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ABSTRACT

This thesis deale with some recent experiments conducted with
low<temperature seeded plasmas at atmospheric pressure. A simple
arc jet was utilized to heat a steady flow of argon gas which was sub-
seqguently mixed with a small amount of potagsium vapor. The result~-
ing mixture was then channeled through a suitable electrode configura-
tion.

Results of the experiments indicated two modes of steady,
atable current conduction between the electrodes. The data indicated
that thermionic emisaion was sufficient to provide the observed cur-
rents during both modes of operation. In the first, or normal, mode,
the effect of gas phase phenomena predominated in fixing the current.

Under certain conditions, a transition to a second mode of
operation occurred. In this mode, the current was found to be ther-
mionically limited, and thus was determined solely by elecirode surface
effects. A quantitative comparison hetween the observed valtage-
current characteristics and two current conduction theories is pre-
sented,

The aforementioned comparison, along with a quantitative ex-
amination of the experimentally observed elevated electron temperas
tures, indicated that both Joule heating and some non-equilibrium
process must be considered in order to obtain a satisfactory under-
standing of the current conduction phenomena.

Electrode heat transfer was studied by observing variation of the
electrode temperatures with magnitude and polarity of the current.
Analysis of the data indicated that an important heat transfer mechan~
ism was the penetration of the surface work function barrier as elec:-‘

trons entered or left the surface,



SUMMARY

This thesis describes and discusses some experiments con-
ducted with low=-temperature, sceded plasmas. The objectives of these
experiments were: {1) the study of the mechanism of current conduction
in seeded pldamas; {2) the investigation of electrode suriace phenomena
in the presence of the aforementioned plasmas; and (3) the datgrminatim
of the efiect of current conduction on the electrode heat transfor rates.

A simple avrce jet was utilized to heat a main flow of argon gas.
This main {low was mixed with a small, secondary flow ‘caf argon wiich
had been passed throupgh a potassium boiler, and thus contained a known
concentration of potassium. After the mixed flow passed through an
"equilibration' chamber, the resulting seeded plasma was ducted
through an appropriate electrode tost section.

At the entrance to the test section, tho plasm:i pressuro wab
maintained at one atmosphere, with a total mass flow of approximately
2.5 grams feec. The plasma tempe rature was varied between 14&)'30?_{
and 2500°K, and the potaseium aeed concontration was set between the
limits € = 1. 3 mole per cent, which produced an electron density on
the order of 10']'4 per cm3 under normal operating conditions.

A coaxiel electrode configaratioﬁ was employed in most of the
experiments to insure that the current conduction occurred through the
plasma rather than along spurious shortin@ paths which may be devel-
oped oa the ingulator suriaces of other clectrode geometries. Two
other electrode systems were also utilized in some of the tests; they
were designated by geometry as “double wire' and "axdal" test scctions.
The characteristic axial and radial dimensions of the electrode test

scction were on the order of cne centimeter. During the course of the



experiments, data were taken to determine the following quantities:
gas enthalpy, potassium seed fraction, electrode voltage, current, and
temperature.

| Results of the experiments indicated two modes of steady,
stable curreant conduction. In the first or "normal’ mode, the effect of
gas phase phenomena predominated in the determination of the current
magnitude. Under certain cbnditions, a transition to a second mode of
operation occurred. The experimental data indicated that electron
erniesion from the cathode was by the thermionic process in both modes
of operation. In the second mode, the current was found to be ther-
mionically limited, and thus was determined solely by electrode surface [
effects. /

With operation in the normal mode, a voltage - current charace
teristic was obtained in which dv/di steadily decreased with increasing
current until a small limiting value was reached. The effects observed
when the electrode surface area and the potassium seed concentration
were changed, and the fact that values of the measured and theoretical
conductivity agree approx:lmateiy for emall currents, indicate that the
voltage - current characteristics of the normal mode are dominated by
gas phase phenomena.

Two theories were considered with the purpose of explaining the
curvature of these voitage - current characteristics, The first theory
agssumes the conductivity to be a function of the local gas temperature,
and thus attributes the varying slope of the V-] curve to ordinary J’ouie
heating. The second theory is that of non-equilibrium conduction (due
to Kerrebrock). In this theory, the conductivity is a function of the
current density, and this is purported to be the dominant factor in



determining the V-l characteristic. A quantitative comparison be-
tween the two theories and the experimental results indicates that both
Joule heating and some non-equilibrium process must be taken into ac-
count to explain the high conductivity valuee and the elevated electron
temperature which were observed.

During the transition from the normal mode to the current
limited mode, a decrease in the current and an increase in the elec-
trode voltage were always observed. A physical mechanism for this
transition is proposed and discussed. Cme of the basic assumptions is
that the maximum normal mode current obtained just prior to transition
is the thermionically emitted current. Any additional increase in the
electrode voltage then appears as an increased potential drop across
the cathode sheath. The emitted electrons are accelerated by the sheath
potential and then thermalized near the cathode surface by collisions
with gae atoms. Heat transfer from the thermalization region back to
the electrode produces an increase in the electrode temperature. The
increase in electrode temperature produces a decrease in the fractional
coverage of adsorbed potassium atoms on the electrode surface, and
this in turn causes the large decrease Ln. current observed at transition.
The variation of normal mode current at transition with seed fraction
and electrode surface area was found to be in agreement with previous
work on electron emission from metals with surface adsorption of al-
kali metals.

In the second mode of current conduction, the V-l curve had a
vertical slope, indicating a thermionically limited current. The mag-
nitude of the current in this mode indicated that the electrode surface

wasg still appreciably coated with potassium. As was expected, increas-



ing the seed fraction in this case produced an increase in the thermi-
onically limited current, and a simple experiment in which the elec-
trode surface area was decreased produced a linearly proportional

decrease in the total current.
Electrode heat transfer was studied by observing variation of

the electrode temperatures with magnitude and polarity of the current.
With electrons being emitted from the center electrode, the electrode
temperature tended to steadily decrease with increasing current (nor-
mal mode conduction). With the polarity reversed, the electrode tem-
perature rapidly increased with the current., With the test section of
these experiments, the cooling was chiefly by radiation, and thus a
comparatively amall change in electrode temperature was indicative of
a large change in electrode heat transfer. Analyses of the data indi-
cated that an important heat transfer mechanism was the penetration of
the surface work function barrier as electrons entered ox left the sur-
face. This effect was sufficient to cool the electrode in the case men-
tioned above, even though Joule heating in the boundary layer, free
streara, and in the electrode itself all were contributing toward raising

the electrode ternperature.
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I INTRODUCTION

In recent years, a number of devices have been proposed
which utilize the interaction of electromagnetic forces with an ionized
gas. A numberyr of these devices are concerned with one of two prob:
lems: (1) acceleration of the gas with a view to producing a propulsive
thrust, and {2) the direct conversion of thermal energy to an electrical
form. One of the chief applications of these devices is in the realm of
interplanetary epace missions. The simplest procedure suggests a
system with two electrodes between which an electric field is applied.
Perpendicular to the electric field, a magnetic fleld is set up and the
fluid is subjected to a body force in the direction of & X 5, Depending
upon the relative divections of the flow velocity and £ x 8, thie device
may act either as an accelerator or as an electrical generator. Both
of the aforementioned applications require that the final apparatus be
capable of operating for long periods of time, such as sev#ral months,
or even several years.

In order that either of these devices operate efficiently, it is
necessary that the gae have a high electrical conductivity. Since the
gases proposed for use in such devices are usually products of come
bustion (of hydrocarbon air mixtures) or noble gases, it is evident that
very high working temperatures are necessary to insure the degree of
ionization required to achieve a high conductivity. Such high tempera-
tures are often incompatible with the long operational lifetimes also
required. Thus, the fabricating materials impose an upper limit to the
operating temperatures of the proposed accelerators and/or generators.
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In order to reduce the gas temperature and yet maintain an ade=
guate clectrical conductivity, the gas is often Yseeded! by injecting a
small amount of some material such ag cesiurn or potassium. Such
materials ionize readily at relatively low temperatures, and thus can
be used to give high conductivity at temperatures as low asg 2000°x,
However, in addition to changing the properties of the bulk of the gas,
canditions at the electrode surfaces ave also affected since these ma-
terlals tend to coat the electrodes.

A large number of factors, both at the clectrode surface and in
the bulk of the gas, interact simultancously to complicaie any analyses
of such devices. The presence of potassium in the gas causes 2 cere
tain fraction of the electrode surface to become coated with potassium.
This vsually has the favorable effect of increasing the electron emisc-
sion {from the surface. In addition, the ions produced at the surface,
alonp with the ions in the free stream, partially neutralize negative
space a}iargea;, which results in larger electrode currents.

In view of the complexity of the general problem, Ia. series of
experiments were conducted to gtudy various surface and gas-phase
procegses which have important influences on the performance of gen~
erators or accelerators using a secded plasma as the working fluid,
The problems investigated include current conduction through the plas-
ma proper, several surface phenomena associated with the adeorption
of potassium on the electrodes, the emission of currents from hot
electrodes, and heat transfer rates to the electrodes. The chief dif«
fleulty which arose here was the process of properly interproting the
dafa and sorting out the various cffects by viewing the behavior of

several readily-measured experimental quantities.
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II. EXPERIMENTAL METHOD OF INVESTIGATION

A simple, steady-state experiment was set up to study some of
the aforementioned effects associated with current conduction and sur-
face phenomena in a seeded plasma. The plasma used was composed of
a mixture of argon gas and potassium *'mp'car. and in order to simplify
the experiments, no magnetic field was applied. |

The plagsma ranged in temperature from approximately 1200°K
to 2700°K with a total static pressure of one atmosphere in all cases.
Values of the seed concentration, n, /n_ , ranged between zero and
1.2x 107 Z. and thus, under typical operating conditions the electrom
density was on the order of 10t zlactrmalcma. \

A conventional arc jet was used to heat argon, and potassium
seed material was injected by passing a small flow of argon through a
bath of liquid potassium and mixing this with the main, heated argon
stream. This mixture then passed through a chamber in which the flow
equilibrated to a more or less uniform, homogenecus fluld. Finally,
the resulting ';aeeded plasma' passed through an appropriate test sec~
tion. A schematic cﬁ;gram of the apparatus is depicted in Fig. 1, and
& detailed description is given in Appendix E,

Figures 2, 3, and 4 show several of the test sections which
were employed. in these experiments. At first, a rectangular geometry
similar to that of Ref. 1 was employed. This configuration consisted of
two rectangular electrodes with insulating side walls. However, the
potassium was able to diffuse into the various thin joining cracks and
apparently into the insulating side walls, and thus produced shorting
paths for the current. In order to avoid this difficulty, the coaxial
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B
electrode geometry illustrated in Fig. 2 was devised. In this config-
uration, the current must pass through the plasma, and thus it is as-
sured that the obeserved conduction is through the gas rather than
through some combination of gas conduction and shorting paths. This
electrode configuration was used in most of the tgats » and unless
otherwise stated, this is the type of test section geometry which is
under consideration. The "double wizre’ set-up (Fig. 3) wa.a. ﬁtnized
to give a considerably different conduction geometry and thus provide
some insight in separating the surface phenomena from effects in the
bulk of the gas. Finally, the "axial" flow geometry (Fig. 4) provided a
geometry in which the current paths were parallel to the gas flow ve~
locity. Such a situation proves more amenable to mathematical analy-
sis. Utllization of twin cathodes in the axial geometry with individual
switching provided some very simple, yet very effective, methods for
separating surface phenomena from gas phase ph;enomena.

A special argon heating system was inatalled for use with con-
ductivity maxima experiments. The total secondary argon flow which
ordinarily passed through the potassium pot was divided into two parts.
Depending upon the amount of sceding material desired, a given flow
rate of argon was directed through the pot. The remainder of the -argm
was passed through a heating coil which was maintained at the same
temperature as the potassium pot. This method permitted a fixed value
for the secondaryargonflow independent of the seed concentration and
thie resulted in a constant plasma temperature at the mixer exit.

The physical measurements which were obtained during the test

rung included the following: voltage and current passing through the



arc jet, temperature rise in the arc-jet cooling water, argon flow

rates, test section voltage, current and electrode temperatures.

Table I lists the magnitudes of some of the operating parameters of

the complete asystem.

TABLE 1

Arc Jet and Test Section OEeraﬂngEonditions

Parameter

Main argon flow rate

Fotassium pot argon flow rate

Potassium flow rate
Voltage

Current

Arc power

Mean argon temperature
Argon pressure

Potassium pressure
Potassium pot temperature
Mean flow velocity

Mach number

Wall temperature
Flectrode temperature

Mean flow stay time

Electron-electron _equilibration

time

Arc Jet
2. 23 g/sec

60 ~ 90 volte
30 - 120 amps
2.7 - 8.0 kw
1200 - 2700°k
1 atm

o” (400 £ps)

o (0. 1)

230 - 700%¢

0 (1.2x10" %gec)

0

o (10719 gec)

(continued)

Test Section'

2. 23 g/sec
0« 0.5g/sec
0 - 0,03 g/sec
0«4+ 24 volts
0 « + 50 ampa
1200 - 2700°K
i1 atm
0-.013 atm
475 - 520%

O (400 fps)

© (0. 1)

750 - 1160°C
1000 - 2500°C
o (10”2 sec)

0

o (10719 gec)



-]l0=

Electron~neutral equilibration b
time O (10 = sec)

Electrode drift time (electrons) -

Viscous Reynolds number
(L.~ 1 cm) -

¥ Heom implleé "on the order of',

6

O (107" sec)

10'6 gsec

o (10%



m. EXPERIMENTAL RESULTS

A complete selection of typical experimental results is com-~
piled in this section for ease of reference and to provide an overall
picture of the various phenomena observed during the investigation.

The data will be presented here unaccompanied by any attempt at ex=
planation, and discussion of the implications of these results will follow
in subsequent sections.

A. General Characteristics of the Ubserved FPhenomena

Migures 5, 6, 7, and 8 show typical voltage-current data ob=-
tained from the coaxial, double wire, and axial geometries as indicated
on the graphs. Two different modes of operation were found to exist
for steady current conduction and are indicated in these figures. As
indicated in Mig. 5, these two modes will be referred to as the normal
mode and the current limited mode. An unstable transition phenomenon
wasg found to occur temporarily when the test section passed from one
mode of operation to the other.

In the normal mode, the current is a monatonic function of the
applied voltage. As the applied voltage is increased, the current in-
creases slowly at first and then more rapidly as larger voltages are
reached. At high currents, the V-] curves have rather small slopes,
and in some cases are almost flat (see Fig. 5). With the center elec~
trode operating as the anode‘ (reversed polarity), the curves have the
same general features,and the shapes of the positive and negative
branches of the VI characteristic are quite similar. Transition to the
second mode of operation produces a condition in which the current is
substantially independent of the applied voltage. |
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Figures 9 and 10 indicate the change in center electrode tem=
perature for both the normal mode and the current limited mode. With
positive voltages the center electrode temperature decreases slightly
with increasing current,and then may increase again as the masximum
normal mode current is reached. Upon transition to the current limited
mode, the electrode temperature increases by : l_irgﬁ) ,a\ng:? {up to
700°C in some cases). With reversed polarity, ;:he éi;:étrodé tempera=
ture continuously increases with inckrea.etng current. At sufficiently
high reversed currents, the wire temperature may even exceed the
initial bulk temperature of the gas.

In the following presentation, the details of the experimental re~
sults will be considered separately for the two aforementioned maodes of
operation. BDefore proceeding to these considerations, brief meantion
will be made of some qualitative visual observations made during
normal and abnormal operating conditions.

Visual observation of the normal mode revealed a reddish glow
in the region of expected current conduction through the plasma. As
the current was increased, the intensity of this glow alao increased.
However, as transition occurred, the glow suddenly vanished. In the
current limited mode, the glow was not observed for any valuea of the
voltage and/or current.

On a number of occasions, during the transition process, a layer
of surface material {presumably adsorbed potaseium) was seen to ''peel
off'' in a spiral fashion beginning at the leading tip of the electrode and
continuing in the downstream direction. ({(The arc jet heater provides a
large initial swirl velocity to the flow which may be sustained through

the mixing chamber and test sections. )
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The aforementioned visual observations occurred under normal
test conditions. Data from such runs was reduced and evaluated. The
following comments refer to test runs which were considered abnormal.
Data taken under such conditions was not reproducible and thus was
discarded. _

When either electrode was operated at sufficiently low tempera-
tures, an arc formed across the boundary layer. This arc formation
occurred more often on the cathode than on the anode. The arc ter-
minated a short distance from the electrode surface, and the conduction
through the bulk of the gas appeared to be similar to normal operating
conditions.

Another phenomenon similar to the arc formation in the bound-
ary layer was also observed. At low currents, several small bright
spots appeared on the cathode. Each spot was surrounded by a local
reddish glow, and this gave the impression that the current was being
conducted chiefly {rom these local spots (approximately 0. 05 inches in
diameter). As the current was increased, the size of these bright spots
increased and eventually merged to completely cover the surface.

