that only one type of exciting mechanism be present or at least that
all other mechanisms are completely nogligiblg. If this knowledge is not at hand,
spectroscopic techniques can be very questionable in value,

Finally, it is also true that the type of spectrographic equipment
must be adapted to a particular measurement. Thus, the measurement of relative
line intensities can be carried out with relatively simple apparatus. Such
spectrographs do not require very high dispersion or resolution. They should,
however, cover fairly wide spectral regions; in the case of cesium a coverage of
2,000 ~ 10,000 angstroms is advisable, Furthermore they should not have stray
light to mask individual intensities and they should have high sensitivity so
weak lines can be measured.

Measurements of intensity distributions in the continua may also be

carried out with such simple spectrographs. However, since the continua of interest

are very weak, it is probably necessary to use more expensive devices to obtain
accurate results. It is particularly necessary to have excellent gratings to
give good intensity profits and to reduce the effect of "ghosts" or false lines.

The exact widths of lines requires an unusually sensitive and accurate
spectrograph. Determinations must be made within a thousandth of an angstrom or
better in order to give meaningful results. The aberrations of the instrument
must be very small in order not to give false readings.

Various methods will be discussed in the following paragraphs. A
bibliography is given at the end of this section.
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3.4.1 Emission Line Spectrs
The absolute intensity I,y of a line emitted by an atom due to 2

transition from energy levels n to level j is given by (cf. Ref, 1)

Ing=C Anj an N, = CN, Anj an g& exp -#n-k .r.x) (1)

where :
C = instrument constant
Ny= concentration of atoms in excited stete n
Ny,= concentration of atoms in the ground state
Apj= Einstein coefficient of spontaneous emission
¥ 4= frequency of emitted line
9n193 = statistical weights of states n and j respectively

k = Boltzmann's constant

h = Planck's constant
Tex = “excitation™ temperature
En = energy of upper excited level n

Thus, in theory, a measurement of the absolute intensity of a spectral
line makes possible the determination of the number of atoms N in the upper state n
or, the excitation temperature Tgy could be determined if a maxwellian distribution
is known to be present. In practice this is virtually impossible since the constan$§
C is difficult to determine and the absolute value of the transition probabilities
usually cannot be determined.

It is a customary practice in spectrographic work to use the "oscillator
strength® or Ladenberg f instead of the Einstein A coefficient since this corresponds

to classical concepts. The relationship between the two is given by22

2
My = 3L .ﬂ%ﬁm_ oy (2)
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If, furthermore, we consider the intensities of two separate lines Iny and Iy, we
can write
e, Bk (3)
Tk 9% "mk Ymk k Tex
In this equation only relative intensities and relative oscillator
strength need be known and thus T,, can be determined by the measurement of the
intensities of two lines.

By taking logarithms (Equation 3) can be expressed as

.

b (Gaies) ) () @

Thus, a plot of the log (-E?%;s-) vs. E, should give a straight line whose slope

is E—%;— so that Ty, can easily be obtained. The advantage of making this plot
is that: since the graph depends on several intensity measurements, the value of
Tex thus determined will be more accurate. Furthermore, if a straight line plot
is not obtained, the exciting particles cannot be in thermal equilibrium. How-
ever, the converse is not true, i.,e. a straight line plot could result without a
thermal equilibrium?,

It will be noted that the temperature determined by the above method is
designated as excitation temperature. In order for the given equation to be
valid there must be a Maxwellian distribution of excited states. The temperature
thus obtained will refer to the type of excited state.

If "local thermal equilibrium” permits, the measured temperature will
obviously be the same for all particles. However, in the case of the thermionic

converter there is no reason to assume equilibrium. Thus the current density J is

given by
J= Mo vy (4)

where vy is the drift velocity, 1l.e. the average directed velocity of the electrons
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from the emitter to the collector and P 4ie the electron concentration. The
sverage random velooity v is given by

im;;a- ’RT‘

.(ﬂ.)* 3 (%) .

Thus the average distance d travelled by an electron in traversing the
space between emitter and cathode i

dm X R - (6)
Vd

where l {0 the separation between emitter and collector. The average number of

collisions C made by an electron is then

c-+ (7

where L is the mean free path for collision,
According to Compton and Langmuir the fraction of energy f lost in
collision with an atom of mass My is given by

fIQ.GG——-‘:‘—);‘ (1--&-)

206 A (1 . ..gg.)

(since M ODm) (8)

where Uy, Uy = average kinetic energies of atomsand electrons, respectively.

Using this equation it can be sk wn that the number of collisions D
roquired to have the electrons and atoms come into thermal equilibrium, i.e. for
Uy U, will be equial Ro -

b-m 9)

for cesium atom D = 9x10%




Putting in representative values corresponding to conditions prevailing

in the thermionic converter, i.e.

L

T = 4000 %K

«03 cm

J = 10 amps/cm?

)
!

«45 cm
Pe = 1013 electrons/cm®
we find that
C &30

Thus the average electron will make only .033% of the number of collisions
required for thermal equilibrium and conditions in the thermionic converter will be
far from such thermal equilibrium. However, as long as there is a Maxwell-Boltzmann
distribution of excited cesium atoms, spectrographic measurements will give an
excitation temperature Toy, but this temperature cannot be equated directly to the
electron temperature T¢ unless it would be possible to show that the distributions
of electron kinetic energies and of the excited cesium levels are the same. When
themmal equilibrium is not present this requires that all or essentially all the
excitation is due to electrons and also that the excitation cross-sections are very
sharp, i.e,, for example, a 2eV electron will excit a 2eV state, but not the states
below or above it. These excitation cross-sections have not been measured to any
appreciable extent for cesium, but hydrogen cross-sections, which are similar in
form, do not exhibit such sharp resonance values. It must also be noted, however,
that, 1f the excited cesium levels are non-maxwellian, this does not, for the same
reasons, immediately imply that the electrons are non-maxwellian,

In addition to the assumption of thermal equilibrium, other assumptions
must be made in deriving the basic equations required for the spectrographic methods.
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Thus it must be assumed that induced emission is negligible. This means that the
particular line or lines used must not be absorbed by the gas it goes through, i.e.
the lines must not be "resonance lines®, they must be "optically thin", 1In the
case of thermionic converters using cesium only the resonance lines representing
transitions to the ground level are strong. The other "optically thin"™ lines are
quite weak which means that measurements with these lines suffer rather large
gexperimental errors, especially since energy scattered within the spectrograph
from the strong lines may cause a false increase in apparent intensity of these
lines, In fact, these lines must be weak since they must not carry away enough
energy to affect the thermal equilibrium which should exist between the electrons
and the atoms, if electron temperature is to be measured.

Another basic assumption is that in the observed region conditions are
homogeneous. The concentration of atoms in the lower state and the temperature
must be constant in all regions which contribute to the observed light. Usually
the temperature is hottest within the center of the discharge and drops toward the
outside. The results will express, therefore, some kind of average over the
various temperatures existing along the line of sight. Moreover, the light coming
from the more distant, hotter portions will be modified by absorption and scattering

during its passage through the nearer and cooler rogions.2

3.4.2 Intensity of Continuum

Several authors have measured temperatures by using the continuum

spectra, Thus, J’urgons,1

used the continuum of the Balmer series in hydrogen in
the same manner as the discrete lines in this series for determining the tempera-

ture in a hydrogen arc column. Dickermanl® used the absolute intensity of the
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continuum based on the following equation of Unsold.

I=B—% 3 2)322 P ex (.v)

PPl i 2 P (1)
anX ¥ 5 he off “:
where B = instrumental constant

¢ = velocity of light
e = electronic charge
h = Planck's constant
1 = emission per cmd per steradian per unit wavelength
k = Boltzmann's constant
P = pressure of the gas
Tg= absolute temperature of the gas
Vi= reduced ionization potential of the gas
zeff = effective nuclear charge

¥ = ratio of statistical weight of the high levels to
that of the general level of the atom

A= wavelength of light

This equation is based on the thesis that free-discrete and free-free transition

of electrons ("Bremsstrahlung®™) are responsible for the greater part of this

radiation. Donohue and Majkowski5 use a somewhat different equation in which

the ion and electron densities appear on the right side instead of the gas

pressure, They use this method for obtaining the electron density after ob-

taining the excitation temperature by a different method, i.e. line of intensity.
Finally, Agnew and Summers® use the intensity distribution in the

continuum for obtaining electron temperatures and concentrations. Apparently

they assume this continuum is due almost entirely to recombination radiation

and thus the intensity distribution is proportional to the electron onérgy dis-

tribution which in turn depends on the electron temperature according to the



Maxwell-Boltzmann equation. Thus according to the Bohr theory7 if the recombina-
tion of electrons with atomic ions is the cause of the continuum radiation, electrons
with kinetic energies 1/2 mv2 could fall into vacant orbits in the energy level
diagram. The emitted frequency could then be given by

h =1/2mv?+hv, (2)
where Y, is the frequency with which an electron with zero kinetic energy falls
into the potential level.11 Thus, all lines correspond to capture into the vacant
orbits (the ion will have frequencies Y which are greater than Vy by the continuum
spectra of electron energies 1/2 mv2, modulated by the capture probability from the
kinetic energy state. This probability is greater with smaller 1/2 m2).