Very erratic voltage;currant data was taken when the "bright spot"
phenomenon occurred.

Tet another strange effect was observed on several occasions.
Under certain conditions, the electrode was found to be comparatively
cool up to the downstream edge of the test section. At this position,
the electrode temperature suddenly increased, and the electrode was
surrounded by a very thin band (1/8 inch long) of bright gas. The red-

dish glow emanating from the band indicated that most of the current



«20-
was being emitted from the region of the cathode directly under the
aforementioned "bright band",
B. Normal Mode Fhenomena

Under normal mode operation, the external resistance of the
electric circuit was varied, and the resulting test section voltages and
currents were recorded. It was found that the electrode voltage
changed from zero to about + 6 - 16 volts while the current ranged up=~
ward from zero to + 50 amps,

Due to the current limitations of the external circuitry, cure-
rents larger than 30 ampe were allowed to flow for periods no longer
than several seconds. The maximum currents obtained with . 080"
diameter center electrodes resulted in maximum current densities of
approximately 80 amp/ cmz. However, with an electrode . 020" in
diameter, it was possible to obtain maximum current densitice in ex-
cess of 230 an'xplcmz.

The recorded measurements of the elactrode voltage and cur~
rent indicated mean values upon which small random signals were
superimposed. In almost all runs the maximum amplitude of the ran-
dom component was only a few percent of the mean value. Data from
test runs having larger fluctuations were not reduced.

1. Effect of gas temperature. - Figure 1l indicates the effect of

varying the bulk gas temperature on the observed voltage-current
characteristics. It is noted that the curves possess the same general
features for the different gas temperatures. However, the curves are
displaced upward by reducing the plasma temperature and are simule

taneously changed slightly in shape. A stronger bend in the character=-
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istic results again as the temperature is reduced.

The effect of varying gas temperature on the electrode tem-
perature measurements is shown in Fig. 12. Data is shown only for
the positive polarity case in which the center electrode serves as the
cathode. It is noted that the curves are not only displaced as expected,
but are also radically changed in shape as the gas temperature changes.

2. Bead conceutr_a_tiou tests., -~ Tigures 13, 14, and 15 ahaw the

results of varying the seed concentration for the coaxial, double wire,
and axial geometries, respectively. It is interesting to note that the
three geometries give essentially the same result (within the experi-
mental scatter) for the optimum value of nklna ( ~0.003). Changing
the inner electrode diameter from . 040" to . 080" did not affect the
location of the resistance minimum in any regular way.

With the coaxial geometry, the shape of the resistance curve is
much less curved for the case of the center electrode being positive.
However, the location of the minima is not noticeably affected.

A special by-pass flow system was inetalled in which the gas
temperature of the argon was maintained at a constant value while the
mole ratio n, /n, was varied (see Appendix E ), Figure 16 shows
that the conductivity maxima observed with this constant temperature
set-up 16 in agreement with the results of the aforementioned experi-~
ments. As expected, the shape of the curve for nkln& greater than
the optimum value is less strongly dependent upon mn, /n, .

In all, there were sixteen tests performed at temperatures
ranging from 12009% to 250003*: with the purpose of finding the opti-
raum seed concentration. The average value of all tests was nk/na_ =

0. 0032, with a variation from 0. 002 to 0. 0049,
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Figure 13. Non-Dimensional Resistance Versus Potassium Seed
- Fraction (Coaxial Geometry).
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Figure 14, Non-Dimensional Resistance Versus Potassium Seed
Fraction (Double Wire Geometry).
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3. Effects of electrode geometry. - The general shape of the Vel

curves obtained with the three different test section geometries was the
same in all three cases. The transition phenomenon was noted with all
three geometries.

A slight difference in the zero current intercept was found for
the double wire geometry as compared to the other two geometries.
With the double wire set-up, a zero volts - zero ampe intercept was
obtained. With the axial and coaxial arrangements, a negative voltage
of approximately one volt was measured at zero current.

Besides investigating the effect of size, shape, and location of
the elecirodes as mentioned above, the effect of varying the electron=
emitting area was investigated in the following manner. A simple ex-
periment was performed with the axial geometry in which two "'center
electrodes' could be individually switched into the circuit (see Fig. 4).
With the system in the normal mode and both electrodes initially con-
ducting, one of the clectrodes was open circuited; the total current
decreased by less than 5 per cent. Alternating the two electrodes into
and out of the circuit produced identical results; i.e., a slight reduc-
tion in the current with one electrode as compared with the case of two
electrodes conducting. Approximately the same percentage decrease
in the current was observed at 2,5, 6, and 12 amps., With normal
polarity {center electrodes as cathodes), a brief transition period
(about one second) followed the opening or closing of the switches. With
reversed polarity tlm trangition time was extremely fast (a small frac-

tion of a éecond).

4. .Addition of diluent gases. - The effect of adding foreign gases
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on the voltage-current characteristic is seen in Figs. 17 and 18. Itie
noted that small mole fractions of nitrogen radically change the shape
and position of the curves. However, helium, even in large amounts,
has little eifect other than slightly displacing the curves.

5. Effect of impurities. -~ In some of the earlier test runs, the

hot arc-jet gases came in contact with teflon insulators. Inspection of
the insulators afier a run indicated a relatively large amount of tefion
~1/3 cms) had heen vaporized. The effect of the entrained teflon is
readily seen in the upper curve of Fig. 8. In comparing the two curves
of Fig. 8, it should be noted that the effective length of the conduction
region of Run 5~11-1 was one inch, while for Run 1-3/3-1 the length
was one and one half inches. The most striking difference obtained be-
tween runs with and without teflon contamination was the voltage ob-
tained with maximum external resistance, i.e., at minimum current.
Asg strikingly indicated by Fig. 8, this voltage was up to 5 times larger
in the case of contamination. In other runs with amaller amounts of
contamination, the voltage~-current characteristics would differ greatly
at low currents (< 20 amps) and then approach each other rather closely
at the higher currents. This trend is seen with the addition of nitrogen
in Pig. 17.

During some runs, the amount of the teflon contamination ap-
peared to vary in a quasi-periodic fashion. With all parameters fixed,
the voltage and current were observed to oscillate slowly (~ 1/3 cps)
between two curves such as given in Fig. 8. When such oscillating
phenomena were observed and the resulting V-I curves plotted, it was

found that the lower envelope of the experimental points agreed quite
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well with V-l data taken under similar conditions in which there was
no teflon contaraination.

With the detection of the presence of impurities in the plasma,
the question arises as to the reliability of the data and ite reproduci-
bility. An indication of the reproducibility of the data is given in Fig.
19 in which three runs are depicted. The runs were made under identi-
cal operating conditions on three separate days. Special care was
taken to eliminate impurities in the aforementioned runs.

6. Gas temperature measurements. - In addition to recording

the above-mentioned data during normal mode operation, a direct
measurement of variation of the gas temperature was made during
several runs. This was accomplished by using a sodium line reversal
optical technique. Figures 20 and 21 depict the results of sodium line
reversal temperature measurements plotted against the electrode volt-
age and the electrode current. The data in Fig. 20 was obtained with
the sodium line reversal image positioned as shown in Fig. 2. Figure
21 was taken with the axlal electrode configuration. The position of
the SLR lamp image and the center electrode are as depicted in Fig. 4.
In order to check the effect of the small viewing ports on the measured
SLE temperatures, a test with no central electrode was conducted. In
this test, the temperature was measured through the four ports and
then with the entire image in the free jet and located adjacent to the
outer edge of the test section. Identical temperatures were recorded
in the three ports farthest downstream and in the free jet leaving the
test section. The viewing port farthest upstream read a value about

150°C lower. This was found to be due to an unavoidable migalignment
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Figure 20. Sodium Line Reversal Temperature Data (Coaxial Geometry).



LINE REVERSAL TEMP., °K

LINE REVERSAL TEMP., °K

2600

2400

2200

2000

1800

1600

1400

2600

2400

2200

2000

(800

1600

1400

Figure 21.

«35m-

CURRENT
LIMITED
MODE
o o

] 1 1 .| | | | 1 | J

2 4 6 8 10 12 14 16 18 20
ELECTRODE VOLTAGE, VOLTS

CURRENT
8 LIMITED
MODE

1 1 1 i 1 J

5 10 (S 20 25
ELECTRODE CURRENT, AMPS

RUN 1-3/3-| AXIAL GEOME TRY nk/nct = 0.0041

Sodium Line Reversal Temperature Data (Axial Geometry).



«36-
of the optical system when utilizing this port. Thus,only the tempera~
tures from the second port were taken.

An experiment related to proper interpretation of the SLR tem=
perature measurements was performed. Small amounts of nitrogen and
helium were added to the flow with the electrodes open circulted. The
variation of the measured SLR temperatures,along with the computed
temperature décrea.ses caused by the diluents, are depicted in Figs. 22
and 23. The "overshoot' in the temperature with nitrogen addition is
especially interesting, '

Figure 24 presents the measured SLR temperatures plotted
against the distance from the jet axis for the case of zero test section
current.

7. Electrode temperature measurements, - A series of typical

electrode temperature variations with electrode current have been pre-
viously shown in Figs. 9, 10, a.nd-IZ. These aforementioned tempera«
tures were measured at a distance approximately 1/4" from the leading
tip of the center electrode. The data plotted in these illustrations are
from the same test runs as depicted in Figs. 5 and 6 as indicated. It is
interesting to note that the electrode was continuously cooled to lower
temperatures in Run 22-5«1 {positive polarity) even though the current
was increased to 25 amps. Contrasting this with the large temperature
increase with reversed polarity indicates a strong asymmetry between
anode and cathode heat transfer rates. In reducing the temperature
values from the optical pyrometer readings, the emissivity data of pure
tungsten was employed. This procedure was experimentally checked by
first measuring electrode temperatures in a pure argon atmosphere and

subsequently adding the potassium seed and again recording the
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temperature., Egtimates of the error introdueed by this procedure
indicated the value to be no more than about 5°C, which is within the
experimental scatter of the optical pyrometer measurements.

Figure 25 presents the temperatures of both the leading tip and
the position along the wire corresponding to the downstream edge of
the outer electrode. In this particular case, a "'reversed" temperature
gradient was obtained prior to transition to the current limited mode.
With the electrodes operating in the current limited mode, a reversed
temperature gradient along the center was always observed. This is
noted in the points suitably designated in Fig. 25. Upon returning to the
normal mode of current conduction, the temperature gradient returned
to normal (tip of electrode hotter than downstream portion).

C. Transition FPhenomena

A qualitative description of the transition phenomena has been
previously given. It was found quantitatively that the maximum normal
mode current which occurred just prior to transition increased mono=
tonically with increasing seed concentration, as shown in Fig. 26. The
large difference between the two curves shown in this last figure is ine
dicative of the general results obtained in many tests of this type. It
was fmﬁxd that the general trend was consistent between different elec-
trodes and different runs. However, the magnitude of the aforemen-
tioned maximum current was apparently dependent upon the electrode
surface ageing process and thermal history. |

Transition to the current limited mode could be precipitated
from normal operating conditions merely by reducing the potaaium
concentration. A retuyn to the normal mode could then be accomplished
by sufficiently increasing the seed fraction. A typical variation in the
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current caused by this large variation in nklna is given in Figure 27.
Reduction of the cathode surface area was another means of
inducing transition to the current limited mode. This effect was ob.-
served in the aforementioned switching experiments. In one particular
set of such experiments, about 20 amps was being conducted by the two
electrodes in the normal mode. Switching one electrode out resulted in

the remaining électrodz passing into the current limited mode, and the
current thus was reduced to approximately half the initial value. This
behavior was observed whenever the two cathodes were conducting a
current close to the magnitude of the maximura normal mode current.
D, Current Limited Mode Phenomena

1. Effect of electrode geometry and surface area. - Transition to

a current limited mode was found to occur wiih all three electrode
geometriea, However, the magnitudes of the currents were different
for each of the three geometries, even though the initial gas properties
may have been the same. It should be noted here that the effective
cathode emitting area was different for each of the three above~
mentioned configurations.

The effect of changing the emitting surface area during operation
in the current limited mode was accomplished by means of the switch-
ing experiment as described previously and depicted in Fig. 4. With
the electrodes initally operating in the current limited mode, open
circulting one electrode resulted in a 50 pex cent (+ 5 per cent) de-
crease in the total current. This effect was Independent of which elece
trode maintained the current. Alternate switching of the electrodes pro-
duced the same 50 per cent reduction in the total current.
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2, Lifect of seed concentration and lmpuritieu.' - The magnitude

of the current obtained in this limited mode was dependent upon the
seed fraction of potassium as depicted in ¥ig. 28. Simultaneously, the
cathode temperature varied with seed concentration as shown in Fig.
29. 1t is noted that the wire is hotter neaxr the downstream end of the
test section than at the tip.

The addition of helium and nitrogen did not affect the magnitude
of the currents in this mode if all other parameters were held constant.
Similarly, the effect of teﬂ@ contamination had no influence on the

current.
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IV. DISCUSSION OF RESULTS

A, Potential Distribution in the FPlasma

Before interpreting the results of voltage-current measure=~
ments in any plasma experiment, it is necessary to ascertain the rela-
tive magnitudes of the voltage drops across the gaseous conductor and
those across gas-surface sheaths. In addition, in the particular exe
perimental set-up employed here, there exists the poseibility of appre-
ciable voltage drops across comparatively cool gas boundary layers.
Large voltage drops across either surface sheaths or boundary layers
would result in gross errors in computing conductivities directly from
voltage=-current ratios.

It is the purpose of this section to discuss the problem of sur-
face sheaths. The effecte of voltage drops acroes thermal boundary
layers will be considered separately for the various conduction theories
in a later section.

If thermionic emission from the potassiume-coated tungsten is
greater than the current, then the sheath potentials should be on the
order of kT_ . In contrast, with arc-like emission, the sheath voltage
drops should be on the order of the ionization potential of the gas or
surface material, which amounts to several volts in the present ex-
periments. The general shape of the experimental voltage~current
curves, and especially the low voltage obgserved at the zero current
iniercept. indicate that the sheath voltages are small. This suggests
that thermionic emission may be adequate to account for the observed

current densities.
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The magnitude of the thermionic current emitted by a hot sur-
ue
face is given by the Richardsen-Dushman equation,

- fl:‘rw

J = AT "e i (1)

In the case of a vacuum diode, this is the mapgnitude of the masximum
current which may be drawn if the applied potential is maintained sufe
ficiently low. At higher applied voltages, the Schottky effect becomes
important, and the current continues to increase slightly with the ap-
plied voltage.

In the present experiments, all parameters in Tg. 1 can be
easily determined except the parameter &, which is the work function
of the emitting surface. This parameter is extremely sensitive to
surface conditions and is very strongly affected by the presence of ad-
sorbed layers. Unfortunately, not much is known quantitatively con=-
cerning the effects on the value of & of a layer or layers of potassium
on a tungsten surface. Fortunately, though, a great deal of work has
been carried oul by Langmuir, et al. {z) with cesium layers adeorbed
on tungsten, z:md at this ﬁoint, it is of interest to review some of his
results.

For the purposes at hand, the pe rtimeéxt material from Lange
muir's work is summarized in Mig. 30. (2) In this figure, the number
of electrons emitted per unit time per unit surface area (ue) is plotted
against the reciprocal of the surface temperature. The lines indicated
as different valueg of Bn refer to loci along which the fractional covere

age of the surface by adaorbed cesium ig a constant. In particular, the

] .
Symbols are defined in Appendix A, page 114.
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line with © "~ 0 gives the emission from a bare tungsten surface. As
a larger fraction of the surface is coated with the cesium, the effective
work function changes from that of pure tungsten to the value expected
for pure cesium,

The various values of 11, refer to the rate at which cesium
atoms strike the surface per unit time per unit area. It is readily seen
that if T is held constant, then increasing g results in an increased
fractional coverage (Bn) and a larger emission current, v o How=
ever, i u is held constant and the temperature is increased, the
emission current actually decreases over a wide range of @ values.
Extrapolation of the data In Fig. 30 to values of 1= 10°°, which
were encountered in these experiments, indicated that currents come
parable to those observed experimentally could be obtained.

At present, no data for electron emission from potassiume=
coated tungsten is available in the range of parameters for the experi-
ments described here. Hawéver. extrapolation of Killian's(B) data by
five orders of magnitﬁde indicates current densities of at least 10
ainps Jem?® are possible. The shape of the potassium=tungsten curves
is similar to the cesium=-tungsten case. MHowever, the line of maximum
emission in the former situation nearly coincides with the en = 0. 4 line
in Fig. 30. DBecause of the immensity of the aforementioned extrapola-
tion, it is quite possible that a large error exists in the eastimated value
of the emission current.