Several difficulties are present in the analysis of continuum spectra,

In the first place, the intensities of the continuum are very low, in general. Thus,
Dickerman states".the lower temperature limit for this method is about 10,000°K. At
this temperature, the continuum level approaches the level of scattered light present
from the intense line spectra...". This would make absolute or relative intensity
measurements quite inaccurate.

Another difficulty is that when molecular ions are present, according to
Loeb7, "most recombinations as observed in such plasmas is dissociation molecular
recombination, where emitted spectra often cannot be predicted”. Loeb makes parti-
cular note that in cesium, molecular C82+ ions are present to a large degree and
have given rise to erroneous values. In particular, recombination coefficients
were found to be too large by a factor of ten.

Thirdly, it is apparent that it would be difficult to show whether re-
combination or "Bremsstrahlung" is the major source of the continuum. Thus, the
validity of this type of measurement is very dependent on the conditions in the
cesium plasma; electron concentration, arc current,cesium pressure and actual electron

temperature. In addition, of course, the comments made at the line spectra also hold.
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The continuum must be optically thin. The problem of inhomogeneities is just as
important.

3.4.3 Reversa] Temperatures

The methods discussed up to now only apply to "optically thin" spectral

lines, i.0., the emitted radiation is not appreciably absorbed by the gas itself.
If some self absorption is present, according to Dieckez, it is possible to correct
for the different relative amounts of absorption occurring with the different lines.
However, if the gas layer is very thick, there will pe an equilibrium condition and
the emitted radiation will be independent uf the nature of the gas and its frequency

distribution will be given by Planck's law:

1()=§§k§3 23 4= (1)

The temperature can then be determined from the position of the maximum
radiant energy Amax. of the black body curve by Wien's displacement law:

T=_ch/k = 0,2898 Amax. (2)
4,9656 A max.

Usually such continuous radiation will only be observed with gases under
relatively high pressure. However, even under low pressure some lines, corresponding
to transitions to the lowest level, will be absorbed very greatly, leading to the
phenomenon known as "imprisonment of resonance radiation”. The intensity of such
lines will then be subject to Planck's law, The excitation temperature can then be
determined by passing the light emitted from a hot source th}ough the gas., If the
temperature of the source is low, the line in question will appear as a bright line,
superimposed on the continuous spectrum. Above a definite temperature, the line
appears as a dark line. Thus as the source is heated, the line from the gas will turn
from bright to dark. The temperature at which this change, or reversal takes place,

is known ss the “reversal temperature™ and can be related to the excitation temperature




of the line. By Planck's law, I ( , T), the observed radiant energy per unit

time per unit wavelength of a black body at wavelength and temperature T is:

I (A T)= AL (exp Cy/aT) -1)-1 (3)
A is a constant, depending upon the first radiation constant,
C, =2hc?

on the instrument, including the area observed, the solid angle subtended, on
the transmission and response characteristics; and on the wavelength interval
used for observation, C, is the second radiation constant and is equal to ch/k.
When the product of AT is less than 0.312 cmK (2 8% longer than Amax.), the
Wien approximation

I(2,T) = A 23 exp (-C,/aT) (4)

is accurate to better than 1%, i
For any emitter with an intensity I, and an absorptivity at a given
wavelengthl, Kirchoff's law gives:

1, (2,Tg)
-T&(—’-’T—e‘r-= €p (2 Tg) = g (2,T,) (5)
where I‘ is the radiant energy of the given emitter at temperature T,.

At the reversal temperature the gas neither adds to (bright line) nor
subtracts from (dark line) the observed intensity of the source. Thus,
12, Tg) [1 - «g(R,Tg)] + 15(2,Tg) = I4(2,T,) (6)
where the subscripts s and g refer to the source and the gas respectively.

Substituting equations (3) and (5) into (6) and assuming Ay = Ag we get

T, = S/ (1)

et AT
€,
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or when Wien's approximation is
T

Tg = T—l (8)
l'é‘lh" v
We note that in the case of a black body source where €4, =1
Tg=T (9)

or, if a black body source is used, the reversal temperature is equal to the
excitation temperature of the gas. However, if any other source is used, e.g.
a tungsten lamp, the source temperature is pot the same as the excitation

6

temperature, even though Mohler makes this statement.

Several difficulties are present in this method. First, we note that

the assumption is made that Ay = Ag. This is not usually the case and according
to Broida4 the differences between the A's "can be a large source of error”.
Furthexmore, Broida® states that while reversal "temperature” can be reproducible
within a few degrees, the accuracy of the method may not be high unless proper
precautions are taken with the optical path to insure relisble measurements. In
addition to problems connected with the optical path and the hot gases, there are
difficulties in the measurement of the temperature and emissivity of the source
used for comparison.

Hohler6 used this method in measuring electron temperatures in cesium
arcs and J’ohnson11 adopted the same idea in measuring electron temperatures in a
cesium converter. In the case of tungsten lamps the maximum temperature is 3,100°K.21
Carbon arcs can be used for somewhat higher temperatures.

Again this method assumes a8 homogeneous region of observation, which
is not present in practice. Complete equilibrium must exist between the photons
and the exciting processes at the energy of the spectral lines uud.19 Thus, the
validity of this method requires proof of such complete equilibrium as well as

analysis of the effects of non-homogeneity.




3.4.4 Spectral Line Widths
If most of the broadening is due to the Doppler effect, i.e. due
to the relative motion v of the emitting atom, then the shift in frequency at a
given frequency Vwill be proportional to ¥v/c (c = velocity of light). The

numerical value of the width A at half maximum intensity is given by:

vy - £
Ly /(2__:_2)_Is. /i-f
[+

(1)

In this case, T is the temperature of the emitting species. Thus, if Doppler
broadening is the most significant cause of the line width, the temperature of
the gas can be measured by this means, In fact, ion temperature could be deter-
mined by measuring the widths of the ionic lines.
Unfortunately, very often other causes of broadening (collision
broadening, internal Stark effects, etc.) overshadow the Doppler effect
and thus make the determination of temperature by this method impossible. 1In
order to determine the validity of any measurement of line width it is necessary
to calculafé the relative magnitudes of each possible cause of line broadening.
The natural line width and broadening due to collisions (Pressure
broadening) can be found from the Heisenberg uncertainty principle in the form:
AE At 2 h/ow (2)
Here At is the time available for making the measurement of energy E and
AE is the fundamental uncertainty in the value of W. In the present case,
W is the difference in energy between the two levels giving rise to the emission
of a particular line while At is the mean time, T , involved in the transition.
Thus W=hv (3a)
M=hAv (3b)
We thus find that ‘

A=l (4)
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where Mvis the frequency wiath of a line, The line width A\ is then

M= (since \¥= ¢) (%)
2me

where ¢ is the speed of light. Since in the visible region X &6 x 107 cm
and ¢ ¥ 108 gec. for spontaneous emission, the natural line width A\ will
be approximately 2 x 10712 ¢m = 2 x 1074 angstroms. If collisions occur
more frequently than 108 sec. ‘1, the time for emitting will be correspond-
ingly increased. Thus, if the average time between collision is only 10'1°
sec,, the width of the line will be widened to 2 x 1072 angstroms. Thus,
increased pressure can cause considerable line broadening.

If large numbers of charged particles are present, the "microfields"
of these particles will give rise to Stark splitting and, if these field
are not great enough to actually separate the lines, the lines will appear
to be broadened. The presence of foreign atoms or ions causes a polariza-
tion of the radiating atom giving rise to line broadening and an asymmetry or
pressure shift effect 15, The pressure shifts can be in either direction
depending both on the particular energy levels involved and in the type of
foreign atoms. Thus, the principal series lines of rubidium are displaced
to the violet by helium and argon, but to the red by argon.

In general the amount of energy shift AN due to an electric field E
can be represented by

M=AE+BE2+CE3+ (6)

The A, B and C are constants referred to as first-order, second-order and
third-order coefficients, The three terms in the equations are called the

linear term, the quadratic term and the cubic term, respectively.




‘larger than B by a factor of about 1

The linear term will only appear, if the energy levels are de-
generate, e.g. hydrogen 14. Since in the case of hydrogen the constant A is
o!! and larger than C by a factor of
almost 10+2°, the linear term is the only important term. Thus for hydrogenic
atoms the Stark effect varies as the first power of E.

In the case of non-degenerate emitters, the linear term will be
absent and the quadrator term will be dominant., This depends on Ez, but the
magnitude will be much less due to the small value of B. It will give rise
to asynmetry broadening.

For the alkali metals, the lower energy levels are non-degenerate,
but with larger quantum number the alkali levels become hydrogenic and thus
the linear Stark effect is effective. The Coulomb approximation can thus be

used to calculate the appropriate A. This will then be given by (AN in ergs)

A= 3 1l n ne (7)

872 me (300) of f

where Neff is the "effective" quantum numbers and Ne is the "electric”
quantum number (see references 5 and 15).

If the electric microfield is due to lons, then the field of each
ion is proportional to e/fz. Since the average distance of neighboring ions‘
is proportional to f’l -1/3, where Py is the number of ions per cm3, the
average electric field would be proportional to ePi2/3° According to Holts~

12

mark™™ in a plasma where Pi = Pe (the electron concentration) the average field

strength is given by

i

F = 2.61ep, /3 (8)
Thus, in degnerate emitters the change in energy is found to be

AE = 2,61 Aﬁ2/3 J (9)
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Since the half-width of a Stark-broadened line will enable one to calculate
M, e can be found.

The Stark effect will also cause the continuous spectrum of a
hydrogenic emitter to extend past the series limit and thus overlap the
highest discrete lines. 1Inglis and Teller16 have shown that in hydrogen the
electron density Pe 2" be found from the number of lines which can be ob-
served as separate lines in the Balmer series by the equation

2 pg = 0,027 a_ -3 n -7.8 (10)
where a, is the smallest Bohr radius and n; is the quantum number of the
last line to be observed as a separate one near the series limit. This
equation can be applied to the alkali metals simply by replacing (n,) by
the corresponding effective quantum numbers.

Outside of the obvious difficulties in calculating the required
constants to a fair degree of accuracy, the actual experimental errors must
be quite large since the line which would have to be used for cesium, in-
cluding the continuum, are quite faint. This makes the measurement of exact
line widths very difficult and the spectrographs itself will introduce
erroneous apparent line widths. Any scattered light, as, for example, is

preéent in Littrow spectrographs, would cause large errors in measurement.
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3.5 Spectroscopic Measurements

A regular metal-ceramic converter,.TC-222, (which was identical
to figure 27 except for the probe assembly) was used for obtaining various
infrared spectrograms with a Perkin-Elmer Model 112 Infrared Spectrometer.
A number of recordings were made at different emitter temperatures, cesium
pressures and output current densities. Relative intensities were determined
from these spectrograms using the 1.47u as a reference. These intensities
are the amounts above the background continuous spectrum. There was a
relatively high noise level so that weak lines were masked by the noise level,
Thus these values are subject to relatively high errors in measurement.

The results observed with various lines are given in table 17.
Other lines were observed, but these did not appear as frequently as the one's

given and some could not definitely be identified as being cesium lines.
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Qutput
Emitter Cesium Current

Temp Temp Density
Te tes J Relative Observed Intensity
°x °C  Amp/ca® .80 p .BSp .89 p .92p 100 p1.36p 1,47 p 2.4p 3.4p
1500 200 204 - 0460 0794 0167 0103 0381 1 0587 -
3.2 - 978 740 ,259 340 1,370 1 - -
3.2 - «632 735 - «.162 1,000 1 - -
3.2 - <677 «787 .,244 ,401 ,502 1 - -
4.0 - 0222 1236 .0684 .111 <474 1 0139 -
4.8 - 0683 0417 0275 0337 1.950 1 0258 0437
5.0 - - 562 .315 - 1,129 1 - -
5.2 - 377 .428 = 193  ,719 1 - 719
9.5 - -659 « 775 - .450 10101 1 - -
8.3 - «307 313 .,176 .119 1,060 1 176 -
9.5 - 827 1.333 - 1,000 1.507 1 - 1
19.0 - .324 .216 ,270 ,378 .838 1 «326 -
22% 4,0 - .054 «215 129 .247 .473 1 «129 «570
S.1 - .284 412 .0823 ,239 .817 1 171 - 540
8.3 - «170 .247 .,138 .216 ,604 1 .0814 ,224
9.% - 479 427 .,103 .,278 1.137 1 «1%0 « 551
19,0 .089 ,132 206 .295 L,330 1.000 1 + 266 «295
250 4.0 - .0851 .0851 ,128 .340 .680 1 «213 «681
8.3 0524 ,06%3 ,1167 .182 469 .740 1 .078 + 545
19.0 .082 ,0668 ,134 ,261 .483 .910 1 .119 +446
1550 200 2.1 - 434 .347 ,215 .306 .740 1 .194 -
202 - 0411 .364 0138 0091 0775 1 0091 0385
4.0 - 413 0394 0130 224 0886 1 ¢189 -
%.1 - 0568 . 450 144 117 10239 1 0189 0523
8.3 - 0269 «239 0195 ¢439 0646 1 0181 -
9.5 - 337 270 ,202 .270 .674 1 «15%6 «404
¢19.0 0150 0250 0138 3227 0642 0628 1 .126 -
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ABLE

NES USED
Obsexved Theoretical
Line Lines Transition
Ep gfe° Lngf ¥
p Angstroms A—>» B eV x1010 <In 1010
«80 8079,02 SF ~—» 5D5/2 1.811 144.73 4,9749
8015,71 5F > 5D, /2 1.799 94,36 4,5471
-85 8521.10 6P3/2'—'> 681/2 0 263.13 5,5726
89 8931.0 8P3/2 -— 5D5/2 1.811 184,04 5.,21%2
8943.50 6P1/2 —~> 651/2 0 110.15 4,7018
9208.46 6D3 /2 — 6P3 /2 1.45%6 20.34 3,0126
1.00 10025.4 4F ~—> 503/2 1.799 119.96 4,7872
1.3% 13589.1 7P3/2--> 5D3/2 1.799 34.38 3.5346
13603.9 7P3/2 - 5D5/2 1.811 365.34 5.9008
1.47 14697.7 781/2 — 6P3/2 1.456 26.20 3.26%8
2.4 24253.8 7Dg, /2 —> 7P3 /2 2.723 7.906 2.0676
24377.7 7Dg /2 —> 7P, /2 2,723 0.9388 -0.0631%
3.4 34898.7 505/2 -—> 6P3/2 1.456 1.922 0.6534
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Table 18 gives the transitions involved in the various observed lines
as well as the function gfva. The oscillator strengths used were obtained by
P.M, Stone (Phys. Rev, 127, 1151 (1962)). It can be seen that several of the
observad lines are composed of at least two lines due to different transitions.
The relative intensities of each observed line was calculated at various tempera-
tures taking into account the composition of each observed line and the results
are plotted in Figure 38, As noted above the 1.47 micron line was used as the
reference line. This line was chosen since it was observed in each cases it was
definitely due only to one transition (cf. Table 18) and it was not a “resonance
line", i.e., it was not a result of a transition to the ground level. The .8% P
and .89 P lines were not used further since they are resonance lines and thus
subject to a large amount of self-absorption.

Table 19 gives the electronic excitation temperatures (i.e. necessarily
assuming a maxwellian ratio of the lines used) corresponding to the observed in-
tensities obtained by use of Figure 40, It can be seen that there is a wide
spread in the "temperatures™ from values below the emitter temperature to values
faxr above it. Whereas part of this discrepancy is due to the experimental errors
of measurement, it must be noted that those lines which give low values are éon-
sistently low while the high valued lines give consistently high temperatures.
Furthermore, a study of Figure 38 reveals that in order to have all lines yield
the same temperature the measured intensities for some lines would have to be
changed by factors of 20 of 30, a value far above possible experimental error.