In addition to the above estimations concerning the magnitude of
the thermionic emission current, several other factors also lend sup-
port to the idea of small thermionic~sheath potentials for the case of

the normal mode.
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In the previously mentioned switching test, the reduction of the
emitting area by a factor of two required only about 0. 1 volt increase
to maintain the same current (normal mode case). THs result was ob-
tained at both high and low currents. As this resulted in doubling the
current density in the sheath, it is evident that sheath voltage drops
must either be small in comparison with the potential drop across the
bulk of the plasma, or. very insennitﬁze to current density, If this late
ter situation were the case, the normal mode V-l curves would ine-
crease very steeply at low currents until a critical voltage were obtained
and then break over sharply into a curve with the voltage essentially
independent of the curyent. However, examination of the voltage -
current characteristice indicates a smooth, gradual, continuous rise
from zero current. Thus, this observation, along with the insensitivity
of the V-] curve to the emifting surface area at low currents, also lends
aupport to the idea of small sheath potentials.

The strong dependence of the normal mode voltage-current
characteristice on the bulk gas temperature, the seed fraction, and the
presence of impurities comfirms the dominance of gas phase phenomena
in the normal mode. Of particular note in this regard is the observed
optimum valm_a of the seed concentration which is predicted by gas
kinetic considerations.

Tinally, additional evidence is obtained by comparing the two
branches of the voltage-current characteristic. Examination of the
characteristice for the normal mode shows that the curves for both
polarities are rbughly similar in an approximate sense. With normal
polarity, the electrone are emitted from a relatively hot (1200 = 1700°C)
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tungsten wire having a small area (0. 91 cma). In the case of reversed
polarity, the current was emitted from a comparatively cool (900 -
1300°C} stainless steel electrode having a large area (4, 23 cmz). The
cathode sheaths would thus be expected to differ considerably for the
two polarities. If most of the potential drop wae across the wall
sheatha, then a very strong dissymmetry would be anticipated in the
V-l curves for the two polarities. This conjecture does not agree with
the aforementioned similarity of the two branches of the voltage~
current characteristics.

At this point, it might be argued that the conduction phenomenon
iz really an arc process. DBecause of the presence of potassium in the
gas, the arc would be referred to as a "gas arc' in the nomenclature of
Cobine!®), 1n this type of are, the dominant phenomena are deter-
mined by gas effects and are relatively insensitive to cathode and anode
material suriace condition and surface temperature. However, the
previously mentioned experimental observation of arc formation near
the surface of cold electrodes and its absence for hot electrodes is an
additional point supporting th;ermionir.: emission. The diffuse nature of
the observed current conduction also supports this contention.

Thus, in view of the several considerations above, the intere
pretation of normal mode data will assume the potential to drop across
the gaseous conductor, while the sheath potentials will be neglected in
genexal. Untﬂ further experiments indicate otherwise, it will be age
sumed that thermionic emission is sufficient to provide the observed
currents in the normal mode of conduction.

At this point, an objection may be ralsed concerning the magni-
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tude of the open circuit voltage observed in these experiments. From
a study of thermionic emiesion,it is readily seen that the net curvent
cluei to thermionic emission may be reduced to zere with gheath poten=
tials of a few LT . This amounts fo a sheath potential of a few tenths
ei' a volt, and thus cannot account for the observed voltages which are
on the order of a volt.

Chapman and f:oxvling(S’ ghow that when a température gradient
exists in a gas, and no current is conducted, =2 potential pradient must
simultaneously exist. This is a gas effect which occurs in the bulk
of the gas, and is dependent only upon gas properties and the tempera-
ture gradient in the gas. With the double wire geometry, the net cf-
fective tenwerature gradient was zero, and as anticipated, the open
circuit voltage was precisely zero. The large temperature difference
between the two clectrodes . in the coa=ial case produced a significant
net femperature gradient in the gas., In order to obtain quantitative ine
formation from Chapman and Cowling's equations, the values of the
ordinary diffusion coefficient, and especially the thermal diffusion co-
efficient, must be known. Unfortunately, this data is not currently
available for the plasmas utilized in this set of experiments. Until this
data becomes available, it will be assumed that this effect of the gas
temperature gradient will be sufficient to account for the observed open
circuit voltag.ms.

The above arguments hold for the normal mode. Inasmuch asg
the currents in the current limited mode are smaller and the electvode
temperatures higher, it is certainly possible that emission in this case

is by a thermionic process. In fact, the lack of dependence of current
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on the voltage suggesta that the current is the thermionically limited
current. This hypothesis is supported by the data obtained in the
electrode switching experiments which indicate that the current is di-
rectly proportional to the electrode surface area, and by other experi-
ments which indicate that it is independent of such gross properties of
the gas as temperature and impurity level, The increase in current
obtained when seed concentration is increaced is in good qualitative
agreement with this hypothesis, and the results of Langmulr sume
marized in Fig. 30.

The fact that thermionic emission provides the electrons in the
current limited mode does not necessarily mean that the sheath poten-
tials are small for this case. As seen in Fig. 5, the difference be-
tween the voltages in the normal and current limited modes for the
same current indicates tha.t a voltage on the order of 10 volts may
exist across the cathode sheath in the steady, current limited mode.
| In conclusion, the view adopted here will be one to assume that
thermionic emission is sufficient to account for the observed currents
in all modes of operation. In the normal mode, the circuit current is
always less than or equal to the thermionic limited value, and sheath
potentials are of the order of one kTw.n In the current limited case,
circuit current is equal to the thermionic limited value, and sheath po-
tentials are on the order of 10 volts.

B. Effect of Gas Phase Phenomena

As explained in the preceding section, the experimental evi-
dence provides a strong argument for interpreting the normal mode

voltage=current characteristics solely in terms of gas phase effects.
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In this section, the data will be analyzed from this viewpoint, and con-
clusions will be drawn concerning the conductivity of the gaseous
phase. Before attempting to explain the non-linear features of the ob-
served V-l curves, consideration will be given to some of the experi-
mental effects which may be more readily explained in a simple
manner.

The first point in the discussion will be an explanation of the
obsemd-maﬁmum in conductivity with varying seed concentration.
Values of the conductivity calculated at low currents will then be com=
pared with values computed from the claseical theory,

In order to account for the shapes of the voltage-current chare
acteristics, two current conduction theories will be presented and com-
pared with experimental results. The first theory is based on the
classical equilibrium approach, and relies on the effect of Joule heating
of the gas to explain the observed phenomena. The second theory is
often referred to as a 'non-equilibrium' theory in that it incorporates
an electron temperature which is elevated above the gas temperature.
This section will then conclude with a discussion of the relative merits
of the two theories.

- 1. Dependence of the gas conductivity on the seed fraction. -

In the limit of small curreats in the gas, it is permissible to assume
that the conductivity may be accurately computed by perturbation
techniques such as employed in Ref, 5. Figure 31 presents the results
of computing the conductivity according to the following relations:

1 + a...j:.. {2)

C. E. Uap

L
() g



«87=

Figure 31.
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where the effect of the electrom-atom collisions (close encounters) is

given by

=, : (3)
g =
me(

and electron-ion collisions are accounted for by evaluating the -Gap
term (Spitzer cmductivity‘(ﬁ)) .

_ 2 [ 2kT |

- ¢ ( T, Tos X (4)
where

12w (cok'.{‘e)sf .
(e ng }

Over most of the temperature range utilized in these experiments, the
contribution of the Oap term may be neglected, The required value of
the electron concentration is obtained from the Saha equation:

€

( -n) ee.‘S/Z e . (6)
It is now posaible to find the optimum value of the seed concentration
n, for the case of constant temperature T,. Forvery small degrees
of iontzation, (n,) uﬁ » and substituting this relation into Eq, 3, it
is seen that |
O -\/;k—.l(nkgk *RT -

Then

N‘-'

o0 oy )"? Vg, O

o AR FROL - S - {7
o T, n‘k k a “a (naQa-!-nka)

and it follows direcily that
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opt
for the condition that the conductivity be a maximum. Figure 32 gives
the variation of 0 with By for the particular values of cross sections

stated there. A reasonable estimate of the value of nklna
-14

‘opt is

¢m2 and O_=7X 10-17 em®, {7

. 0028 , based on Qk e 2.5X 10
This is to be compared with the average experimental value of 0. 003,

In view of the great degree of uncertainty in the value of the cross sec-
tions under the low temperature conditions of these experiments, this
may be considered very good agreement.

The values of the cross sections used in the above estimate were
obtained by averaging over a Maxwell velocity distribution and are the
available data, (Other values of Q; and QI: have been reported, and
they give values of the cross section ratio varying from 0. 0007 to 0, 02;
cf. Refs. 8 and 9. )

The experimental scatter in the optimum seed value may be due
in part to the stromng variation of the crosa section for argon with elec-
tron energy, since the temperature range of these experiments lies in
the "Ramsauer portion' of the Q.a_ ve. energy curve. In fact, the trend
given by the location of the conductivity maxima with bulk gas tempera«
ture indicates a minima in the argon cross section. The location of this
- minima in Q, is not accurately known because of the difficulties in
performing scattering experiments at low eleciron energies. However,
the curve quoted in Rei., 10 seems to be qualitatively in accord with the

experimental variation of nkfma -

ot with Ta'
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The relation n, /n_ = Q, /0, was derived with the assump-

| opt
tion of constant gas tempera:fre. In the early experiments, because of
the variation of the total mass flow with seed concentration, the tem-
perature dﬁcreaaed with increasing seed concentration. However, the
effect of this temperature variation was quite small, as more recent
seed optimization tests performed at constant gas temper_a.ture agreed
quite well with the earlier data. (See Figs. 13 and 16.) The sharper
conductivity maxima observed with the variable temperature set-up is
é.ntictpated,because the increase in total cross section is augmented by
the decreasing temperature in the process of reducing ¢ after the
maximum value has been obtained.

Another fa@:tor which must be considered in the interpretation
of the seed optimization experiments is the effect of the sheath poten~

tials (V). In the tests, the quantity Va2V +V_ 1Is me asured rather

8
than the potential drop acrose the gaseous conductor {V g)‘ As R,

xt
had a large fixed value during the tests, the current did not vary more
than 10 per cent, and thus vV, may be considered as a constant.

The experimental curves determine the condition |

(V_4+V )
B(V, /1) a{—gr—‘f-}
: = Bnk e 0, (9)

| Iy
But from the circuit equations,
Vo, +V
1 = ‘ﬁ,:x:J@ ng’m ' (19)
which results in
a(Ve/I) . a(vgm ' 54 ¥, ;. -
Wnk Bnk :b ¥ ;a



b2
In these experiments Vs was less than a volt, while Vh wWAaS approxi-
mately 24 volts. Thus, the difference between 8(V,_/I) [om and
oV /1) fon, is a negligible quantity for the conditions of the above
experiments.

In a number of the seed optimization experiments, sodium was
also present in the potassium pot and thus was entralned in the sec=~
ondary argon flow. It is then necessary to investigate the §f£ect of
sodium on the conduction properties of the plasma. The ionization po-
tentials of sodium and potassium are 5. 14 eV and 4. 34 eV, respectively.
"or the small degree of ionization present in these experiments, the
ratio of ionized sodium atoms to ionized potassium atoms should be on

t}‘e Order Of e"Att’/kT - 6-0' 80/00 2 & 3-4

= 0.18 . This indicates that
the potassium is the only source of electrons which needs to be con-
sidered. At the working temperature of the potassium pot (520°c),
the vapor pressures of sodium and potassium are approximately 8 and
60 mm Hg, respectively. Thus, the ratio nNa/nK is 8/60. In as=-
sessing tﬁe relative effect on the conductivity, a comparison of nKQK
and nNaQNa must be made, From Ref. 8, the appropriate cross

6 2 <16 2

sections are: O = 350 x 26" wxn® wnd Qe = 410 x 10 em”, and

N
there results the ratio nNaQNa/nKQK ¥ 0.11. Thue, a decrease on
the order of 10 per cent in the value of the conductivity would be ex-
pected with tize introduction of sodium into the potassium pot. In view
of the magnitude of other experimental errors, this correction will be
neglected herve.

2. Low current conductivity. = As will be shown later in this

section, at low current densities the non-equilibrium conduction effects
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become leas important. Thus, it is appropriate to compare the experi-
mental conductivity values obtained at low currents with the values coms-
puted by the equilibrium model. However, at low currents and thus low
voltages, the effecte of sheath potentials become relatively more ime
portant. In order to circumvent this difficulty, values of V/I were
computed for V > 2 volts, and the resulting data were extrapolated to
zero current. These extrapolated values of V/I were then utilized in
computing the conductivity values given below in Table II and compared
with corresponding theoretical values.

TABLE 11

Comparison of Conductivity at Low Currents
with Equilibrium Theory

Fm Ta n/n, o] exp | “theory i
22-5-1 2500°K .0032  0.36 mhof/em  1.16 mho/cm
9e5a3 2360 .0032  0.14 © 0.68
2513 2210 .0041  0.10 0.35
8-2/3-1 1780 .0041  0.057 0. 016
* Basedon ©_ = 0.7 X 10718 opn?, Q = 250 X 10716 op?

The results shown in Table II indicate that computed values of
¢ are three to four tﬁnea the e#perimntal values, with the exception
of the lqw temperature (178001{) run. In view of the uncertainties in
cross sections and gas properties, the disagreement between theoretical
and experimental values is not unexpected. |
The non~equilibrium theory discussed later in this section pre-

dicts an increasingly stronger effect on ¢ at low current densities as
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the gas temperature is reduced. Thus the fact that the experimental
conductivity exceeds the computed conductivity may be attributed, at
least in part, to the effects of non-equilibrium conduction.

3. Interpretation of non-linear voltage current curves. - Ex-

amination of the VI curves (Figs. 5, 6, 7, and B) reveals a decreasing
slope with increasing current. Assuming that the major portion of the
applied voltage is dropped across the bulk of the gas, the decreasing
slope may be interpreted as an increase in the conductivity with an in-
crease in the current. The validity of the above assumption has been
examined previously in the section concerning the potential distribution
in the plasma. A brief description of two simplified theorles of current
conduction which predict the aforementi;med conductivity behavior will
now be presented.

(a) Equilibrium theory of current conduction. - Inspection
of Eqs. 3 and 6 indicate that the electron density,and thus the conduc-
tivity, are strong functions of the gas temperature. This fact suggests
that at least part of the apparent increase in conductivity observed with
increasing éurrent may be due to Joule heating of the gas as it flows
through the test section. The magnitude of the effect of Joule heating
has been examined analytically by use of the following model.

The variation of gas conductivity with temperature is approxi-
mated by the relation
. GF(T/TO -1) (12)
o
where 0, is the conductivity of gas temperature Ty and O is the
conductivity at temperature T . (') is a constant chosen tc‘glve a

good fit of the equation with calculated values of conductivity over the
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temperature range of interest.

The coaxial geometry is analyzed under the assumptions that
current flows radially and heats the gas; all of the Joule heating goes
to increase the gas temperature locally, and thermal conduction effects
are neglected.

Consider an element of gas moving down the test duct. As it
moves downsgtream, it is heated, and consequently the conductivity, and
therefore the local current density, will also increase. The net effect
is that as the total current passing between the electrodes increases,
the voltage drop first increases linearly with current, but for larger
currents increases more slowly and finally reaches an asymptotic
value.

A brief discussion of the procedures employed in computing a
voltage=-current characteristic based on the aforementioned conductivity
variation is presented in Appendix B. The effect of gas boundary layers
is considered there in an approximate manner,and the resulting compu=-
tations are found to differ not too appreciably from the case where
boundary layers are neglected. The theoretical curves shown below
are thus based on the neglect of the effects of boundary layers.

Figures 33 and 34 present a compavrison of typical experimental
runs and the corresponding theoretical curves based on the conditions of
the actual test run. The agreement between the curves is qualitatively
satisfactory, except that the theoretical curves do not show the sharp
break exhibited by the experimental values around 4 amps. T}He fall-
ure of the theory is typical. In addition, the asymptotic vaoltages cal-

* culated theoretically are usually too high by a factor of 1.5 to 2. Al-
though some of these differences may be due to the simplifying
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assumptions made in the theory, it is clear that agreement with ex-
periments is not completely satisfactory. However, it is evident that
simple equilibrium heating effects are quite important for the range of
currents, voltages, and gas enthalpy ﬂuxés used in these experiments.
These effects must be properly accounted for in any complete theory.'

(b) Non-equilibrium theory of current conduction. = While
at the California Institute of Technology, Dr. Jack L. Kerrebrock
developed the theory of "'non-equilibrium'" current conduction in seeded
pla.amas(”. The problem considered is one in which a noble gas, such
as argon, is ""seeded" by injecting a readily ionized material, such as
an alkali metal, in a ratio of approximately one mole per cent {nk/n a ~
0.01). In Ref. 1, it is shown that under the flow conditions of these ex-
periments, the current conduction phenomena are determined by the
degree of ionization of the seed material and by elastic, electron-noble
gas collisions.

Qualitatively, the non~equilibrium conduction theory can be con-
sidered in the following manner. The electrons "fall" through the elec~
tric field and obtain energy from it. They then proceed to lose this extra
energy by means of relatively inefficient, elastic collisions. As a result,
the mean energy of the electrons continues to increase until the rate of
energy loss, which is proportional to €g 0 and the rate of energy gain
from the field are equalized. The result of the elevated electron tem=
perature is then to produce a greater degree of ionization, which in
turn provides more conduction electrons, wi:dch increases the conduc-

tivity. A quantitative discussion of this current conduction theory will

now be presented.