It can be noted, however, that higher output currents tend to give

higher excitation "temperatures”,
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TABLE 19
ELECTRONIC EXCTITATION TEMPERATURE. TAINED BY LINE RELATIVE

5 oD
Output
Emitter Cesium Current
Temp Temp Density Electronic Excitation Temperature
e tes J %K
oK °C  Amps/cnm? 80P 92p 1.00p 136p 2.4p 34p
1500 200 2.4 - 1550 1802 107% o0 -
3.2 - 1739 2410 1695 - -
3.2 - - 2000 1493 - -
3.2 - 1724 2532 1163 - -
4.0 - 1258 183% 1143 124500 -
4,8 - 1786 2410 2041 33,333 3125
! 5.0 - 1869 - 1563 - -
5.2 - - 2083 1316 - 2439
5.5 - - 2632 1538 - -
8.3 - 1575 1869 1527 16,667 -
; 9.5 - - 3448 1786 - 2128
f 19,0 - 1770 2500 1389 100,000 -
225 4,0 - 1449 2198 1143 11,111 2703
5.1 - 1316 2183 1389 15,385 2778
8.3 - 1481 2128 1242 74692 4878
9.5 - 1376 2283 1575 13,333 2740
19.0 2632 1828 2778 1493 45,455 3922
250 4,0 - 1449 2410 1481 23,810 2788
8.3 2353 1587 2667 1333 74407 2740
19.0 2564 1764 2695 143% 10,526 3030
1550 200 2.1 - 1667 2353 1330 12,821 -
2,2 - 1475 17%4 1351 8,333 3333
4,0 - 1453 2151 1422 20,000 -
5.1 - 1493 1852 1626 20,000 2801
8.3 - 1621 2597 1266 18,868 -
9.5 - 1631 2262 1285 13,888 3205
19.0 2959 1689 294] 12%8 11,111 -
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Another similar metal-ceramic thexmionic converter was examined
spectrographically in the visible region with the aid of a Jarrell-Asch 0.5
meter Scanning Ebert Spectrograph at the Sperry Rand Research Center, Sudbury,
Massachusetts. The work was carried out by Ronald H. Curry and Avram A. Kalisky
of the Research Center.

Fourteen lines in the cesium spectrum were selected and the function

4n (.’;f:_a) was plotted versus the snergy of upper level of the transition. As
discussed before such a plot should yield a straight line with a slope equal to
/T, provided that the distribution of excited cesium states follows a maxwellian
pattern. A straight line could not be drawn directly through the plotted points,
but a "least squares fit" yielded lines whose slopes corresponded to “temperatures"
of about 1300°K. When one of the lines corresponding to 6723 (7D3/2> 6P /3)

was omitted similar least square lines gave values of about 1100°K.

In another set of runs in which the emitter temperature was increased
3009K above regular operating temperature, similar methods gave a "temperature”
of 2100°K when all fourteen lines were used and 1600°K when only thirteen lines
were used.

The results in the visible region thus give values which are quite
similar to the infrared study. The term “temperature” is only defined for a
Maxwell-Boltzmann distribution of excited levels and thus any consistent
deviation from a straight line would indicate the presence of non-maxwellian

distribution.
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3.6 EEFECT OF ADDITIVE GASES
Experiments conducted at Ford Instrument Company as early as 1960

have indicated that improved performance can be obtained in cesium vapor thermionic
converters when foreign gases are added. These experiments consisted of devices in
which alumina specimens were indirectly heated with tungsten wire up to 1800°C,

After heating the alumina piece marked improvements in ocutput were noted repeatedly.
Mass spectrometer studies at the Microwave Division of Sperry Gyroscope Company
showed that various gases are evolved during such heating (oxygen with lesser amounts
of hydrogen, water, carbon monoxide and carbon dioxide).

A number of glass enveloped planar cesium diodes have been con-
structed with a 3mm Philips Type B impregnated tungsten emitter with spacings of
0.100", In one of these devices the addition of alumina outgassing additives
increased the minimum sustaining output voltage by 10%, the short circuit current
by 15% and the maximum power density by 30%.

Some effects of the addition of air as an additive were noted during
the probe studies, particularly in cells TC-150 and TC-155 in which air was leaked
during testing. The data, although limited, indicates as much as a 50% increase
in electron temperature of the plasma and a decrease in electron concentration by
almost a factor of 10. Almost identical changes in plasma parameters have been
noted for non-additive devices when operating with increased applied voltages
across the diodes. In the additive case, a decrease in collector work function
would provide the necessary simulated increase in applied voltage. The emphasis
on electrode surface effects is strengthened further when one considers the
chemically reactive properties of the additive gases. Contributing evi&once is
also available from the extensive technology which has been developed on photo-

emissive oxide surfaces.
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SECTION 4, THEORETICAL DISCUSSION

4,1 GENERAL THEORY OF THERMION ERTERS

One of the reasons for undertaking the present study was to try to
achieve a better insight into the basic processes taking place in a low temperature,
low pressure cesium thermionic converter. It was felt that with sound experimental
data a better physical and mathematical model would ultimately lead to the design of
more efficient thermionic converters.

In any thermionic converter there is an emitter which is heated by an
external source to a temperature Te¢ and a collector which in equilibrium is maintained
at a temperature Tg, These are connected through an external circuit with a load
resistance R. In a very simple theoretical model, electrons inside of the emitter
are raised from the Fermi level to the potential just outside the emitter (i.e., this
potential energy is increased by eﬁ. where ¢. is the work function of the emitter).
Upon reaching the collector they fall into its Fermi level (i.e., their potential
energy is decreased by e where f is the work function of the collector). If
fc<Pe » there is an amount of energy equal to e(fe - ) which can perform external
work. Such a converter acts as a battery with an e.m.f. of ﬂ, - ¢C volts.

Even in such a simple converter there are losses which reduce the maxi-
mum efficiency. In the first place there is a direct heat radiation from the emitter
to the collector which depends directly on the difference Te4 - ‘I‘c4 and on the emissi-
vities of the emitter and collector. Secondly, there is a considerable amount of loss
from direct heat conduction through leads and supports. A third heat loss is due to
the fact that the emitted electrons are not given off with zero kinetic energy, but
rather with a distribution of energies such that their average kinetic energy is 2kT,.
The useful converted energy will thus be related to the electron current reaching the
collector Fermi level, Ic. The energy IC2RL is the actual output energy. The 12r

energy, where r is the resistance of the leads, is another loss.
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The maximum electron current, Ig, which can be obtained at a given

emitter temperature is given by Richardson's equation:
= AST2 oxo -8 (1)
Ig = AST? exp (.ﬁ:-)

where S is the effective emission area of the emitter. Unfortunately, in a vacuum
diode the electrons in transit between the electrodes will cause a negative space
charge to accumulate causing a minimum potential -V  to be formed which restricts
the electron current I, to a value:

IQ = Igexp - ._°vm_ (2)
kTe

Such a space charge potential rapidly restricts the electron flow to such low
values that thermionic converters have a very low output. It is thus very essential,
if a useful converter is to be achieved, to overcome this space charge effect,

One of the more practical methods of reducing the space charge is the
neutralization of the electronic charge by ions of an element with a low lonization
potential, e.g. cesium, If at every point between the electrodes the ion density
(assuming a unit positive charge per ion) equals the electron density, theve will be
a zero net charge, and thus the space between emitter and collector is field-free.

Fortunately, in order to maintain such a charge neutrality the number of
ions generated need not equal the number of electrons emitted. If both electrons
and ions are emitted at the emitter with the same energy distribution into a field-

free region, their density P is given by

P=

where J is the current density per unit area and v is the particle velocity.
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The average kinetic energies of electrons and ions would be equal
1/2myv,2 =1/ 2 g - Mo 1/2
Ve 2npvp or vo = Pe .

where subscript ¢ refers to electrons, p to ions. Since

e ={Jp, we obtain that

Je = Jp
w
or
J€= Ve = mn ]/2
Jp vp me

Thus, for Cst ions the ratio of electron to ion current will be (2.423 x 105)1/233490

under these assumed circumstances.

4,2 SURFACE JONJZATION c M_A
It is perfectly possible for electrons and ions to be emitted from a

single emitter. . Langmuir (I. Langmuir, Phys, Rev, 331954, 1929) found that all
cesium atoms striking a heated tungsten surface will be converted into ions. 1In
fact cesium atoms will be ionized at any surface as long as its work function re-
mains above the ionization potential (3.89 volts). Thus, with a cesium pressure
of about 0.1 torr a thermionic converter can easily operate with a heated tungsten
emitter kept at 2000°K,

There are several difficulties encountered in surface ionization.
When a gas is introduced into the interelectrode space there will be losses due
to inelastic collision with the gas atoms. Secondly, an emitter with such a high
work function has a low electron emissivity; thus, high temperatures are required
to achieve reasonable current densities (10 amperes per cm? and above). Thirdly,

if the temperature is reduced, there will be an increase in cesium coverage so
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that the work function of increasing portions of surface falls below 3.89 volts.
Then, although the electron emissivity will increase, the suxrface ionization is

rapidly decreasing.

4.3 VOLUME JONIZATION OF CESIUM ATOMS

Another way of achieving a production of ions is by having the ioniza-
tion take place throughout the volume of the interelectrode space. Normally in
order to obtain such volume ionization the collector must be maintained at a
potential which is positive with respect to the emitter by at least the ionization
potential of the gas between the electrodes. Such a high potential would make
thermionic conversion practically impossible.

However, it has been known for many years that under certain conditions
an arc can be maintained at potentials far below the ionization potential. Such
arcs were first analyzed by Compton and Eckart (Phys, Rev. 25:139, 1929) and by
Druyvesteyn (2, Physik 64: 78, 1930). It was soon discovered that such arcs (known
as "low voltage arcs®) have a "virtual anode” in the interelectrode space whose
potential with respect to the emitter is considerably higher than the collector
potential,

The equations of space charge limited discharges were developed by
Langmuir (Phys. Rev. 21: 419, 1923) who also made a thorough study of the neutral-
ization of space éharge by positive ions (I. Langmuir, Phys. Rev, 33: 934, 1929).
Auer and Hurwitz (J, Ap, Phys, 30: 161, 1959) have expanded this last work.

Whereas "normal” discharges have been fairly well analyzed, the analysis
of the low voltage arc presents several special difficulties. Originally Compton
and Eckart made measurements which indicated that the maximum space potential was
equal to the ionization potential, It was found difficult to explain how the
electrons which had caused the ionization could obtain sufficient energy to
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overcome the potential barrier to reach the collector. Druyvesteyn (Z, Phys, 641781,
1930) gave an explanation in having the electrons, coming into the plasma region,
share energy with the “ultimate" electrons present giving them the required energy.
Also a large concentration gradient had to be present in order to the required "drift
current”.

Malter, Johnson and Webster (RCA Rev, 12: 415, 1951) discuss various
arcs and the transition, in the case of noble gas discharges, from the anode-glow
discharge through the "ball-of-fire"™ mode or low voltage arc to the "Langmuir mode"™
and then to the temperature limited case where full saturation current is drawn.
According to Johnson (RCA Rev, 16: 498, 1955) in the case of the low voltage arc
the maximum space potential is far below the ionization potential, In this case
it was 3 prevalent assumption that cumulative ionization was the dominant mechanism.
However, Johnson shows that direct ionization by the high energy tail of the Max-
wellian distribution is sufficient to explain the effect.

However, other mechanisms can help maintain the required degree of
ionization. Thus photoionization experiments have shown (K. Freudenberg, Z,F, Physik
67, 417 (1931)) that collisions between excited cesium atoms and neutral atoms or
between two excited atoms can result in an ionized cesium molecule. This process
is aided by the binding energy (.35 volts) of the molecule and the fact that only
3.2 volts is required to ionize a cesium molecule. Thus only about 2.9 volts need
be supplied to produce a cesium molecular ion versus about 3.9 volts for a cesium
atomic lon,

This process is aided by the well-known "imprisonment of resonance
radiation®, i.e., resonance lines will tend to be absorbed within the plasma and
thus maintain a high level of excited states. Even the 8521 line, corresponding

to 1.45 volts, can excite atoms which are able to combine to give a molecular ion.

62,




4.4 EMITTER SHEATH
For practical purposes the discharge can be divided into three regions:

the emitter sheat, the plasma, and the collector sheath, We can take the emitter
sheath to be the region between the surface of the emitter and the potential maxi-
mum. We assume that practically no collisions occur in this region and that the
plasma is the source of an ion current density Jb. By applying Langmuir's method
to a Maxwellian distribution of electrons emitted at the emitter at a temperature
Tes we find that there will be a potential minimum in this region with a value /™

The electron current density Jo into the plasma is given by

Je = Iy oxp (__m_g ) (3)
e

where Jg is the saturation electron current density found by Richardson's equations

Jg = ATe2 exp - %L) (4)
e

In equation (4), A is a constant ( = 120 amperes cm™2 sec'ldeg-2), Pe is the work
function of the emitter, k is Boltzmanns constant and e the electron charge. Be-

tween the emitter surface and the potential minimum the electron concentration

mg \1/2 1/
Pé = L];S. (%&) [1 + erf ] exp (kTe (5)

Past the jotential minimum

nme 1/2
Pe = e 2k‘l') [1 - erf kTe exp (6)

where me 1s the mass of an electron and V the potential at the point in question
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with respect to V,. The positive ion density

=£2(ﬂ:2 Ve l-erf/-ﬁ-(v -v) | exp) - (v
Fb - 2kTp kTp P p kTp (p-V)} (7)

where m, is the mass of the ion, 'I":> the ion temperature in the plasma and V,
the maximum space potential (with respect to V). By applying Poisson's

equation,

&y (P f)e (8)

dx2 €o
(€, = permittivity of freespace), and integrating once by applying
the condition that at the potential minimum g% =0 and V= 0, we obtains

2_ 3 1/2 v v 1/2
v = e /_e 3 2
% o (20mg kT,) (1 + erf kTe) exp(ue) 3 -3 (gkv.) -1
J 1/2
= [mpT -
+ % (Tp.riz) G-erf /;%; vy = V) ) exp (fr; (v, v))

+ -2 L (V. - _(_ oV eV
.'-'375 kTp(p V) l-exf _fa exp k—TE

ko P
1/2 (9)
2 eV
i (=)

where the top sign is valid before the potential minimum and the bottom sign

after. At the potential maximum g—:— =0, V= Vp and we obtain
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1/2

(i) U ] ki) (3

"o 1 f1-ext [ev ] V : 1/2
. er :_%l f)exp(!!E) - -5%5 (!!2
Since (l-erf Xl/z) exp X =(nx)'1/2 (for x> 2),
) ov \ /2 _°.!2 -1/2
and since 1,—175 ('ﬁ?) 1> T, )
1/2 -1/2
2 3!2) »»(’.’2‘.’2)
d
| an .,',375 ( kTp kT,
1/2
we obtain ;E % ;E / (11)
e e "
Je mp

This is the familiar relationship.

We also find that for T, = 1500°K = T,, Jo = 10 amps/cm? and
Vp = 1,5 volts, that the cathode sheath will be about 0.005 cm. thick, a
reasonable value as evidenced by visual observation of the discharge. This
also supports the validity of the assumption of no collisions in the emitter

sheath.
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4.5 PLASMA REGION

Inside of the plasma region there is effectively no free charge
(i.e., total charge = 0) so that [ =Pp = n. The electron flow density

fz and the ion flow density iq?p are governed by the flow equations

Te
P

and the continuity equations

v il

-y
v, = =

-y

-n pe £ -V (D¢ n)
-<>

n pp E -V (D n)

zn ¢ 0

where the subscripts ¢ and p refer to electrons and ions, respectively, E is
the electric field, u the mobility and D the diffusion coefficient. z is the
number of ions generated per second per electron and, according to Johnson

(RCA Rev, 16: 498, 1955), it is given by
2 = 0.625 x 108 T,2 a p (V; + 2kT./e) exp (-eVi/kT.)

where the quantity a is defined in equation 4.1 on page 79 of Cobine (Gaseous
Conductors, Dover, N.Y., 1958), p is the vapor pressure in torr and Vi is the
ionization potential of the vapor. Johnson derives this expression by assuming
a one-step ionization of the gas by the high energy tail of a maxwellian dis-
tribution of the impinging electrons. Since our measurements indicate that

the electrons in the plasma of our discharge are almost entirely maxwelllan

or very closely maxwellian, this expression is valid,
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Since our measurements show no appreciable variation of the potential
along the x-axis, the longitudinal component of the electric field must be zero.
However, the electron temperature does change so that the electron diffusion
coefficient Dg cannot be removed from under the differentiation sign at least
in the x direction. By further making the assumptions that the radial flow of
electrons is zero under dynamic equilibrium, that Dp is constant and that z can
be represented by an average z throughout the region, depending on an average
electron temperature Tg » we obtain an expression for the minimum Te required
to maintain the discharge

£(D) = 0.625x105 T, "2 (v, + %&) exp -(%1) = bok | 5,784 , 0,87 Tp

7
ape
k e | 12 12 T

and for the concentration

h = ¢ J,(2.405 r) cos (TWx/1+ Cp)

where r; is the outside radius of the plasma, ] is the length of the plasms and
C, and C, are constants.

The observed electron concentration distribution agrees quite well
with the cosine distribution given by the above equation. The radial distri-
bution is close to the Bessel function found. Further, by inserting values
app;opriate to our discharge it is found t;at C, = /2 and thus the maximum
concentration of electrons (and ions) should occur near the center of the plasms,
Again this corresponds to the position of the maximum as determined by the
measurements. By inserting the best available values we obtain

P = 004 [uga»fwgsz In]

) l ?‘
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Since,as mentioned previously, the visible discharge appears to be confined
almost exclusively within a cylinder with a radius equal to the radius of the
emitter (.3 cm) and a length equal approximately to the emitter to collector
separation, we can put r; = .15 cm. and 1 = .25 cm. corresponding to TC-158.
If we then assume that Tp/Tz is about 0.1 we find that
T = 8100°K

This value agrees remarkably well with the value 7900°K actually
found near the center of the discharge considering all the assumptions made
in the derivation of the equation.