6=
As the electrons drift in the direction of the applied electric
field, they gain an increment of energy of eE per unit distance. The
amount of energy lost when an electron collides elastically with a sta-

tionary atomis given by
2 m, ma
Ae = i {Ee} (1 -cosx, ) - (13)

e
(me + ma)

For a 90° deflection and m, > m, o,

Zme
He, = €. . (14)

When the atom is moving, however, the expression is more involved,

and is usually expressed in the form
6me _
me = my {se -ea} " {15)

where & is on the order of unity for noble gases. & is considered a
parameter which must be determined from experimental data. Assuming
that elastic collisions are the only major source of energy loss from

the electrons, the following energy balance relation must hold:

dce ame
e = eF e s (ge - ga) " (16)
a

where s is in the direction of the £ field. Using the definitions
F=0F and o= ezne/mevc (Ref. 6), and solving for the asymptotic
cagse (d/ds = 0) yields

! € m Z
K J
'e:a = L¥ Ssa ena) . (1%

J Thie last relation indicates that the electron temperature varies with
the square of the current density and inversely as the square of the
electron density. Equation 17 will receive additional discussion with

regard to experimental determination of the electron temperature.
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Besides Eq. 17, Kerrebrock utilized two other basic relations in
his theory. Ionization of the seed atoms was assumed to be given by the
ordinary Saha equation, but with the usual temperature replaced by the

elevated electron temperature.
e

&

2 dmrm 3/2 3/2 ‘%
e g e
ng = (o22) (mcmmileg e s

]

Thies use of the relation is justified by calculation of the pertinent elec-
tron -atom and electroneelectron equilibration times. An elastic cen-
tral impact of two particles of equal mass produces an exchange of
velocity and kinetic energy. Thus, electrons will equilibrate them-
selves to a Maxwellian distribution in the time required for one elec-
tron~-electron collision. Spitzer gives an expression for the mean
electron-electron collision time: 6)

0. 267 T /2
e-e n_ Tog &

T ’ (19)
where log A is given by Eq. 5. For the conditiona of these experi-

ments, T___ is on the order of 10°39 goc.

An estimate for the electron~-atom equilibration times can be
obtained as follows. In a right-angle deflection, an electron loses an

amount of energy Ae_ = 2m fma € (Eq. 14). The number of such

e
collisions per unit time is obtained from the relation A = 1/n O and

the average velocity of the electron.

— e '
Ve ° ™ (20)

Using a constant mean value for Vg ¢ the electron-atom equilibration

time is found to be on the order of



m ”wm 1/2
tyes * T oEr) FO- - (z1)
- e © it T

Assuming a constant, mean free path for the equilibration process

yielde

2
T (@'Vf_{)

t = (22)
e~-a n Q
a a I e
fe ‘a
In these experiments, t is on the order of 107> to 10"'6 seconds.

e=a
The calculations show that the electrons equilibrate suificiently rapidly

with themselves that they may possess a Maxwellian velocity distribu~
tion while still remaining at a temperature above that of the atoms.
The very small cross section of the argon at these energies (the Ram-=
sauer effect) alds in establishing such a situation.

The electron temperature is also employed in the expression for
" the electrical conductivity:

ez
e 1 (23)
0 = ; —_
3kT . A4 naQa * mk-ne)ak
=, (=2

A simplified derivation of the above equation follows from the relation
| J s‘enﬂu d where u a4 is the drift velocity of the electrons. Omn the aver=-
age, the drift velocity should be u, = (eE/ra)r where 7 is the mean
collision time, and from Eq. 20 it follows that v =(l /anQ.J[W)

if the electrons have a nearly Maxwellian velocity distribution. Hence
e’n [T
e me 1

o =
T2
(8kT,) anQj
which differs from Eq. 23 only by a small difference in the mult_iplica-
tive constant.

. (24)
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With the three relations, 17, 18, and 23, it is possible to solve

for n_ , ¢ , and 0 as functions of the current density with n, and

.
€, a8 parameters. Reference 1 presents the results of solving these
equations in a series of graphs., The pertinent material from this work
- will be introduced in a later section when the experimental results are
discussed.

A common objection to Kerrebrock'é non=-equilibrium theory is
the omission of electron energy loss by ionization and other inelastic
collisions in Eq. 17. The validity of this objection may be surmised by
estimating the fraction of the test section electrical power utilized in
the ionization process. Energy is deposited in the ionization process

throughout the test section ccmducti;ng volume, at a rate given by
n 2
Ei = ﬁj‘vgne ¢ldA}1 (25)
; A ,
where 1 refere to the test aacltion inlet and 2 denotes the test section
exit. The value of ﬁ:i is then to be compared with the product VI for
the test section. A typicai calculation based on T, = 2000°K, m /n_ =
".004 and I= 10 amps yields the two values: Ei ¥ 2.2 watts and VI
33 watts. The calculation of ﬁ:i was based on Kerrebrock's theoretical
curves. In his experiments, he found it mcessary. to adjust his free
parameters 80 as to reduce By for a given current density., Thus, the
value of SI'E:i = 2, 2 watts is coiuervativel'y high, Strictly speaking, the
effect of ionization as an energy sink is of such a magnitude that it

should be included in the theory. However, the accuracy of the present

theory is sufficient for the purposes at hand.
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In Ref. 1 mention 18 made of the effect of continuum radiation
{bremsstrallung) from the colliding electrons on the accuracy of the
non-equilibrium theary,' Kerrebrock states that this effect is not im-
 portant for the conditions of the present experiment, However, in a
reéent discussion, Professor Kerrebrock has suggested that radiation
caused by de-excitation of upper excited electronic states to other
states abovethe ground state {(non-resomance radiation) may be an im=
portant energy loss mechanism. It is then suggested that the value of
6 may have to be suitably modified to account for this effect.

The problem of analyzing the data obtained with the coaxial elec-
trode configuration is complicated by several factors which are due
primarily to geometrical effects. In general, the current density

varies inversely as the radial distance from the test section axis, This
| results in a Joule heating effect which varies strongly in the radial di-
rection. Axial effects become important at larger currents as the gas
at the test section exit becomes appreciably hotter than at the entrance,
As a result, the conductivily varies both radially and axially. The re« -
sulting gradients in the electrical conductivity cause the electric fleld
lines to distort so as to produce axial electric field components,

In view of the above difficulties, solution of the exact differential
equations describing the atnrema_nﬁmd phenomena would be a most
formidable task. However, if the problem is considered in view of the
non=-equilibrium conduction theory, several simplifications become pog~
sible, as will be shown below.

The first item iz the question of the direction of the local electric

fileld in the plasma. From the relation
vl=0= veeB) , (26)
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it follows that

v E+E- L2 =0 (27)
or
vierve - L2 2 0. (28)

For the special case of v0 ‘being always perpendicular to V¢, itis
geen that ¢ then satisfies Laplace's equation and the resulting poten~
tial distribution is unaffected by the current. Such a situation could
occur if ¢ wvaried only in the axial direction and the electric field was
strictly radial. However, if w0 has a radial compaonent, then, in
general, & will possess axial components. Rough estimates of these
axial fields indicate they may be on the same order of magnitude as the
radial fields in some cases. In the limit of zero current, the meas«
ured radial temperature distribution (Fig. 24 } indicated only a small
decrease in the gas temperature in the radial direction. Thus, the ef~
fect of the ¢ * -%2 term can be neglected at low currents. Two im=-
portant relations follow then at the low current limit. They are

02/9z2 = 0 and J(z)r = J,(2)R) . The first relation results from the
absence of axdal electric fields and the assumption that the electrodes
are equipotential surfaces, This results in radial electric flelds only,
and thus the current is in the radial direction only. This is expressed
in the second relation above. The gecond point of consideration is the
variation of the current density with axlal distance down the test section
for the case of small currents. The nom-equilibrium theory then gives

the following variation of the current density:
b log ’I‘
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where
. O loE ¢
= .ﬂg

Combining Bq. 29 with the free stream energy equation

aT :
p\chmﬁ = Jo B {31)

Ta

a

_dlogo
and g = FE%-T- , (30)

yields

mld . p LB o2

a P
Multiplying both sides of Eq. 32 by 2Zwrdrdz and integrating over the

test section volume gives

JoE
1 - ‘(T‘EE)"‘""I' drds , (33)
o f ] (Rz -Rl r = }pac

Ry z:-O Ry
The right hand side of Eq. 33 is seen to vary directly with the total
power added to the test section and inversely with the enthalpy con-
vected into the test section by the gas. A reasonable approximation to

J
log —31-1} for low power addition to the test section ig given by
o

By
T ()1 9- (32)

which can be written in the form

d

e {B/1=aqAT/T )]
%

= @ . | {35)

Ry
Equation 35 may be utilized to estimate how strongly the current
density varies in the axial direction for various test conditions. It is

readily seen thaf at sero current, no power is added to the test section
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AT =0 and JLIJO = 1., At currents of 10 amps, JL”a is about
1. 25, and at 30 amps this ratio incresses to about 3.5 .

Thus, in analyzing the data in the following manner, it will be
necessary to corisider only data for which the power added to the test
section does not appreciably affect the spatial uniformity of the gas
properties. _

With the above limitations in mind, and in view of the previous
assumptions, it follows that

o (T, 7)) = E = « 2 and J=1l/2erL .

Integrating the expression for Ohm's law gives

R, _ R,
JP z't?!ﬂ: aﬁw = - j dd = OBV g o (36)
R o R
i : i
From Ref, 1, the relation between J and E is given by
BT )/ 1-a
Tes ® gl/(l-0) 37

where

o = . (38)

0 lc:)ggcr

For current densities above 5 amp/cmz, o becomes independent of J

? 3
a

and is a function of the argon temperature only. Thus o may be cone
sidered to be a conetant in what follows.

From g, 37 it is seen that if the form J = OE is retained,
b(T_ )
a

then o= J% e » and AV is given by |
;‘o s “b(T,)
; -] «
AV = J T dr (39)

Ry 1/ 2erL)®



and
. : fig ..?3(‘1"“1)
% l-ut) e ¥ .
av = 1%const ! L dx . {40)
J L)

By
The integzal in this last expression is a constant unless '1“a(r) changes
with I. On a plot of log AV versus logl, the slope will differ from

{1=a) by the term

R 4y
o =b{T )
908 | Epeoe iz
R R ¢ ) R
yis
.:_\-i " % ’
dlogl
FPerforming the differentiaton,
R
. ; IQ -b(T) d(-b(Ta)) dTaa -
. = ] %] T .
%o e'b“a) N {ﬁi %JT:;T' aly e
J e

1f we replace db/ c':VEa and d’I‘a! dl by suitable mean values, £ be=

comes S ————
- : ar

db & .
E = I AT (1) . (42)
Since db/dT_ and d'l‘a/dl >0, it is seen that § < 0 in all cases. §
represents the enhancement of the conductivity due to the gas temnpera-

ture increase caused by Joule heating. The local slope on the log AV

versus logl curve should then be simply

dlog AV
@—11&—-” o8 = (L-a)+§ . (43)
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As expected with £ < 0, the Joule heating tends to reduce the slope
given by the non-equilibrium effect acting alone.
Tigure 35 is a plot of three voltage-current characteristics
obtained at different gas temperatures. The experimental data of
(1)

Kerrebrock's tests' ' are also shown. The agreement in the variation
of the slopes with temperature is quite remarkable,as the data from
Ref. 1 was obtained with a rectangular channel geometry.

Table III presents a comparison between the experimental siopes
and the values predicted by the non-equilibrium theory. It is noted that
the predicted slopes (1l - o) are much lower than the experimental
values. If the effect of £ (Joule heating) is included, the discrepan-
cies between the experimental and theoretical values increase still

further.

TABLE 111

Comparison of Data with Non-Equilibrium Theory

&
Run T /n dlog Vv dlog V
a e/ By ('3'19'&1' —(':[Tg_f
(°K) °8 )exp ( °8 )theor}'
22-5-1 2500 . 0032 0. 53 0. 24
25e1e3 2210 . 0041 0. 34 0.22
8«2/3«1 1780 . 0041 0. 23 0. 16

based on J = 10 amp/cmz.

In Ref. 1, Kerrebrock found a value of § to be 3. 47, which he
attributed to the possibility of impurities in the system. Even if § is

changed from 2 to 4, the change in a is not appreciable for the
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particular operating conditions of this experiment. As explained in
Ref. 1, the value of o is determined solely by ¥ and cllc‘. where

the quantity )% wvaries as the square of the current density.

3/2 -
X = Py 3h2 Jz &-Z €a . (44)
ot ;) |

Inspection of Fig, 36 indicates that changes in ¥ by a factor of two or
g0 do not change o because the motion in the o - X plane is along the
horizontal plateau of the curves for current densities greater than about
2 amp/ em?,

At this point, it is appropriate to mention the effects of the elec-
trode boundary layers on the resulting voltage-current characteristic.
With operation in the normal mode and with the center electrode as the
cathode, both electrode temperatures were several hundred °¢G cooler
than the bulk of the gas. Thus, in the cool boundary layers, bqth X
and ¢ i’ €, are varying parameters. However, decreasing tempera-
tures result in increasing values for X, and this only serves to move
right along the plateau section of the curves in the a - X plane. As a
result, the effect of the boundary layers in these particular experi-
ments does not appreciably affect the slope ofthe log V - log 1 curve
as far as the (1 - g)htem is concerned. However, the boundary layer
phenomena will alter the value of £ and influence the V-l curves
through the effects of Joule heating.

It is interesting to note that the slopes of the log voltage- log
current curves remain essentially unchanged, even at the larger cur-
rents where the effects of Joule heating, gradients in the electrical

conductivity, axial eleciric flelds, etc., should become very important.
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In view of the effects just mantiohed, a significant change in the slope
would be anticipated as the test section power input becomes appre-
ciable. _

(c) Some comments on the two current conduction models. -
Brief consideration will be given here concerning the question of the
electron temperature in view of particle velocity distributions. In the
section immediately following,the two models will be compared with
some experimental data which are directly related to the electron
temperature, '

A ﬁrther insight as to the conduction mechanism can be gained
by examining the relative magnitudes of the mean electron drift ve-
locities and the mean random velocities. This is equivalent to com=
paring the directed current density J to the random current flux
ene'é'a/ 4. If the equilibrium theory as well as the non~equilibrium
theory is to be valid, then it is neceesary that the directed current den-
sity be much less than the current density due to the random flux.

The previously mentioned restriction on the magnitude of J is '
required because both conduction theories are based on the assumption
of a Maxwell-Boltzmann velocity distribution for the electrons. Howe
ever, if the directed drift velocity of the electrons becomes an appre-
ciable fraction of the mean thermal velocity, the distribution is distorted
in velocity space along the direction of the drift velocity, and hence the
distribution is no longer Maxwellian.

With the 0. 680" diameter center electrodes, current densities
of 50 amp/ cm® @d more were commonly observed. The almuitmemly

measured argon gas temperatures varied between 1800°K and 2000k,
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The equilibrium theory assumes that the electrons and neutrals are at
the same temperature, whﬂ_.e the non-equilibrium theory is based on an
increase in electron temperature above the neutral temperature depend-
ing upon the magnitude of the current. Since the Saha equation is ex~
ponentially dependent upon the electron temperature in this latter case,
the random currenis predicted by the non-equilibrium theory far exceed

the equilibrium assumption. See Table IV below.

TABLE IV
] #+ ;
Gas Temperature I —_— {(Equilibrium) .T rmd(Non-equﬂlbrium)
1800°k 1.53 .m-m:\ic::m2 1010 a.mplcmz
2000 6.72
2250 29.9
2500 100 1200
% * 2
nk/na =004 , " based on Jair * 10 amp/em”,

The above table indicates that only the non-equilibrium theory is
self-consistent in that it permits > — Jdir for the magnitudes of
Jate observed in the experiments. Although this simple comparison is
not sufficient to validate the non-equilibrium theory, it etill serves to
indicate that the equilibrium theory by itself cannot furnish a complete
picture of the process.

The original purpose of the sodium line reversal (SLR) teme
perature measurements was to develop a '"direct'” method of observing

the elevated electron temperatures predicted by Kerrebrock's non-
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equilibrium theory. The data will be compared to this theory first, and
then a comparison will be made with the equilibrium point of view.
COualitatively, it is readily seen that the SLR temperature should
be related to the electron temperature. The SLR method measures the
electronic excitation temperature of the transition responsible for the
sodium D lines. This temperature, T*. is defined by the ratio of ex-

cited sodium atoms to the number in the ground state,

n, g - EllkT‘
=== e " {45)
O EQ

where g, and g refer to the statistical weights of the first excited
state and the ground state of sodium, respectively. EI is the energy of
the first excited level and is approximately 2. 1 eV in the case of so-
dium.