The equation also shows that the temperature should decrease when
the separation and/or the emitter area is increased. Again this decrease is
noted. If we place r = .32 cm and = .44 cm, the values corresponding to

those present in the metal-ceramic cell, we find

T = 7000°K.
Actually the measured temperature is about 5500°K. This result indicates
that whereas a large part of the ionization can be explained simply by the
high energy tail of the maxwellian distribution, other processes must be
present. However, the enhancing effects of resonance entrapment and of
molecular ion formation as discussed previously undoubtedly explain the

required remainders.
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4.6 COLLECTOR SHEATH
The collector sheath must supply conditions which match the edge

of the plasma with the surface of the collector. Thus there must be a re-
tarding field present in the sheath in order to permit the proper number of
electrons to escape from the plasma to correspond to the measured current.

This retarding field must arise from a potential drop V. which is given by

vc=5;r§.in-ﬁ6—i
e 4T2_

where V‘ is the average velocity of the electrons and all the values in the
right side of the equation refer to the collector edge of the plasma, By our
measurements in TC-158 we have

Te 5600°K

Pe
Jo = e ’Z = 4.5 amps/cm?

.57 x 1013 cp3

and 7, =6.21 x 10° V2 = 4,65 x 107 cm/sec.

Thus we find
Vc = ,41 volt.

The considerations discussed above are illustrated in Figure 39
which shows the potential diagram for electrons which is present in our
thermionic converters according to the measured values. The actual values
for the quantities shown in Figure 39 in the case of the particular glass cell
used with the adjustable probe are

$o = 2.2 volts (corresponding to J, = 10 amps/cm2)
Vg = 0.1 volt
V. = 1,3 volts
Vc = 0.4 volt

vV = 0.1 volt
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According to Figure 39 we see that the plasma drop must be
Vg = V. = 0.9 volt. The collector work function Bo=~FPo=-V-~ JRp = 1,2 volts,'
For the metal-ceramic probe cell TC-230 we h;vo
Te = 5000°K
0.8 x 1013 cm™3

®
]

= 6.5 amps/cm2

(&
(3]
L}

0.3 volt.

and thus v
Since V is 0.2 volt and V, is 1.0 volt and assuming the other values are the
same as for TC-158, the plasma drop V4 is Vg = V= 0.7 volt. The collector

work function @, is given by

Po - Vg - V=22-0.7 -0.2 = 1.3 volts.
These estimates of collector work function indicate strongly that the collector
surface is a complex one and not simply pure cesium upon clean molybdenum. The
emitter evaporants in conjunction with outgassing reaction compounds produce

multi-atom attraction forces at the collector surface.

4,7 ENERGY BALANCE

We have shown that the electron temperature, electron concentration,
and space potential distribution agree fairly well with a simply physical
picture. One further point must be discussed. This is the energy balance in
an operating thermionic device. As discussed earlier, the heat applied to the
emitter raises the electrons from their Fermi level inside the emitter to the
potential at the surface, and supplies them with an additional amount of

energy equal to 2kT,. Heat is lost from the emitter by radiation and conduction.
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The maximum output from the cell per electron is equal to (g, - fic)e. However,
in the plasma additional energy is lost by radiation and diffusion of the ions.
This energy is equivalent to perhaps a few tenths of a volt. A more serious
loss is due to the fact that at the collector edge of the plasma the electrons
are at a much higher temperature than at the emitter surface. Thus, the average
kinetic energy in the direction of the collector at the emitter is 2kT,. At the
collector it is 2kT  where T ¢ is the electron temperature at the collector.
Thus a potential drop equal to 2k(T - To) must be supplied in the arc to take
care of this loss. Since T, was 1500°K, in the case of glass cell TC-158 this
will amount to 2k(41009K) = 0,7 volt, while for metal-ceramic cell TC-230 it is
2k (3500°K) = 0.6 volt. Since an 0.9 volt arc drop was found in the first case
and 0.7 volt in the second, 0.2 volt and 0.1 volt, respectively, are available

for other arc losses. Thus the energy balance appears to check quite well,
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SECTION 9, EMITTER WORK FUNCTIONS AND PATCH EFFECTS
5.1 Work Functions

Our major interest in the work functions of the emitter and collector
is focused on their ultimate effect on diode output. The most obvious effects
are on the electron emissivity of the emitter and on the output voltage of the
converter.

The work function is basically a measure of the energy of electrons
at the emitter surface. Therefore, in order to understand its significance
we must study the energy of electrons both inside and outside of materials.
There are two basic approaches: the macroscopic or thermodynamic method
and the microscopic or statistical-mechanical method. The thermodynamic
approach has the advantage that no particular model or physical assumptions
need be made. Variables are defined in experimentally measurable terms and

appropriate equations are derived by purely mathematical methods. Herring

and Nichols (Revs. Mod. Physics 21: 185, 1949) define quantities ; and p
which they call the electrochemical and the chemical potentials respectively:
¥ = (3F/3n)g (1)
. p.=;+9! (2)

where F is the Helmholtz free energy, n is the electron concentration, e is
the electron charge andjf is the electrostatic potential. p has the advan-
tage over ; in that it is independent of surface and external conditions.
These variables can then be used to derive useful equations.

The statistical approach, on the other hand, requires specific
assumptions to be made about the 1nternal states (l.e., it needs a physical
model). However, it permits a much better insight into the actual processes

involved. In order to apply the statistical-mechanical method each electron
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is assumed to be specified by six variables or "coordinates", three spatial
coordinates and three momentum coordinates.

From Heisenberg's Uncertainty Principal (i.e., relating to Planck's
quantum hypothesis) a "point" in phase space must have a volume of n3.
Furthermore, since electrons have spins of one-half unit, their wave functions
must possess certain symmetry properties. This leads to Pauli's exclusion
principle: Each quantum energy level can be occupied by one and only one
particle with a half-integral spin. However, since there are two possible
orientations of the spin of an electron and the spin orientation does not
affect the magnitude of an energy level, each energy level can hold two
electrons. Inside of a solid where the energy levels are discrete and there
are large numbers of electrons present, then, even at absolute zero, high
energy levels must be populated by electrons. In summary, half-integral
spin particles must obey Fermi-Dirac statistics. Other particles obey Bose-
Einstein statistics.

The result of these considerations is that electrons inside of a solid
do not have a Maxwellian distribution of energy, but rather, the probability

that a state of energy 1is occupied is given by the expression

1 ’

exp(e -u) +1
kT

where p here is known as the Fermi level which is the energy level with an

occupation probability of one-half. It must be noted that in a vacuum,

electrons are eisentially free particles; hence, their energy levels become
-
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continuous, and the Pauli exclusion principle is meaningless. Thus, in a
vacuum, the electrons can possess a Maxwellian distribution.

We can now define the "true work function" ¢ as the difference be-
tween the electrostatic potential energy of an electron just outside the sur-
face of a solid (-0,) and its Fermi level just inside the surface (w/e)s

g =", - v/e (3)
Since the Fermi levels of two conductors in contact must be equal, their
*contact potential” is equal to the difference in their work functions.
The output of a thermionic converter depends on the contact potential be-
tween collector and emitter; therefore, the determination of the work func-
tions is of utmost importance in the theoretical analysis of these devices.

For the case of a plane emitter with a perfectly smooth surface and a
uniform work function which emits electrons with a Maxwellian distribution,

the familiar Richardson equation can be derived.

3,=A T2 PN (4)

where js saturation current density

- 2 - 2
A = = 120 cm T2
ﬂ%..e_ amp/

A somewhat more sophisticated derivation gives an equation of the following

f
o Jg= A (1-1)126%/%T (%)

where r is a reflection coefficient. Unfortunately, this reflection coefficient
is very difficult to determine, but indications are that it is generally very
close to zero; hence, the simpler Richardson equation is quite adequate if

its restrictions are duly noted.

It is known that the work function varies linearly with temperature:
g=@f+arT (6)
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Thus, we can write the Richardson equation in the form:
3 = wer2 /KT (7)

where A*

A eo¢/k (or more exactly A(l--r)c‘"/k

This form is applied very frequently. However, it appears more profitable
for us to apply the original Richardson equation since we are mostly inter-
ested in the actual work function at operating temperature, and this permits
a more direct comparison of different emitters.

Another phenomenon which must be considered is the well-known
Schottky Effect (Nottingham, Thermionic Emission, Encyclopedia of Phvsics 21:l,
1956). It is apparent from the definition of the true work function that if
the potential outside the surface of an emitter is changed the true work
function also changes. Thus, if an electric field is applied, the work
function will be reduced by an amount proportional to the square root of the
electric field, If a plot is made of the logarithm of the collected current
versus the square root of the electric field, s a straight line should be
obtained once the space-charge limited region is passed. This line has the
equation (Millman and Seely, Electronics, McGraw-Hill, 1951, p. 151)

1/2
log,, I =1og)ol4h + QN € _
10 10 = (8)

Thus the slope of the line is 0°19°/%. Such a "Schottky Plot" can give
valuable information and will be discussed again in the next section.
5.2 "Patch Effects"

Actual emitters very rarely possess uniform surfaces with a constant
work function. A surface with "patches"of different work functions next to
each other would give rise to electric fields which would seriously affect
emission. In the case of closed-spaced devices, such patches could be con-

sidered to be equivalent to numerous diodes connected in parallel and would
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decrease the efficiency of a converter considerably (Weigmann and Gummick,
Closed-Spaced Thermionic Converter Effects, AIEE Pacific General Meeting,
Aug. 1960).

In the case of diodes where the interelectrical spacing is large in
comparison with the size of the patches, Herring and Nichols (Revs. Mod.
Physics, 21: 185, 1949) show that when small fields are present the Schottky
plot will be a straight line with the same slope as a uniform surface with the

following work function:

g = ZEfi ?
where f; is the fraction of the surface occupied by a material with a work
function of ¢1. a is the effective work function of the composite surface.
With higher fields this relationship no longer holds true. However, Schottky
plots with high fields present can ylield valuable information as to the exact
character of a surface. Unfortunately in vapor diodes, externally applied,
high fields cause extensive jonization effects which mask such surface
phenomena,

In the case of dispenser cathodes the surface is rather rough and
fields are present due to this roughness, causing a greater slope to the
Schottky lines (J. Ap. Phig, 28: 2, 12, 1957), L-cathodes in a vacuum have a
surface consisting of a complete barium monolayer on top of a nearly complete
monolayer of oxygen. For impregnated cathodes in a vacuum the same is almost
true except that there is emission from the impregnant at the ends of the
pores (Brit. J. Ap, Phvs, 8: 27, 1957). Thus, the basic surface is not quite
as patchy. The effect of cesium on such a surface is reported in the following

section,
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5.3 Effects of Adsorbed Gases
The classic experiments of Langmuir (Taylor and Langmuir Phys, Rev, 44:

423, 1933) and Becker (Becker, Trang Amer. Chem, Soc, 55: 133, 1929) on the
effects of the adsorption of cesium and barium on tungsten have provided the
physical model of the adsorption process by which resulting changes in the
metal work function can be calculated to a high degree of accuracy.
Electropositive elements, such as cesium and barium, tend to give up
their valence electrons to the base refractory metal, forming an electric dipole
layer with the positive end of the dipole standing outward from the surface of
the metal. An electron in the metal will gain an amount of energy AV = 2mweorp
(where o is the surface density of adsorbed ions, and p is the dipole moment
of the layer) in going through the dipole layer. The quantity A V represents
the amount by which the work function of the metal has been lowered for a
given coverage & . The effects of other factors such as van der Waals inter-
action and interactions between adsorbed ions on the surface are responsible
for a ten to fifteen percent energy contribution to A V', the measured de-
crease in work function (DeBoer, Electron n_an n Ph na,
Cambridge 1934). An electronegative element, on the other hand, tends to
form a dipole layer with the negative end of the dipole standing outward from
the surface of the metal. An electron within the metal would lose energy in
traversing the dipole layer, so that the effective metal work function is in-
creased. Since the positive ions in the metal remain in relatively fixed
positions however, the strength of the dipole layer is less than in the case
of adsorption of the electropositive elements, so that electropositive positive
elements are held more strongly to the metal surface than are electronegative

elements.
7.
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A layer of adsorbed cesium or barium then, lowers the work function,
while an adsorbed layer of oxygen raises it. It is, however, an experiment-

ally determined fact that the simultaneous adsorption of oxygen and cesium cr

barium lowers the work function more than the adsorbed layer of cesium or barium

alone does. This phenomenon can be explained by assuming that the oxygen and

cesium atoms are adsorbed next to each other (rather than in successive layers)

on the surface. The presence of the oxygen atom or ion increases the surface
binding energy of the cesium making it easier for electrons within the metal
to escape. Use of this phenomenon is made in the construction of impregnated
cathodes, in which layers of oxygen and barium are present on the cathode
surface. The interaction of cesium with the adsorbed layers of oxygen barium
appears to enhance the emission. There is not, at this time, sufficient ex-
perimental data on which to base a more sophisticated theory of multicom-
ponent adsorption which is needed to explain the observed phenomena.
5.4 Experimental Results

An analysis of the available emission data and I-V characteristics
of cesium-filled test cells showed that the effective work function of the

cesium covered impregnated tungsten varies essentially linearly with the

emitter temperature, within the range of temperatures of interest, 1400-1600°K.

Figures 40 and 41 show plots for two cylindrical cells for which a relatively
large amount of experimental data was available. The data shows that the

effective work function, @ g» is well represented by

= -3 -

g E g 1500 * 1,04 x 1077 (T-1500) (1)
where @ 1%00 is the effective work function at 1300°K. At a cesium temperature
of 200°C, @ ;49 = 2.17 volts. According to Stout (Prog. Fourth Nat, Conf.
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on Tube Techniques, 178, NYU Press, 1959) the vacuum emission of the impregnated
tungsten emitter is
g = 2.25 + 3.2 X 10”4 (T-1500) (2)
If the cesium pressure is varied the work function varies as
Be =B pop = 149 X 1073 (t-200) (3)

where @ 200 is the effective emitter work function at a cesium temperature
t = 200°C. (See Figure 41)

It is quite apparent that the variation in work function is due to a
varying coverage of the emitter by cesium. By using equation (24), noting
that the work function of pure cesium ¢cs = 1.81 - 2,39 X 10'5T, and assuming
that the sub-layer of the impregnated cathode is a uniform surface, we find
that fcs = 0.17 for T = 1500°K and tcs = 200°C. This agrees reasonably well
with the value 0.20, coverage of pure tungsten at such a cesium pressure.

If we extrapolate the equations to find the emitter temperature at
which the cesium coverage would be zero, we set equation (25) equal to equation
(26) and obtain T = 1629°K (1 = 200°C). This is near the temperature range
within which the equations should be valid. Thus, it indicates that at
1629°K and a cesium temperature of 200°C there would be practically no cesium
on the surface. If we set equation (25) equal to equation (27), we find that
at T = 1126°K (t = 200°C), fcs =1, Thus, if the equations are valid at this
low temperature, a complete monolayer of cesium would cover the basic emitter,

We see from the above that under operating conditions (T = 1500°K;
t = 200°C) our emitter will be covered by approximately one-fifth of a
monolayer of cesium. If the temperature of the emitter is increased to about
1630°K, there would be no effective cesium present on the surface, while the
emitter would have to be kept well below 1200°K before a complete monolayer would

be formed.
79.
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SECTION 6. RECOMMENDATIONS

The pulsed Langmuir Probe techniques developed here should be
extended to other practical geometries beyond that of the planar diode.
The use of the probe as a thermionic diagnostic tool in device development
can also place experimental programs on a firmer basis by making the micro-
scopic plasma characteristics immediately available during any parametric
study, Furthermore, the development of miniature probe fabrication techniques
for closer spaced diodes might be seriously considered for comparison with
the higher temperature cesiated refractory metal family of diodes.

The results of future investigations on electron cross-sections
should be applied to the spectrographically determined distribution of
excited cesium atoms to calculate an electron temperature. Then comparisons
with probe determined electron temperatures would be meaningful. In addition,
such probe and spectrographic data should be taken simultaneously from the

same device to avoid drift complications.
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FIGURE 6 ADJUSTABLE LONGITUDINAL PROBE TUBE



FIGURE 7. DETAILS OF PROBE ASSEMBLY IN ADJUSTABLE LONGITUDINAL PROBE TUBE



25T
2
:
;.'2.0-"
1.8t @
e ——— I I S
g 'S : 1'g
< I
101 '/f b e 3
:
e |
oé ;- II [ - RUN A
o -
g
(7))
0 L + 1 ¥ + |
0 02 04 06 08 10

DISTANCE FROM EMITTER — INCHES

FIGURE 8
SPACE POTENTIAL VARIATION WITH POSITION IN TWO TYPICAL RUNS WITH TC-158



SPACE POTENTIAL RELATIVE TO EMITTER, Vep —~VOLTS

2.8+

nd

o | 1
L ] ]

1.0+ ’

s

|
|

+ . -+
02 04 06 08 10
DISTANCE FROM EMITTER - INCHES

S S eam——

e

FIGURE 9
AVERAGE SPACE POTENTIAL VARIATION WITH POSITION IN TC-158.