The chief source of excited sodium atoms is the inelastic
electron-sodium atom collision. The rate at which such collisions oc-
cur is, of course, dependent upon the elecfron temperature. If this
temperature-dependent production rate of excited states is known and
equated to the rate of de-excitation, then n, can be found, and hence a
direct relationship may be found bétween T* (SLR temperature) and
T+ In Appﬂnﬁix C, it is shown that under the conditions of these ex-
periments, T# and Te are indeed equal (T* = Ta’ . Thus, SLR tem=
peratures given in Figs. 20 and 21 will be taken to be the electron
temperatures.

From Eq. 3 of Ref. 1, the electron temperature is related to

the other parameters in the system by
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£ - kT
_& ﬁ.'_fé_._.._. =14 (46)
€a %k‘ra E (

However, this equation is not well suited for comparison with the ex~

4 80d n, also change when J is

varied. A more useful form is obtained by substituting J = 0E, where

perimental results, inasmuch as ¢

¢ is given by Eq., 23. There results

- . '
Ge-ea = |E jee ’ (47)

where t is a factor which varies somewhat with E , but for the pres-

ent purposes will be considered constant;
1 ma eZ
b= i = {48)
! 20 m 2z

The next difficulty is the elimination of ¢_ from Eq. 47, since ¢ "

a
changes due to Joule heating of the gas. For the case of the axial ge-
ometry, this can be done quite readily. The value of £, Dear the

downstream edge of the test section is given by €, =€, tAe

3 [}
3 kL
e = € +-—-—--—(JE). {49)
a a,  Puy p
where ¢ & is the appropriate value for zero current, As & iz the ine

o
crease due to Joule heating, ad the assumed relations J=I/A and

E = V/L have been utilized. Thus, Eq. 47 can be solved by the quad-
ratic formula to give

Ea, +A€a ea Hwa MEZ

50
(ea _+Aea) v
o

where be, is evaluated as in Eq. 49.
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Another method of correlation was also utilized in analyzing the
SLR results. In Ref. 1, an expression for s:ale:at ias developed,

e e e
Lal = x — @ & . (51)
€ (ce) ¢

where ¥ has previously been given in Eq. 44, and ¢ & is computed

from Eq. 49. Tigure 37,taken from Ref. l,indicates the variation of

-:2- -« 1 with the current density parameter X . As previously men-
tl?med. X varies directly as the square of the current density.

In Fig. 38, the theoretical values of (ee -y ) computed from
0

Eqs. 50 and 51 are compared with the experimental SLR temperature
data. In the analysis utilizing the electric field as the independent
parameter (Eq. 50), the local field was calculated simply from

E=V_ /L where V_ is the test section voltage and L is the electrode
separation distance. The value of ¥ (Eq. 48) was based at first on a

5 wvalue of 3,47 and a value of the total cross section (z njo.j} of

14

J
7.2 x 1077, as previously suggested by Karrebrock(“. Computations

based on these parameters gave values of (¢ ® eao) which were too
high by a factor of three. After a later discussion with Professor
Kerrebrock concerning the proper value of &, the calculation was
;cepeated for § = 34.7 (as a matter of convenience), and the resulting
curve is so indicated in Fig. 38.

Use of such a large value of § has no physical significance as
far as energy transfer in elastic collisions between electrons and noble
gas atoms is concerned. Increasing & in such a manner is merely a

crude attempt to account for other mechanismse which transfer energy

irom the electron gas. As previously mentioned, Kerrebrockattributes
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these large effective values of § to non-rescnance radiation from the
upper excited electron levels of the gas atoms.

Use of the relation E = V .I L in computing the electric field
near the end of the test section is not valid when Joule haating is present
to change the conductivity by an appreciable amount in the axial direc~
tion. From E = J/o itie a.pparentrthat the E field at the downstream
end of the test section will be less than Ve/ L because of the increased
conductivity at that location. A rough estimate of the appropriate value
of E was then made. This procedure was based on using the Joule
heating to compute a temperature rise with a resulting conductivity in-
crease and then assuming a linear conductivity variation. Using these
modified values of E in Eq. 50, a new curve was calculated and shown
as the dotted line in Fig. 38.

It should be noted that the last curve is similar in shape to, but
considerably below, thalemaﬂmenm curve. However, adjustment of
the § value or the totalrcross section would result in a dlsplacéd theo~
retical curve which could then be made to agree quite closely with the

experimental data.
The two curves based on IEq. 51 indicate the strong effect of

changing & on this method of correlation. With § = 34,7, rather close
agreement between the theoretical and experimental curves is obtained
except at the high current values. In these computations, the value of

J was based on the assumption of uniform current density across the
duct. In view of the effects of Joule heating on the spatial distribution
of the conductivity, this assumption is highly suspect, and the variation
of the current density across the duct may thus account for the deviation

of the aforementioned curves.
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The equilibrium theory maintains that the electron and neutral

temperatures are always equal. As a result, the increase in the meas-
ured SLE temperatures should be given simply by Eq. 49, where

By * €y s As the temperature rise is directly proportional to the Joule
heating, the experimental SLLR temperatures have been plotited against
the éléatrical power dissipated in the test section (Fig. 39). The tem-
perature increase predicted by Eq. 49 is also plotted there. The large
discrepancy between the two curves clearly indicates that Joule heating

alone is not sufficient to account for the observed SLR values.

C. Effect of Surface ¥henomena

This section will consist of a discussion of the mechanism of
transition to and operation in the current limited mode. It will be re-
called that,by sufficiently increasing the current under normal mode
conditions, a critical point was reached. Iurther attempts to increase
the electrode voltage resulted in an abrupt decrease in the current.
After this transition, the current was found to be essentially independ-
ent of the applied voltage. TFigure 5 presents the voltage-current vari-
aticms just described.

1. The transition process. - It isc appropriate to begin with a

qualitative discussion of the transition process. The interlocking effect
of the electrical circultry and the physical phenomena in the plasma
will be considered firset. This will be followed by several quantitative
statements related to the physical processes involved in the plasma.

Asg shown in IMg. 5, the abrupt transition from the normal
characterisiic to the current limited mode resulted in a decreased cur-

rvent and an increased voltage. This relationship between voltage and
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current is anticipated in view of the presence of a ballast resistor in
the external circuit. The circuit equation is given by Kirchhofi's law
as: '

V. =V I R {52)

e ext - ‘e “ext
where V__, is the battery voltage, and V is the electrode voltage
which is related to the electrode current by some functional dependence

v, = £(1) . ‘ (53)

It is evident that a decrease in current will lead to an increase in volt-
age; this is exactly a curve of the type depicted in Fig. 5. Thus, in
view of Eq. 52, the physically possible values of V o 20d I mustlie
on the "'load line' as depicted in Fig. 40. Reducing R__, produces loci
which more closely approach the horizontal.

It is of interest to study the physical mechanism which produces
the reduction in current which then leads to the change from the normal
mode of conduction to the limited mode. One plece of experimental data
should be re-emphasized here: it was noted that the cathode tempera~
 ture increased by 300 - 800°C when transition occurred.

Consider the case of the electrodes initially operating in the
normal mode; when Re st is reduced, the current increases until the
thermionically limited current is reached. When the maximum possible
current is being drawn from the cathode, the voltage drop across the
bulk of the plasma cannot increase fuz;fhar. As a result, an additional
increment in the applied voltage must appear across the sheath formed
adjacent to the cathode gsurface. This situation is depicted schemati-
cally in Fig. 41.
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Figure 41.

Sketch of Radial Potential Distribution in Plasma

- (Coaxial Geometry).



«95.

The emitted electrons, which have been accelerated by the
sheath potential, are then thermalized by elastic collisions with the
atoms and electrons in a region near the cathode.

Now the thermalizations of the electrons constitutes an energy
source near the cathode, which results in the heating of the cathode. In
turn, this increased cathode temperature produces a reduction of the
fractional surface coverage of potassium. This results in an increased
work function ¢ (Ref. 2) and a reduction in the thermionic current as
indicated by Eq. 1.

The resulting decrease in the current produces a further in-
crease in the sheath potential and thus an increase in the energy of the
emitted electrons, which are accelerated by the sheath potential, bg *
In the energy range from 1 to 10 eV, the cross section of the elastic
electron-argon collision rapidly increases. Thus the heating effect in-
creases with increasing sheath potential, because the strength of the
heating source ¢s is 1ncre.ased. and simultaneously the effective dis-
tance of the heating source from the cathode is reduced. This interac-
tion then continues to increase the cathode temperature until other come
peting mechanisms are sufficient to limit the temperature increase.

Radiation from the wire,which increases as Tw4. and the
cooaling effect on the cathodé of passing the electrons through the work
function barrier bofh produce a heat flux out of the cathode, When the
aforementioned heating and cooling effects reach a balance, a new stable
operating condition is achieved. With this qualitative picture in mind,
it is now proper to approach some aspects of the transition phenomena

from a quantitative point of view.
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A measure of the iheath thickness is given by the Debye shicld-
ing ltmg‘th‘l 1) . "

L. = (kT/4m a_e?‘)z (54)

D
For the conditions of the previously mentioned experiments, L., is on
the order of 10~° cm, while the electroneatom mean free path is on the
order of 10”2 ¢cm. These calculations indicate the sheath is confined
well within an electron mean free path. Hence the electrons which are
emitted from the cathode surface will be accelerated to the velocity cor-
responding to the sheath voltage drop. In the steady current limited
mode, this sheath drop is on the order of 10 = 20 volts, as may be noted
from Figs. 5 and 8.

An estimate of the energy deposited per unit volume (£) by the
electron-atom thermalization process may be obtained by methods sim=-

(12). The

ilar to those employed {n the study of neutron thermalization
prodem considered here is directly associated with the coaxial slec-
trode geometry. Because of space limitations, only the result will be

given below:

¢ = %;3 L | (55)
where [ = D/@Z) {see list of symbols in Appendix A). The details of
this analysis may be found in Appendix D.

Equation 55 is obtained by considering only the effects of electrone-
neutral collisions and neglecting the effacts of electron-electron and
electron-ion collisions. The effect of the latter types of collisions is
also treated in an independent manner. In a strict sense, it is not cor-

rect to try to analyze the physical situation by considering the different
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types of collisions in a separate manner., However, to solve the prob-
lem in a complete way is an undertaking of rather large magnitude,
Thus, the following approach was adopted to obtain some insight into
the phenomena without the expenditure of an inordinate amount of effort.

From Eq. 55 it is seen that the major portion of the energy de-
posited by the colliding electrons occurs within a characteristic radial
distance given by _

** = (4D/gY) (56)
where D~ 1 /(52) for electrons diffusing through neutral atoms. Typi-
cal calculations based on Eq. 56 indicate that ¥" is reduced from ap=-
proximately 2 cm at e, = teVto 10°% em for e = 10eV.

Thus, as previously indicated, the heating effect increases with
increasing sheath potential because both the strength of the heating
source (a¢s) is increased and, simultaneously, the effective distance
(r*) from the heating source to the electrode is reduced. In addition,
the maxirmum rate of energy deposition which occurs at the surface of
the electrode (r = 0) also increases because p decreases as the square
of the electron-;argun collision cross section. With the aforementioned
values of r‘ in mind, the question of electron - charged particle inter-
actiona will now be considered,

‘ As shown in Appendix D, the effect of eleétron interaction with
other charged particles can be viewed in terms of an effective electron
slowing down length. The computed values of this slowing down length
were approximately 3 X 16™% cm for 0. 1 eV electrons and 0. 6 cm for
10 eV ela!-ctrone (see page147). Comparing these values with the earlier
mentioned values of " indicates that at large sheath potentials the
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electron-neutral collisions predominate in thermalizing the electrons.
This is why electron - charged particle interactions were overlooked in
the previous discussion. At low sheath potentials the electron-electron
and electron-ion collisione are the important factor. As a result, the
electrons interact with themselves chiefly, and their resultant velocity
distribution is relatively unaffected by electron-neutral collisions.
Thus, these calculations support the viewpoint of the non~equilibrium
conduction theory. |

Another heat transfer mechanism which must be coneidered in
the transition phase is assoclated with the production of lons neay the
surface by the high-energy sheath electrans. If a large number of ions
were prodﬁced near the edge of the sheath, these ions would fall through
the sheath potential and deliver a heating effect to the cathode equal to -
_ the sheath potential plus their lonization potential as they impact and
recombine on the surface.

An estimate of the effective extent of the ionization region, pro-
duced by the sheath electrons, can be obtained by computing the effec-
tive mean free path for ionization. For potassium,the ionization cross

section is given by(m)

Q = 4, (;i')(* -:%- ' (57)

where the maximum crose section Q_ = 3 X Y™ o » and it occurs
at ¢, = 2¢; . DBased on the above value of O_ , r‘k/“a =,004, and
T, = 2000°K , the minimum mean free path for ionization is on the
order of 3 cm. However, the total track length of the electrons as they
slow down through the thermalization region is also on the ordexr of 3
ecm. Thus, at sheath potentials above the ionization potential, a region
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of comparatively high ion concentration may exist at the edge of the
sheath. During the transition process, when the sheath potential is
below the ionization potential, the chief mechanism by which a portion
of the energy of the sheath electrons is réturmd to the cathode is by
electron-neuiral thermalization collisions and subsequent ordinary
- K -g-; neutral heat transfer back to the wire.

2. Operation in the curreut limited mode. - In view of the

preceeding discussion, it is now of interest to estimate the magnitude
of the various heat transfer mechanisms for operation at the upper
stable point of the transition, i; e., the current limited mode. A typi-
cal case is Run 27-6-1 (Fige. 5 and 9). As tlia wire temperature was
approximately 2400°K in the transition mode, the convective heat trans-
fer to the bulk of the gas may be ignored. Thus, only a comparison
between the radiation, electron cooling, and energy input to the sheath
electrons need be considered.

| It should be noted that the upper stable conditions is not one in
which the tungsten cathode surface is completely bare. The magnitude
of the thermionic currents obtained requires that the potassium frac-
tional coverage be approximately 30 per cent.

Calculations from a tyi:ica.l run indicate that t-he surface work
function (¢ wﬁ.‘)‘ changes from a value of 2. 6 eV just prior to transition
to a larger value, 3.2 eV, in the current limited mode. The work
function of bare tungsten is approximately 4.4 eV.

The radiant heat transfer is approximately 54 watts, while the
electron cooling is bt IcLm ¥ 3. 2 (13) ¥ 42 watts, and the power ime
parted to the sheath electrons is approximately ¢ ‘I = 14{13) = 182

watts., If these three terms are equated as follows
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L S TR X WP P {58)
then 7, which is the fraction of the energy of the sheath electrons
which is returned to the cathode, is found to be approximately 0. 5. A
mental sketch of a reasonable gas temperature distribution in the CLM
indicates this value of n is quite reasonable.

Figure 25 shows a reversal in the temperature gradient in the
center electrode (coaxdial geometry) just prior to transition. This re=-
versed temperature gradient also occurs in the current limited mode.
An explanation of this effect requires consideration of gas property
variations and resultant current dengity variations which exist in the
axial direction. |

According to both the equilibrium and non-equilibrivm conduce
tion theories, the effect of Joule heating as the gas passes through the
test section causes the conductivity to increase in the downstream di-
rection. As a result, the current density also Increases as the gas
moves from the entrance to the exit of the test section. According to
Eq. 21 of Appendix B, the equilibrium theory gives the following axial
variation of the current density:

r) = o ' | (59)

w24 3f

where r = 2/L, v is the non-dimensional electrode voltage, and

plry=T sz('r)d'r . Appendix B gives the details for computing p .
'I'ge variation of current density in the axial direction as pre-

dicted by the non-equilibrium theory has already been considered, and

the result is repeated here for convenience.
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-:r(r{z -®, r j T%%EET drdz (60)

z::O R

log 'JL)'

Bquations 59 and 60 show that as the total test section current is

R

increased up to the transition point, the axial variation in the current
density becomes increasingly pronounced. As previously shown, the
no:.x-equﬂibrium theory predicts a value of J L/ J - about 3.5 for the
large currents which occur just prior to transition. For the same ex-
perimental conditions, the equilibrium theory predicts a value of

JL 130 which may be several times larger than the value quoted above
for the non-equilibrium theory.

Upon the initiation of transition, the larger current densities
near the exit of the test section provide a greater number of electrons
per unit length of electrode. These electrons in tura provide a local
heating effect of about ¢ 57 » 28 previously discussed. It is tacitly as=-
sumed here. that the sheath potential does not vary appreciably in the =z
direction. Thus the local heating source (thermalization of the sheath
electrons) is much stronger near the downstream section of the center
clectrode, and an inverse electrode temperature gradient results,

| The increasing density of sheath electrons in the axial direction
affects the free stream conductivity, by virtue of ionization, in such a
manner as to augment further the original axial increase in current
density.
D. Current Limited Mode

When operating in the current limited mode, the magnitude of

the current is determined by the rate of emission of electrons from the
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cathode surface. This statement is supported by several experimental
observations. The vertical slope of the upper portion of the V-I curve
in Fig. 5 shows that the current {s independent of the applied voltage.
This limitation of the current can occur only if there is some process in
the system which limits the current. '

The addition of nitrogen and helium and the presence of teflon
contamination did not alter the magnitude of the current obtained in this
second mode. This demonstrates again that the current ia independent
of gas phase phenomena. _

As previously noted, the thermionic current density is given by
the Richardson-Dushman equation

-&/KT
J = ATWZG = » ‘61)

where &, the effective work function, is now dependent upon the
amount of potassium adsorbed on the tungsten electrode surface. With
an electrode system operating at a thermionic limit, a reduction in the
electron emitting area will result in a proportional decrease in the cur-
rent passing between the electrodes. The previously discussed ''elec~
trode switching'” experiments, performed under conditions of current
limited mode operation, are in exact agreement with the decrease in
current predicted by Eq. 61.