7’
10,000+
x
-]
: J
-
P- -
&
a -
<
(1 4 !
w
S
w 5,000
-
z 4
o
&
e 1 B - RUN A
]
4 ®© RUNB
EMITTER TEMP. '
T = 1 -t -+ t
0 02 .04 06 08 10

DISTANCE FROM EMITTER - INCHES

FIGURE 10
SPATIAL VARIATION OF ELECTRON TEMPERATURE IN TWO TYPICAL RUNS WITH TC-

158.

iy TGS 7] L I i S



10,000+

|

1

ELECTRON TEMPERATURE ,T, - °K
o
©
o
o
$

EMITTER TEMP.

0+ J 1 t

0 02 04 06 08
DISTANGE FROM EMITTER - INCHES

FIGURE il
AVERAGE SPATIAL VARIATION OF ELECTRON TEMPERATURE IN TC-158.



|3(
1.0x10 +
s
£
o -l
]
m' L
z
o T
<
c -
=
:%:’ o.suo"-
£ 4
w
| -
[TY]
0 — t } + 1
o 02 04 .08 o8 A0

DISTANCE FROM EMITTER - INCHES

FIGURE 12
SPATIAL VARIATION OF ELECTRON CONCENTRATION IN TWO TYPICAL RUNS WITH TC-158.:

e L st



-
3
1.0X10 -

"

£ _

(1)

]

Q? -

z 4

=

= i

o 8

-

i 0.5x10'*4

W0,

3

S 4

S )

= (

h

(&)

W 4

-l

w

0 + + +— '
) 02 04 06 08

DISTANCE FROM EMITTER- INCHES

FIGURE I3
AVERAGE SPATIAL VARIATION OF ELECTRON CONCENTRATION IN TC-158.



100 T

10-

Q

> 3

| I 4

=

W

1 4

14

=

O

W

E..

*DISTANCE FROM
2V o EMITTER

0l

PROBE POTENTIAL - VOLTS

FIGURE 14
TYPICAL CHARACTERISTICS OBTAINED AT VARIOUS POSITIONS INSIDE OF
ADJUSTABLE PROBE TEST CELL TC-1S58.



s Y )
g
2.04 20
184 .8
(A) SPACE POTENTIAL (WITH RESPROT TO EMITTER
SURPACE )
rr.ooq
o
uo.ooo-L
S
1

(B) ELECTRON TEMPERATURE
ll.OOOJ

o't 4

(C) ELECTRON CONCENTRATION

0.8210'%4

A 'y ] ' 'l N Il L
L L 1 Ll ¥ LA L L]
] 0.8 .0
RELATIVE POSITION FROM EMITTER TO COLLECTOR (ACTUAL SPACING:.080")
FIGURE IS, MEASURED PARAMETERS IN TC-180




PROBE CURRENT

| = 080" FROM EMITTER
g — 042" FROM EMITTER
3= 083" FROM EMITTER
4= 020"FROM EMITTER
8~ 017" FROM EMITTER

/']

— 2v—)

PROBE POTENTIAL
FIGURE 16 PROBE CHARACTERISTICS FOR TC-I80




2.04
g
(A) SPACE POTENTIAL( WITH RESPECT TO EMITTER SURPAOR )
18,0004
» +*
[
4
{9) ELECTRON TEMPERATURE
10,0004
22108,
i .
5@ 3
lllo"~
{C) ELECTRON COMCENTRATION
° e I N e b 4 -y * e -
L v L v L) L) L) L ]
) o 0.2 03 0.4 o8 os or LY o.9 .0

RELATIVE POSITION FROM EMITTER TO COLLECTOR {ACTUAL SPACING £0.100")
FIGURE I7. MEASURED PARAMETERS IN TC-188



e AU 180t o 0 b Tt .47 A S

| = .100" FROM  EMITTER
2~ 088" FROM EMITTER
3= 078" FROM EMITTER
4~ ,063" FROM EMITTER
88— .080" FROM EMITTER
6 — .038" FROM EMITTER
77— .028" FROM EMITTER

PROBE CURRENT

fo—2v—s

PROSE POTENTIAL

FIGURE I8 PROBE CHARACTERISTICS FOR TC~—I88

s



L e o o

CURRENT — Amps

VOLTS

20 +

o
|
T

}

1 ¥
o +1.0
VOLTAGE

-1 01

=20

204

f
21 PULSE.

|

|

I‘-—G ms ————'r'ms"
FIGURE 19

DOWNTRACE

VOLTAGE

HEATER

e

L

4!!'[\'41./,4“".3

-

sy ot

FIGURE 20



o OB, T R R Sy -

CURRENT —Amps

VOLTS

CURRENT — Amps

VOLTS

20 «~

VOLTAGE

20~
104
Y +—+ #.,%!A&%f%:!%*.'m:
|
-104 | 2 2|
rms-r-ms-ul
—-204
FIGURE 2l
2.0T
DOWNTRACE
1.0

0 ' +1.0
VOLTAGE

-20*

FIGURE 22

tms



CURRENT— Amps

VOLTS

CURRENT — Amps

VOLTS

207
.04
Y }
-1.0
20 HEATER
10 + A
o o I]A'\ Jl ¥ T : = } 1) .T + : } = % f /!\_VL ’ t ms
adl os | 1 as 1| 1
10 ms 'I L:’ PULSE ms | l"-":
<204~
FIGURE 23
2.'0 T
DOWN TRACE
Ww T
T UPTRACE
1 N L 1 d
o- ..o L} ) L 1) b T T L] + '.o
VOLTAGE
20T
IO-\
0f|.¢:¢7lh\.:: 't ms
-0 T h
+ I-c-Ams ——-{ I.—i ms \\ PULSE
-20

FIGURE 24



3808d O1 031Mddvy 3570y SZ 3unoI4

e

Puoes 1 |

£ 1] ow\

—————02-




TUNGSTEN
ROD

le— GLASS COATING

PROBE

L

COLLECTOR
T

¢/

'II/I////{//////‘

/4 A
AV

| JE:.&H‘ -

X
—~| 180" fe—
FIGURE 26

SCHEMATIC DIAGRAM OF RADIAL PROBE ASSEMBLY




413 S$3d

el D) .Nm(nl/

drs 39007
AUV IVAOCY OPO°

X18N3SSVY ANLINO03I9 dND A3SOddO 3G0¥d ITEBVASNNrAY OINVHIO TVIIN L2 3HN9N4

S YwiIW
V-V Moild3s
1

VRO -BHLLNNOW 'IONVTS

D N ALS SSINY
BYAO ~1071d "ONINGSNG

1SIX500¢E ~-SMOTTIG

<

4N yonci Bk 2

- 9GINSODEE ~L17d4S ‘BIUVLIY

ﬁ?&a 129-0€9-202 - M3WIS

A% JVAON OUp Lid 3c007
ot AMS SSID0Yy 235
300HLY? dN>

MO 20
0€0/%20" QUi 114 35007

1S S PH0D -PIUVLIY
S S3 3302 - I LIVAY

QSINS00ES
-ANIWLSNCAV ‘MBS
_ — [)

G-
S¥o°

T Tz

3A008D 44 910/ N0"

il

_

U

(-1} _ _

]

via
sz

vig -
0021

Avaon Gl0° L
SIN00YS ™ A1 F5007
Sinvyad “uIOWIS
Moarh o0 900,/00°
Foorw ' 2w,

IOy auni L $SS3ay

41HS S$33084 395
a0 ‘and

‘a'0 090" ‘ Q' 020"
- DNIGNL ZL3VNO

‘HOLVINSNI ANy
OMENnL Ziavnd NBng
-33IM NILSONAL vid Si0°

vig
ool

$0" 25 -=ISyZSI¥

() 4}

AUVYAOM - DNIZ

@L33 9) 2¥Y-5€9-202 - LON
@O33 €) 115538 390D - 1S0d

‘ON ‘AVD
IVNWIAL NN G,
oavacIod> ‘N3atoy

‘0D NIYI3530d S300>

ONIY NI 114 35001 - HOLVYING NI

191 MS00€C - HONIUM AINNVLS



FIGURE 28

METAL CERAMIC ADJUSTABLE PROEE CELL TC- 230
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