As mentioned before, the magnitudes of the thermionic currents
obtained in the second mode indicate that an appreciable fraction of the
surface is still covered with adsorbed potassium. The work functions
computed by the Richardson-Dushman equation varied between 3. 0 and
3.4 eV . The work function of potassium is 1.9 eV, while that of bare
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tungsten is 4. 4 eV . For the case of cestum on tungsten, Taylor and
Langmulr‘z’ found that the effective work function of the surface was
that of cesium when the fraction of the surface covered (§) with adw
sorbed atoms was approximately 0, 60 . Figure 30 1s taken from Ref, 2
and demonstrates the variation of byt with 6. If a similar situation
holds for potassium on tungsten, then a value of ¢ . = 3 eV requires a
o value of about 0,35 if a linear relationship between ¢_, and § is
assumed.

In view of the above discussion concerning surface effects and
the previous considerations of normal mode operation, it is now possible
to properly explain the schematic voltage - current diagram given in
Fig. 40 and the experimentally observed current variation shown in Fig.
27. Figure 40 is a schematic dlagram of the *f-I characteristics obe
tained when :1k1'n i is varied with all other parameters fixed. The
spacing of the curves in the normal mode indicates an optimum seed
concentration producing a maximum conductivity, as was obsarved
here. DBaged on the experimental results, the increasing nkln; o PFO-
duces a larger maxdmum normal mode current. This is also antici-
pated,since increasing n for a given Tw should tend to produce an
increased fractional potassinm coverage with resulting increase in the
maximum thermionic current, The complete curve in IMig. 27 results
from moving along the fixed load line of Fig. 40 by changing n, /n  and
passing through both the normal and current limited modes.

It was found that increasing the seed concentration increased the
thermionically limited current, as shown in Fig. 28. At first, this
might be attributed to an increase in the fractional potassiwmn surface

coverage due to the increase in the number density of the potassium.



However, as shown in Fig. 29, .tbg%ectrnde temperature also in-
creased with increasing potassium concentration. The overall result
was an increase in the computed value of ¢ _, with seed fraction. This
result indicates that the increased temperature of the wire more than
offset the increase in the potassium flux impinging on the cathode sur-
face, and thus the fractional surface coverage decreased with increas~
ing n, . The variation of the experimental parameters is shown in 2
schematic way by the dotted line in f‘ig. 30.

The increase in electrode temperature due to adding potasasium
may be considered in light of the discussion given in the section on
transition phenomena. It was shown there that the effective thermaliza-
tion distance is inversely proportional to the macroscopic cross section.
Thus, as previously explained, increasing the potassium concentration
moves the effective heating source closer to the surface of the cathode,
_énd thus the cathode tempe rature increases.

E. Electrode Heat Transfer

As previously mentioned, neither electrode was heated or
cooled by an independent mechanism. Instead, the electrode tempera-
tures were fixed by an energy balance between the various modes of
heat transfer to or away from the electrodes. It ie the purpose of this
section to discuss the different heat transfer mechanisms independently
of the current conduction model chosen, or which mode of conduction
prevails.

In Ref, 1, the problem of heat transfer to the electrodes is cone
sidered for the case of small Mach numbers., In this analysis, the
continuity and momentum equations are unchanged by the current,
However, the energy equation for the gas has two additional terms due
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to the electron flow.

5

2
pcp%‘l = V- (KVT +,zk're-j J (62)

Tt ety
The' term containing T, is se'en to produce a difference in the heat
transfer rates in the gas and hence to the two electrodes, too. Due to
this term, the electrong heat the anode and cool the cathode by vtm of
the energy flux which they transport.

Figure 9 shows the variation of the center electrode temperature
for both current polarities. As previocusly mentioned, these tempera~
tures were meagured by means of a conventional optical pyrometer,

The large increase in temperature with negative current coupled with
the slight decrease {in somé cases) for positive currents establishes the
fact that the current conduction does produce asymmetrical heat trans-
fer rates. The temperature increase for positive currents in ¥Fig., 9
was typical of voltage - c¢urrent characteristices which transformed from
the normal mode to the current limited mode. Observations of the
double~wire electrode geometry also indicated a very marked heating

of the anode at high ;:urreuts. However, a few simple calculations
quickly indicaie that the -gk‘I‘ o term is not sufficient to account for the
obgerved data. The {tem of importance here is, instead, the work
function barrier of the electrode surfaces.

When an electron is emitted from a surface, it moves into a re-
gion of higher potential energy by virtue of its having overcome the at-
tractive image forcea(l4). In a steady state condition, this emitted
electron is replaced by an electron conducted in from the external cire
cuit. This replacement electron possesses a mean energy which is

approximately equal to the Fermi energy. As a result, the metal must
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lose an amount of energy equal to e . for each emitted electron.
This situation would be depicted in Fig. 42 if the cathode drop V 6 were
set equal to zero. The reverse process occurs when the electron en-
ters the surface and the material is heated.
An energy balance for a differential element of the center elec~

trode {coaxial geometyy) gives the following relation:

4
41 (2) D dT
aT W w d w
8 - e = S 'Tzrz(Kw“a-;') (63}
1 w

where the first term represents the thermal energy conducted into the
wire from the surface, whﬂe the second term represents the Joule 7
heating within the electrode itself. These terms are equated (in steady
state operation) to the net axial heat loss along the electrode as given
by the right hand side of Eq. 63.

The effective heat transfer rate at the electrode surface may be
obtained with the aid of Fig. 42. As shown in this figure, the location
{1) refers to conditions inside the electrode, and this position may be
moved arbitrarily close to the surface of the electrode. The position
{2) refers to conditions in the plasma proper where collisional effects
predominate and it is meaningful to speak of electron and ion tempera-
tures, atc.‘

By considering an energy balance for an imaginary volume
bounded by (1) and {2) and having unit cross-sectional area in a direc-
tion perpendicular to the surface, an exact expression may be derived
for the surface heat transfer rate. Energy ie delivered to this imagi-
nary volume by the following mechanisms: the total current J passing
through the net effective potential by * Vc » ordinary thermal conduc-
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tion from the gas (I{a %% ) » and recombination of ions at the surface
2
(--r‘;i eV,) . Transport of energy out of this volume is accomplished by
P
the following mechanisms: thermal radiation from the electirode sur-

face and net transport of lons, elecirons, and neutrals from the volume

5 by, - 5 » - 5 g z -
ciple of conservation of mass to the volume requires that 13 = =i,

a., i
for a steady state. If the ion and neutral temperatures are taﬁqen tozbe
equal in the gas, then the net effect of ion and neutral transport is zero.

By combining the above terms with the appropriate signs, the
following equation results.

" ETW B s g 5 & BTa

=R 55 . L nize v’l + nez -szaz + J(c{swn'v'c) - i{a'ﬁ? 2.(64)

In a steady state condition with no net recombination or joniza-
tion per unit volwne, the ratio of x‘zi and x—‘le is on the order of the
ratio of m_ over .mi s which is approximately 1/74, 000. Since Vs is
4, 34 eV and %E-:Ti iz on the order of 2 few tenths of an eV, it is safe
to neglect the terrm associated with ﬁi . The only exception to neglect-
ing the ﬁi term is a case in which a region of large lon density existed
just at the edge of a large surface sheath which then accelerated the |
ions toward the surface and caused them to impinge upon the surface
with a large kinetic energy. The possibility of such a situation was
considered in the discussion of the transition phenomena and the cure
rent limited mode.

Asg previously discussed, the sheath potentials obtained while
operating in the normal mode are comparatively small. Thus, in the

following analysis of the normal mode heat transfer data, the 1'11 term
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will be neglected.

The effect of the various current cm%tgzﬁm theories will affect
the heat transfer correlation only in the K » -5-;-'- " term. Depending
upon the conductivity values chosen for the boundary layer, the result-
ing Joule heating in the gas will have a different value. This difference
in the Joule heating will produce a different temperature gradient near
the electrode surface , and consequently will change the heat transfer
rate.

Combining gs. 63 and 64 ylelds the relation required to coms=
pute the axial temperature distribution in the wire. Because of the
complexity of the resulting equation, this method was not utilized in the
analyses of the experimental results, A simpler procedure based on
| quantities ;vera,ged in the axial direction was utilized and is presented
below. | |

With the test section operating in the normal mode, the three
dominant heat transfer terms are convection, electron heating or cool-
ing, and radiation. Two other terms of somewhat lesser importance
must also be considered; they are ohmic heating and thermal conduction
in the electrode.

The data was analyzed by computing the various heat transfer
terms and equating the net result to the convective term. A heat trans-
fer coefficient was then computed based on 2 mean gas temperature
near the wall, computed by the equilibrium theory (eece Appendix B),
and the mean wall temperature o

h qcmv/{A " (’I’g - Tw)} . (65)

i

The various heat transfer terme were determined in the fole
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lowing manner. TFor the given coaxial geometry of thege tests, the net

radiant heat flux from the cathode is given by

. 4 _ 4
dpaa = 849¢,[T)" = Fp,6,T,7]
2 4
) cle{l-ez) -€,°,T, (1= H1=F,)F,
-UAlFlZI' 21 = . {66)

The last term in Tq. 66 accounts for radiant energy reflected by the
outer electrode back to the inner electrode. Bécaune of the configu-
ration factors involved, thia terrn was in all cases a negligible quaﬁ-
tity. Configuration factors were computed using the standard methode
desgcribed by .Ia.k‘obus). The emissivity of the center electrode was
assumed to be that of pure tungsten., Temperature variation of the
tungéten emissivity with temperature was obtained from Ref, 16. The
emisgivity of the stainless steel outer electrode was ta.l;:en as 0. 55
from McA&mns(”}.

Electron heating or cooling was computed for two values of
(¢, =V, 1= 2eVand 3 eV, and the expression

delectron = d"eff 1. (67)

These values are based on estimates of ¢ obtained by use of
the R.tchardso:i—:l)uslzman equation and the currents measured at trane
gition from the normal mode. Again it is assumed that V o is neglie
gible in the nor:aal mode, |

Ohmic heating due to current conduction in the center electrode
wag computed from a mean value of the tungsten electrical conduc-

(16)

tivity and by assuming a uniform emission current density from

the center clectrode. DBased on these assumptions, the total Joule
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heating in the center electrode becomes

2

Srhe

Two electrode temperature measurements were taken near the tip of

. 1
9.1 7

the center electrode and near the end of the test section. From these
two numbers and 2 mean value of the thermal conductivity of tungstenna’
the thermal conduction losses from the center electrode were estimated

by the relation

L
AT}a

dp,c. * R . " (69)
The results of these calculations are given in the following table.

TABLE V.
%
Reduced Heat Transfer Data

J , Tgm 3@' T h{gge2 volts] §{¢ , 2¢=3 volts]
{(amps /em®) K K watts /em” %1
0 . 1780 2370 . 027 . 027
5.5 1712 2490 . 028 . 035
10. 6 1697 2570 . 037 , . 049
18, 1 1692 2720 . 045 : . 063
23.0 1683 2810 . 047 . 068
29.0 1659 3009 . 047 . 068

* Data taken from Run 24-5.2 t

Estimated
A comparison of the above h wvaluee wae made with the value
for a flat plate {laminar flow)

L
hfp = _".% (0. 332)(Fr)= * Reb {70)
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which for the conditions of the aforementioned test is 0. 0135 watts/cm®
®K. The value of h calculated for zero current is roughly twice the
value obtained for a flat plate. Thie factor of two is quite reasomable in
view of the circular cross section of the electrode and its small length~-
to-diameter ratio of about 6.

Ezamination of the h values indicates that the heat transfer
coefficient increases with increasing current densities. The data indi-
cate that an increase by a factor of 2 or 2 is produced by a current
density of 30 a.mpa/cmz. This change indicates that the Joule heating
of the thermal boundary has an appreciable influence on the heat trans-
fer rate to the wall.

The results of this section indicate that Joule heating in the gas
boundary layer may appreciably affect the electrode heat tranafer, es-
pecially at the larger currents. However, it should be emphasized that
the well known,but sometimes overlooked, heating or cooling effect of
the passage of electrons through the surface work functian barrier is
usually of equal or gréater importance.

F. Conclusions

Two modes of steady current conduction have been found for
current flow between high temperature electrodes in a potassiume-seeded
argon plasma. In the first, or normal, mode, the conduction phenome
ena are dominated by gas phase effects._ The conduction in the second,
or current limited, mode is determined primarily by surface effects.

It should be stressed that in both modes of conduction, electron
emission from the cathode is apparently by the thermionic process. In
the first mode, the current density at the electrode surface is less than
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the thermionic limit,and cathode sheath potentials are less than a few
k'rw . In the second mode, the current density is equal to the thermi-
onic limit, and sheath potentials are orders of magnitude greater than
KT |
The transition between the two modes is produced by the in-
crease in heat transfer associated with the sheath potentials ;,which may
be large when the current is thermionically limited. Although the
abrupt change in voltage which occurs at transition is a result of the
use of uncooled electrodes in these experiments, both modes would still
exist for constant temperature electrodes,

Interpretation of voltage « current data for the normal mode in-
dicates that both Joule heating and some non~equilibrium process must
be taken into account tb eéxplain the high conductivity values which were
experimentally observed. The data obtained during the transition pro-
cees and in current Vlin'liteci mode operation agrees well with the beha-
vior anticipated in view of Langmuir's work concerning surface ad-
sorption of alkali metals on tungsten.

Heat transfexr phenomena are strongly influenced by electiron
cooling or heating effects. In the normal mode, the most important
term appears to be the energy loss or gain associated with motion of
electrons through the surface work function ba.rrier; In the current
limited mode, the dominant factor is the thermalization of emitted
electrons, w;hlch have beéen accelerated by the large cathode sheath
potentials,
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APPENDIX A

Notation
electron emission constant (60. 2 mm:p/?::mz °K})
angstrom
cross-sectional area of center electrode
surface area
surface area of inner electrode
magnetic induction (field strength)
specific heat at constant pressure
average velocity
average electron velocity
velocity of light squared
center electrode
diffusion coefficient for electrons

center electrode diametey

. convactive derivative

electric field magnitude

vector electric field

energy deposited per unit time per unit volume by electron

thermalization

- energy of excited electronic state above the ground state

electronic charge, base of natural logarithms
experimental

configuration factor for radiant heat transfer
configuration factor for radiant heat transfer

oscillator strength
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oscillator strength for resonance photon absorption
velocity distribution function in phase space
degeneracy of electronic ground state
degeneracy of electronic excited state
Planck's constant, heat tranefer coefficient
heat transfer coefficient for flat plate
current
current in center electrode
non-dimensional current
current density (a.mplcmz)

current density due to mean drift of charged particles through
the plasma in the direction of the electric field

current density associated with random motion of charged
particles

curyent density at downstream end of center electrode (amp/
cm®), current density per unit length of center electrode
{(amp/em)

current dfnuity at upstream edge of center electrode
{amp/em*®)

current density at surface of inner electrode (amp/ sz)
vector current density

non-dimensional current density

gas thermal conductivity

thermal conductivity of center electrode

degrees Kelvin

mean thermal conductivity of tungsten

Boltzmann's constant

electrode length

characteristic length for absorption of resonance radiation
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m, mags of argon atom, mass of neutral atom

m, mase of electron

rh gas mass flow rate

my mass of field particles

n, number density of argon atoms (li’cms)

B, number density of electrons

n, number density of potassium atoms

n.. number density of potassium atoms

Uy number density of sodium atoms

nNa( o) number density of sodium atoms in ground state

nNa(*) number of sodium atomsa in first excited electronic state

n, number of atoms in ground state,

n* number of atoms in excited electronic state

x’xa net flux of neutral atoms {lffcmaaec])

ﬁe net flux of electrons

151 net flux of ions

opt optimum

Pr Frandtl number

¥ spectral absorption coefficient (cm'latm' J‘)

P impact parameter for two-body collisions, pressure in
atmospheres

Q, electron~-argon collieion cross section

Oy electron-potassium collision crose section

Qe eleciron=potassium collision cross section

QNa. electron-godium collision croes section

C?g_,i electron-sodium atom collision cross section for excitation of

first excited state of sodium
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electron~-sodium atom collision cross section for de-excitation

of the first excited state of sodium
slowing down density
convective heat transfer rate

total heat transfer rate due to electron passage through the
work function barrier

total rate of generation of thermal energy in center electrode
due to Joule heating

total rate of heat loss from center electrode due to thermal
conduction along the electrode

total rate of heat transfer from center electrode due to
radiation

external resistance

radius of inner electrode

radiue of outer electrode

radiue of inner electrode

Rejmolds- number based on electrode length

apeciral intensity of blackbody radiation

average blackbody spectral intensity of sodium D line width
radial distance

radius of inner electrode

racdius of outer electrode

sodium line reversal

distance along particle path

temperature

temperature of argon atoms, temperature of neutral atoms
electron temperature

reference temperature

mean effective gas temperature (axially averaged)
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TSLR sodium line reversal temperature

TW mean center electrode temperature (axially averaged)
Ty surface temperature

T temperature of inner electrode

T, temperature of outer electrode

- gae temperature upstream of test section

i electronic excitation temperature

AT temperature increment

t time

Toui electron~atom equilibration time

u gas velocity, lethargy

v voltage

Vc cathode sheath potential

Vo ~ externally applied electrode voltage

Vg potential drop across bulk of plasma

Vi ionization potential

¥ sheath potential

AV voltage increment

AVZ-I potential difference between inner and outer electrodes

L mean electron velocity

v g gasa velocity

W test particle velocity

aw, change in test ﬁarticle velocity in direction of original

velocity

Lad

distance coordinate

[v]

= axisl distance
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dimensionless parameter (non~equilibrium conduction theory)

dimemnsionless parameter {(non-equilibrium conduction theory,
specialized meanings given in text)

constant in equilibrium conductivity approximation
large increment

dimensionless energy exchange parameter, small increment
angle coordinate

mean argon afom energy, mean neutral atom energy
mean neutral atom energy at zero current density
mean electron energy

mean electron energy at zero current density

mean ion energy, ionization potential

permittivity of free space

emisgivity of inner electrode

emissivity of outer electrode

energy deposited per unit time per unit volume by electron
thermalization

special meanings given in text
dimensionless temperature ratio
thermal conductivity

mean free path, wavelength

net ngutral Pux of potassium atoms impinging on cathode
{cm™ " sec™ )

collision frequency, dimensionless voltage

average decrease of the logarithm of the electron energy per
collision, special ne anings given in text

3. 14159...

gas density
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dimensionless conductivity ratio, macroscopic cross section,

summation symbol

conductivity

conductivity computed from electron-neutral collisions
conductivity computed for fully-ionized gas
experimental value of the conductivity

conductivity at reference temperatore T 5

mean thexrmal conductivity of center electrode

Fermi age, mean collision time, specisl meanings given in
text

mean electron~electron equilibration time
viscous dissipation function

electrical potential, wark function
effective work function potential
ionization potential

sheath potential

potential difference

dimensionless current density paramsaier
collision deflection angle in center of mass coordinates
special meanings given in text
dimensionlegs resistance ratio

radian frequency

gradient operator

divergence operator

Laplacian operator
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AFPENDIY B

Voltage-Current Characteristice Determined by
Equilibrium Conductivity

This section describes an analyesis performed by Professor
E. E. Zukoski in conjunction with the interpreantion of the experimental
results described herein. As the details of this analytical work have
not been published elsewhere, they are being presented here for com-
pleteness.

Three different channel geometries were considered in these
caleulations; coaxial and axial geometries gimilar to those utilized in
the experiments, and 2 conventional rectangular geometry. The most
difficult case is tﬁe coaxial one, and it will be treated first.

The basic equations which are needed are the following:

energy cquation

2
dT J
puc, XF * T » (b=1})
current continuity
311‘1 _ﬂ jr '] (b-Z}
Chm's law
iz
V = J ﬁgﬁ ’ (b=3)
s

where the subscripts (1) and (2) refer to the inner and outer radii of
the test section, respactively.
A group of non-dimensional parameters is then introduced:
rExfl, B=rfr, , o= TITy » >, = alo, (b-4)

whezre the temperature T = T,= T, as assumed by the equilibrium
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conduction theory. In a#dluon. the voltage and current density are
normalized in the following manner.

- 1
=~ fpe uT°a°

pe ul »r

—-Er:a-———

Thus, the energy equation can be written in the form

’ (b=3)

(b-6)

<
it

oa/or = j2/5 8%, (b=7)
while Ohm's law becomes
2

v | f% a . (b-8)
1

Combining Eqgs. b=7 ea.ml b-8 yields

2 1 .
1 98
v = j (T .5..) | (o-9)
The conductivity ie then assumed to be given by the relation
T e oFt0 =10 (b-10)

where I' is a constant and §= T/T_ . Inspection of conductivity
values computed from the equilibrium theory indicates that Bg. b=-10 is
accurate to vdthip 10 per cent over a temperature range slightly greater
than 500°K.

Logarithmically differentiating Eq. b-10 and substituting from
Eqg. b=7 gives

%Pé—:l‘%ga%lzz. (b=11)
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Integrating b=-11 from 0 to r and utilizing the boundary condition

S(r=0) = 1 results in the expression

ATy = 1+ -1:,5 f(j(v))z dr . (b-12)
£ %
T"or convenience, the following definition ie muade:
B{ry = T f@m)a dr . (b=13)
0

Combining Tqs. be1l and b-12 and substituting into b-9 produces a

relation between v and .
Ez 1

v = (p %’i-)% [ ﬁr (b-14)

p (148 187)
Carrying out the integration in b-14 and realizing that v, which is
directly proportional to the externally applied voltage, may be con=-
sidered a prescribed constant, results in the following differential
equation for £

2
: E,+P
%g,- [&n —T%"’-E—)] . 7. ' (b=15)
Integrating b-15 from + =0 to gives:
3
+
vl = f[m %BE] a (16

where the limit on § is chosen 80 ag to make s equal unity once T
and v are given. The integral in b-16 can be evaluated in termse of an
infinite series

2
PR |
£ty w (gzz-x) [F{EI%— -F{ﬁf-l}} . (b=17)



]2
where the function F{x] has the form

Fix) = & (el )n(xal) = en®er2( = 2 +;'::z"";£;3' $.00)] (b=18)

for x>1, and

Flx) = & [{x+1)n(x+1) + wix 2x%(1 - % 4+ ox . )] (b-19)
; we 3 27T T

for <1.

The solution to Eq. b=17 is found by plotting the right hand side
for various values of p . Then, by fixdng ', setting v =1, and
picking a value of p, it is possible to golve for v. With v deter-
mined, Bq. b-17 is then used to find  as a function of r for O0<r<l.

From the original definition of B (Eq. b-13) and Eq. b-14 for
v, it follows that

, 2 .

- | 2®
Vo= —jz- Ln[-?-%—;;-:l ’ (b-20}
2y

&
" [ﬁz + ﬁJ
Since P is a function of 7 according to b-17, it is seen that j is also

and thus

. (b=21)

a function of v and may be determined in a closed form once v 1is
stipulated. After computing j(7} from Eq. b-21, it is numerically
integrated with respect to 7, and this yields a quantity directly pro-
portional to the test section current. By reversing the normalizing
procedure, fj dr and v give the desired current and voltage values,
reapecttvely.o The results of these computations are shown in Fig. 43,
plotted as a function of the non-dimensional quantities v and i, where

v = A (b;zz)

\{rhcp ToRo




(Arjstuoen) TeE0D)) jULIINT) TEUOlS
~USWIK]-UON SNSIBA UOPIPPY I9MOJ [BUOISUIWLI~UON pPU®R 9883104 [EUOISUILUL(] -TUON

*¢F 2INBLA
_
o 4l Al ol 80 90
1 1 I

v'0
T :

-125~-

Ec2 0 - o
0820 B

T

Ol =d
AdLINW0O3D TTVIXVOD




-126=

and
5 @ i " (b=23)
mc To
Ho
In Egqs. b=22 and b-23, the quantity R, is given by
tal{r./r.)
; - 2°°3 ’
fo fwmm, T
It can readily be shown that v and rj dr are related to v and 1 by
the relations ?
v = 2 - (b~25)
2 1 g %] -3
[‘ez - M'n 2

- 1 / 2
in €, -
i = < brj("l”, d’(‘> m . (b“z(ﬂ

The solution of the axial case is straightforward., Non-dimen-
sional quantities are introduced as before, except that R = {L/o _A) in
this case, Integration of the equations in closed form is poasible here
with the following results:

ta(l + r'i?')
v . = -f-—--ru;-—--—-—- _ ‘b-27)
and |
| ia(l + ri‘?')
¥ % ovi = B(r=l)-1 = S ) (b-28)

The parameter ! is a measure of the total electrical power added to
the gas as it passes through the tesi section. Equation b=27 predicts a
maximum value of v _ = O.BI\ﬁ‘—' at i= 2!1/1_‘_" with a corresponding
value of ¢ = 1,6/T" ., Figure 44 shows a plot of Eqs. b=-27 and b-28 for
['=10. Itis seen that v =0.25 and the related value of  is 0.16.
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This indicates that the voltage - current characteristic is highly non-
linear, even with relatively small amounts of power addition.
| Although no experiments were carried out with a rectangulax
geometry, this case was also treated in the above @yals. As with
thé axial case, the required integrations were easily carried through to
give the results |

i = = tn T?;:f , (b-29)
ofy) = 1 "'Tl' tn (-I—:T-f-;;z- . (b=30)
jir) = T:"f-‘:-;r ; (>-31)
¥ o= 8(rsl)-1 = ttn (T:JI;:Z) : (b=32)

The notation is the same as that used in the previous cases, except
that R = honAe » where h is the distance between electrodes and
Ay is the electrode area.

Inspection of Eg. b-29 indicates that 2 masimum value of the
voltage is reached, even though i becomes indefinitely large. Figure
45 shows the behavior of the voltage~current characteristic for the
case I' = 10, There it is seen that v is within 90 per cent of its max=
imum value when ¢ = 0.16. Once again, a strong non-linearity is
evidenced at relatively small power additiona.

In the preceding analysis the effect of cool gas bodndary_layers
on the electrode surfaces has been entirely neglected. Because of the
strong variation of the conductivity with temperature predicted by the
equilibrium model of current conduction, the boundary layers might be

expected to produce a marked influence on the voltage-current
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characteristics predicted by this model.

As in most boundary layer analyses, a solution could be ob-
tained only by making some rather drastic simplifications. At the
entrance to the electrode section (coaxial geometry) the conductivity
was given an initial stepwise variation in the radial direction, while the
initial radial temperature distribution was taken to be a constant value.
The assumption of such inlet conditions is permissible in view of the

small change in the conductivity. Thus, Eq. b«l2 was modified to read

.
Dint) = Zoten—é} [ m?ar (b-33)
0

The method of solution then proceeded in a manner completely analogous
to that shown above. Substitution of the appropriate numerical quanti-
ties from a typical run produced a V-] curve which differed very little
irom the curve computed without the boundary layer effect. The two
aforementioned curves were normalized to give the same total gas re-
sistance at zero current. A more marked curvature at low currents
and a decrease in the asymptotic voltage of about 15 per cent were the
chief differences between"the boundary layer example and the original
curve.

Cualitatively, it may be seen that since the local Joule heating
is inversely proportional to the local conductivity, the current tende to
make the conductivity distribution more uniform. Thus, the effect of
the cold boundary layer is rapidly reduced as the current is increased.

As previously mentioned, in the section discussing heat transfer,
the quantity 'I'g was computed by means of the methods described in

this Appendix. This was done simply by computing the variation of the
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current density with axial position from Eq. b~21l. Substitution of
-j('r) into b~12 provides the variation of conductivity with =z, and this
information along with Eq. b-10 gives the desired free stream tem-
perature variation with distance down the test section. A simple,
linear, average value of this temperature variation then yields the

desired value of T'g .
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APPENDIX C

Interpretation of the Sodium Line Reversal
Temperatura Measurements

If a plasma is in thermodynamic equilibrium, the principle of
equipartition of energy applies. The relative degree of population of
the various elecironic levels of the atoms is then given by

W,
n*lno = g‘lgo o~ kT (c~1)

where T = T, In equilibrium, T, is the mean translational energy
of the atoms, ions, and electrons, which are all equal.

If a sodium line reversal (SLR) temperature measurement is
taken under the above conditions, the result will be TSLR = T* =T -~
Under non-equilibrium conditions, the SLR measurement will still yield
the effectit.re excitation or population temperature Tl°l associated with
the sodium D lines () = 5890, 5896 &, &' = 2.1 eV). However, there
may be a large difference between T 5 2nd .

The problem to be considered here is one of quasi-equilibrium.
A spatially uniform, steady-state condition prevails in which the elec~-
tron component of the plasma has a Maxwell-Boltzmann velocity dis-
tribution characterized by a temperature T & The ions and atomse
have similar distributions characterized by temperature T, - This is
the situation that prevalls locally, in the aforementioned current con~
duction experiments, according to the non-equilibrium theory.

Under strict equilibrium conditions, the principle of micro-

scopic reversibility applies(lg).

Briefly, this principle states that the
rate of population of a given quantum state by a particular process must

be exactly balanced by the rate of depopulation of the state by the



~133=
reverse of that particular process. V hen this principle applies., the
rate of decay of the nurﬁber of excited states by photon emissgion is just
equal to the rate of production of the same excited state by photon ab-
sorption. Similarly, the rate of production of the excited state by in-
elastic electron-atom collisions is equal to the rate of de~axcitation by
super-elastic electron collisions. In order to equate these last two
rates for the conditions of the aforementioned experiments, it becomes
necessary to evaluate the competing mechanisms both for excitation and
decay.

Since the mean lifetime of the first excited state of sodium is
only 1.6 ¥ 10'8 sec, it is readily seen that photon emission may be the
dominant decay mechanism. This would be the case for a very thin
layer of gas. llowever, the radiation resulting from the photon de-
excitation has just the right frequency to be absorbed readily by a
neighboring sodium atom. If there are a sufficient number of unexcited
sodium atoms present, th.ié regonance radiation’ from the D lines will
be effectively confined. Thus, in the central regions of the plasma,
there wul- be effectively no net rate of decay of this excited state by
photon emiasioﬁ. |

An estimate of the trapping of the resonance radiation may be ob-
tained from computed values of the integratdd absorption coefficient.

Following Penner‘zm. it can be shown that

arg?».)' r RZ de = J{‘ R; Pw clw & (c=2)
Aw Aw
where Aw implies integration over the absorption line width. Since

only an estimate of the radiation attenuation is desired, it is permissible



=134~

to write
4 ,.0o e P P d {e=3}
EIEXS(RH;)A“" = Rm J w o
Paxtl

where Rg is the value of the spectral intensity at the line center and

b{ Pwdw ie the integrated absorption coefficient.
)

From Eq. c-3 it follows that

- j f Pwdw} (p=x)
poy - Aw

R, = Const e (c=4)
and the characteristic attenuation length is
#

Aw
P j‘ Pwdw
At

Penner has derived an expressgion for ﬁf P, dv in terms of fundamental
Xis
constants and an experimentally determined parameter known as the
oscillator strength (f) .
r 2

we
J Fpdd = —=—zny, fo e-8)
Aw Py
Thus
L* - 5 2 ; (c=7)

e
Z "Na fO-ol
maC

where By is essentially the total number of sodium atoms per unit
volume (approximately 2 X 10ls cm3) ; the degree of excitation being
very small for the conditions of the experiments reported here. The
effective line width is taken to be 0. 1 angstroms as a conservative es=
timate. This value is quoted by RDundy and Strong as being applicable to
"most flames at atmospheric pressure. n{21) Actually, the line width
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will be somewhat wider than this, owing to the effects of pressure and
Stark broadening. The electric fields produced by the ions and elec-
trons account for the presence of the Stark effect.

Taking the oscillator strength to be 0. 33, Eq. c=7 gives
L*%0.5 % 107° ¢cm. This indicates that radiative equilibrium exists in
the inner portion of the plasma.

It now becomes necessary to compare the competing mechanisms
for excitation and de-excitation. For excitation, there exists the fol-

lowing possibilities:

Ma + e —~+ ZN’aEel + e
MNa + A - Na* + A
- {c=8)
Ma + K e MNa +
Na + Na - 1‘-Ia."l + Na

Because of the relatively small qua.nti.tie‘s of Na.+. K+. and A" , the
production due to inelastic collisions with these species will be negli-
gible. A similar situation holds for the de-excitation process, which
is the inverse of the processes considered in Eq. c-8.

Unfortunately, the data on the cross sections for the forward
and reverse reactions indicated in ¢-8 are not very extensive. Massey
and Burhopua) present a plot of excitation cross section for electron-
sodium inelastic collisions which gives a  value on the order of
5 % 10'16 cmz. From data conc erning the quenching of resonance radi-
ation by argon atoms, it is secen that the (MNa + A - Nat + A) reaction
in either direction will have a cross section much l;:ms than 16-16

cmz. (13) Dased on statistical balancing, a definite relationship is

found to exisi between the cross sections for the forward and reverse
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reactions. This will be demonstrated shortly.

No data seem to be available for the sodiumesodium collisions.
However, the helium«helium excitation collision has a Q ¥ 5X Io'zo cmz
at the energies present in these experiments., On this basis, the sodium-
sodium reactions will be neglected.

Such analogous reasoning is, of course, very doubtful, especial-
ly in comparing helium collision data with similar alkali metal data. In
the absence of the required information, some analogous reasoning pro-
cedure is the only course of action available, Again, no data is present
for aodiuﬁm-pota.saimn excitation collisions. But with hydrogen atoms
exciting helium atoms, no appreciable effect was noticed until an energy
level of approximately 10 keV was reached. Thus, the sodiumepotag-
sium mechanism will aleo be neglected.

From the above considerations, the electrm-aod!ﬁm collisions
emerge as the dominant processes for exciting and de-exciting the so-
dium in those regions of the plasma where the resonance radiation is
essentially trapped. Thus, in what follows, the super-elastic collision
de-excitation rate will be equated to the inelastic collision excitation
rate.

From Ref. 5, the number of collisions between two classes of
particles occurring per unit time and per unit volume of configuration

space, is given by

A -jj'fpi(i{?t) (¥, ¥, t) Vpdpdeddy, v, - 9

a=b J JJ BB vetl b (nv, ed vy d'v, (c=9)
;agb pe

The integration over p and ¢ may be carried out to give
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PP - S
ng pdpdes = ]-;ro()\)sin,hd.s..de = oa.b . {c=10}

Ju

.=
pe ¥

~

Tor the problem at hand, only electrons (particles denoted by "a'l)
having energles greatey th;m 3.?.1 {2.1 eV) can produce an excitation
collision. The velocity of these electrons is very much higher than the
mean velocity of the sodium atoms as the latter's mean energy is
roughly 0. 2 eV, and the mass ratio me/mNa is on the order of

1/40, 600, As a result, the sodium atoms may be considered essen=
tially stationary with a distribution function (''b' corresponds to the so=-
dium atom)

£, (F Ve t) = ag (%) 5(V,) . (c-11)

whare aﬁr‘b} ie the Dirac delta function.

With ¥, = 0 the expression for V= Wa-—?\?b! reduces to
Ve }?raf - Zr:ai’nxa . Since V is now independent of the ;:b inte-
gration, there results
ffb cl3vb = fnb 5(v, ya> v, = mFt) . {c=12)
Bre .
b b

Finally, the integration over the applicable portion of the ¥

2
velocity space LM 2> 2% /me can be transformed into an enevgy inte-

gral if the f(:t'. t) distribution is isotvopic in v\.locit'y epace:

. 00
Uf Qabfxr.v,t}lv idv = JF oabaq ;\/ de . {c=13)

321“ e"

W m-—,.—-—
a a3
a

Combining ¢«10, c«12, and ¢c-13 yields

‘J

.
¥

e
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Bg-b a“bf “a-b a‘”\f = de, (c-14)

€ SEl

By inserting the appropriate cross sections in Eq. c-15, the rates of
excitation and de-excitation are found to be respectively:

- 2=
e
e =E
e 1
and
_ B * Zee
L F Qo fleg) Vg g - (c=16)
eaao ®

Equating Eqs. c¢=15 and ¢=16 and recalling c~1 yields

" “0_'1 f(e )v— de

Na,‘o’ ¢ de fo
J oy TEG) ¥rge ey
0 e

As previously discussed, the electron distribution function may be con-
sidered to be Maxwellian
- e!kTe

’ . (c~-18)

ﬂg b= ?<vk'r )

and then the integral in c-15 can be rearranged so as to put c~17 in the

£
form ® _ ‘ee'El) i
r % KT, b |
a % J Qoui leg) @ (kT ) d (—or—)
Nal®! 2 Q'EilkTe 0 © : .
n m .
{o) -{c /KT )
W QI_.b-(ee) e °© " de,

0 {c=19)
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Under conditions of thermodynamic equilibrium, T = T, = " , and it
is seen from Eq. c~l that the ratio of the integrals in c~16 is simply
g‘l 8q for any value of T, This indicates a specific relationship be-
tween the excitation and de-excitation cross sections. Since the atoms
are considered essentially stationary in the above analysis, it is ap-
parent that the ratio of the integrals will be g*I e for any value of
T, in direct analogy with the thermodynamic situation mentioned above
in which T, 1ie arbitrary.

Thus, it may be concluded that to the degree of validity of the
previous assumptions

~(E]/RT)  ~(E]/kT)

e = e » {c=20)
and thns Te™ ¥ . This means that the SLR temperature measure-
ments performéd in the experimental tests should be equal to the elec-
tron temperature., THs would be the case for a plasma having a spa-
tially uniform electron temperature.

This result is not surprising in view of the arguments made
earlier that lead to the result that electron-atom encounters dominated
the processes of excitation and da;axcitaﬂm. Lquation ¢~19 expresses
this fact in a mathematical form and also demonstrates the fact that the
electron collision excitation process is related in a very definite, physi-
cal way to the reverse process of da;excitaﬁbn.

In the actual interpretation of SLR temperatures, some additional
factors must be considered. As shown by Bundy and Strmg(zn. the
SLR measurement only gives an average temperature value when the
measurement is being made through a media in which there are spatial
temperature variationa. This averaging process is, unfortunately, not
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in a linear fashion. 7The portions of the gas nearer the apectroscope
are weighted more heavily. Thus the SLR temperatures experiment-
ally obtained are modified by the existence of cool boundary layers
which surround the hotter regions of the plasma. However, in view of
the comparatively small thickness of the boundary layers, these a.fore-;
mentioned effects were neglected in the interpretation of the SLR data.

Apother factor which must be considered in ascertaining proper
meaning of SLR measurements is the effect of foreign gases in the
plasma. As evidenced in Fig. 22, the effect of adding nitrogen was an
increase in the effective excitation temperature associated with the
sodium D lines.

Similar phenomena have been noted by other investigators, and
such processes are often referred to as "'sensitized fluorescence’. (22)

| The pz?opnsed mechanism for the experiments described here

conelsts of the following sequence. Electron-nitrogen inelastic colli-
sions produce excited nitrogen atoms. Defore these nitrogen atoms
de-excite by photon emission, they collide with a sodium atom in the
érmnd state and transier the electronic excitation to the sodium atom.
The excess energy difference between the two excited states then ap-
pears as kinetic energy of the recoiling atonis. As a i’eault of the
transfer of excitation to the sodium, the population of the elecironic
level which is related to the sodium D lines is enhanced above the value
determined in the absence of nitrogen. This increase in population ap-
pears as a higher SLR temperature measurement.

A study of the quantume-mechanical resonance effects aspociated

with the sensitized fluorescence indicates that the possibility of such
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events occurring is greatly enhanced if the energy level of the initially
excited atom is slightly above but as close as possible to the energy
level of the atom receiving the excitation. In the case of nitrogen and
sodium, the two pertinent energy levels lie at 2.3 and 2.1 eV, respec-
tively. However, in the case of helium, the first excited state is at
19.6 eV. Thus, a strong effect is expected in the case of nitrogen, and
a much weaker effect with hellum. Inspection of Figs. 22 and 23 con~
firms thie anticipated result.

The enchancement of the population of the sodium resonance
state increases with increasing nitrogen cancentration. However, the
addition of the nitrogen cools the gas,and eventually the decreasing tem-
perature becomes the predominant effect and the effective excitation
temperature of the sodium reaches a maximum and then begins to de=
crease. This is in accordance with the experimental results shown in
Fig. 22.
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APPENDIX D

Electron Thermalization Frocesses

In a discussion of the tranaition phenomena and the current
limited mode of current conduction, reference was made to the process
of thermalizing the electrons which had been accelerated by the cathode
sheath potential. During the later stages of the transition process, and
while operating in the current limited mode, the cathode sheath poten-
tial was much larger than kTw . Thus, the electrons may be treated
as though they all possessed the same velocity at the outer edge of the
sheath. When the electrons enter the plasma they collide with both
charged and neutral particles. A complete and correct solution to the
problem would consist of solving the simultaneous Boltzmann equations
for all the species present in the plasma. As in ordinary gas dynamic
problems, the chief difficulty arises in treating the collision terms. In
order to gain some insight into the thermalization phenomena without
attempting a general solution of the complete equations, two hypotheti-
cal cases will be considered.

In the first case, the electrons will be assumed to collide only
with neutral atoms. Ilectron-electron and electron-ion interactionse
will be presumed non-existent. In the second case, the electrons will
be congidered to interact only with other charged particles. Admitted-
ly, the results of these two cases cannot be simply superimposed with
the hope of obtaining a description of the actual situation.
Electron-Neutral Collisions

The case of electron-neutral interactions can be treated by the
Fermi Age method, which has proved so useful in the study of neutron
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thermalization“‘z). As shown in Ref. 12, the Fermi Age model is a
first approximation to the Boltzmann equation if the slowing down of the
energetic particles may be considered as a coatinuous process. This
means that the encrgy loss per collision must be small compared to the
initial energy of the incident particle. With electron-atom elastic col-
lisions, this is indeed the case because of the relative masses of the
two particles (see Eq. 13 in the text).

The neutron thermalization problem is given in terms of the

following equation: _

qu(;. ) = -E%q(;, ) » _ {d-1)
where q(¥,r) is the "slowing down density” and eqguals the number of
electrons slowing dovwm past a given value of lethargy (energy) per unit

time per unit volume in the region around ¥ . The quantity 7 is re-

ferred to as the "FFermi Age',

u |
T o= u) ay (d=2)
s

-~

and the lethargy u is defined by
- u = tn-+ -, {a-3)

¢, being the initial energy of the electrons at the sheath edge.
The appropriate solution of Eq. d-1 for an infinite line source

of high vel\oclty electrons i given by

5 e-rzl%k'r

alzs ) = —proey ; (d=2)

where q  is the electron flux per unit length of source line. In order

to utilize Fq. d-4, it is necessary to neglect the finite radius of the
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center electrode. A solution to Eq. d-1 could be found for ry # 0 and
would be found by performing the Laplace inversion shown below.

c+jm TS
1 e 9, Ko(rw/E)e ds
g{r,u) = vl J Tos 5 @
c-jw i Iiozrq[é')rdr
J;'ii

Here, K 5 is the modified Bessel function of the second kind of zero
order. The effort required to carry out the procedures indicated in
this last equation is not warranted in ﬂew of the drastic assumptions
previously made. Hence, the simpler situation given by Eq., d-4 will
suffice.

The number of collisions suffered by an electron in slowing
down through the lethargy interval du is simply duff . It follows that
the rate of energy loss per unit volume per unit time resulting from

electrone slowing down through the interval du is then

- d
a = qF,u) 5 (), (d-5)
where the mean energy loss per collision ia given by
(-5-&-} - (l-g.)e " (150‘.’ QS e-—u (d-é)
g 2
o, B (1 - ma/me)
COATFm_ Tm *
tm fmy

Combining Zgs. d-5 and d«0 and integrating over the entire range of
lethargy values yields the rate of energy deposited per unit volume due

to electron thermalization:
Q

max
& = JP afr, u) -(-%‘:-?-‘)- (ecf;ﬁ)e”udu . {d=T)

u=0
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Substituting for q(r,u) from d-4 and assuming B = D/§), is constant

and that L R yields

» {¢-8)

=

qo(l-o;)ed';ﬂ j e-{r /‘-‘:ﬁu)a-uéu
dari [ ) w

The integral may be approximated by the method of steepest descent(23)
for r?‘léﬁ << 1, giving the result

2
- 1 {1 45
é*ﬁqﬁ;—;ﬁe( 7, (d=9)

where J, = qole and the approximation § ¥ (1-a)/2 has been used.
If BEq. d-9 is integrated over the entire volume, the result should equal
the rate at which the line source is delivering energy to the system,

i. €4y JLd,aB . Dut integration of ¢ gives

V 2w '
e Tpbe = 0923 Jp by | (a-10)

FZwré dr =
W
0

The discrepancy is due to the approximation made in the steepest de«
scent integration. If the proper '"mormalizing factor' is put in the ex~
pression for ¢ , Eg. d-9 then reads

JL?B e-rzi’flﬁ " (d-ll)

¢ =
which has previously been given as Eq'. 55 in the discussion of results.

Electron-Electron and Eleciron-lon Collisions

The potential associated with charged particle interaction is the
Coulomb potential. Decause of the long range of these electrostatic
forces, the effect of multiple "distant encounters’ outweighs the much
rarer event in which the electrons' velocity vector is greatly changed,

Spitzer“’) considers the case of a large number of test particles
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T

{cloctrons in this case) suffering encounters with {ielé particles. The
average rate at which test particles are slowed down by interactions
with the field particles is computed under the assumption of a Max-

wellian velocity distribution of the field particles, and is referred to

ag a diffusion coefficient or ‘'coeificient of dyna.rniqal friction. "

MW 2
SR =~ AD(‘Z‘F’T")@ e, (m—) {d-12)
where
4
A, = 8we_'tzuﬂ/mez {@-13)
and
2 o-gf P gl
‘F‘Jﬁegdg'i’w egdg
- 5
G(x) = : e (d-14)
oK
with
1
x 7 (mw /21’ '1)3 ; {d=15)

The subscript {1) velers to the field kmrth.lea {electrons and ions). In
the case of x being large, i.e., W /2 »> Ich » oF equivalently,

ecgas >> k'i‘l » then :caii:-{x} = 1/2wz » and hence

<hwy > o= Al (1 +-—-) ' (d-16)
c..W
For a typical test particle, one can write -
d{wll) ~ dw ~ (1 ) -
—z— = Vi o . ;;j“zr '*‘-— .

where s is in the initial direction of w.

Integrating Eq. d-17,
4 4
Wi ~

"ﬁ#‘“‘ﬂao+;?+%? :
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where W is the initlal electron velocity at & = 0. To find an effec~
tive slowing down distance for the electrons, w 11 is arbitrarily set
equal to 0.1 W and there results

% woé .
s , {d-18)
Me
2a8,(1 + E‘T)

is takenas m_or m_.

A_  is independent of whether my » -

D
‘Thus, 8" is different by approximately a factor of two if the field
particles are considered all ions or all electrons. The larger value of
s* was corpputed based on T, = 2000°K and n.klna =.004. With
$g = 10 volts and 0.1 eV , the respective values of s* are 0. 6 cm and
3 X 10'4 cm. This last value was based on the limiting value of

<4fwy, > for low velocities, and it was also assumed that e, = k"‘i‘l .



‘148-
AFFENDIX &

Description of the Apparatus

Flow System

Fhotographs of the experimental eguipment are shown !:;x Figs.
46 and 47. In Fig. 48, a schematic diagram including all essentlal
components is presented.

Electrical power to the arc jet was supplied from a conventional
motor-generator unit remotely located, This meg set supplied ap-
proximately 135 valts DC at power levels varying from 3 to 7 kilo-
watts. Large, uncooled ballast resistors were utilized in controlling
the arc current. The arc jet was operated with both the copper ancde
and cathode water cooled and was vortex~stabilized by tangential injec-
tion of the argon through sonic orifices. It was experimentally deter-
mined that the arc ran movre efficiently and stably with the arc electrone
flowing in a direction opposite to the argon flow.

A gmall flow rate of argon was bubbled through a bath of liquid
potassium, and thus a known amount of potasgium vapor was entrained
depending upon the bath temperature. This secondary argon-potassium
flow was then mixed with the main, heated argon stream. The entire
flow then passed through a stainless steel mixing chamber (. 37" L. D. X
6'" long) in which equilibration processes produced a more or less
uniform, homogeneous fluid. Finally, the resulting "seeded plasma'
passed through an appropriate test section. Sketches of the test sece-
tions have previously been shown in Figs. 2, 3, and 4.

Aftér the plasma emerged from the test section, it was drawn

into an exhaust tube of 2" 1. D. This exhaust system was connected to
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a general exhaust system for the building, which served to remove the
waste gases from the internal combustinn engine laboratory. At a dis-
tance of approximately 24 ' downstream from the exhaust tube entrance,
a fine water spray wasg introduced into the stream. This water served
hoth to react with the potassium in the gas stream and also to cool the
gas and thus provide for more efficient removal of the exhaust products.
With all components of this cystem working properly, no noticeable
amounts of potassium were detected in the atmosphere around the test
area.

A special argon heating aystem was installed for use with the
conductivity maxima experiments. The total secondary argon flow
which ordinarily passed through the potassium pot was divided into two
parts, as shown in ¥ig. 48. Depending upon the amount of seeding ma=
terial desired, a given flow rate of argon bubbled through the liquid
potassium bath. The remainder of the argon was passed through a
separate heating coil which was maintained at the same temperature as
the potasdum pot. This procedure resulted in a fixed value of the sece
ondary argon flow rate independent of the seed concentration. Thus, a
constant plasma temperature at the mixer exit was obtained. A simple
calculation indicated that the amount of energy per unit volume associ-
ated with ionization of the seed atoms was negligible in comparison
with the ordinary thermal energy of the argon atoms. Hence, the pro-
cedure described above does indeed produce a uniform temperature
independent of the sced concentration.

Two different potassium containers were employed in this fa-

cility. The smaller pot was approximately 2" 1. D. by 831" in length.
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A maximum depth of 3% inches of liquid potassium wae utilized in this
pot. The stay time of the argon in passing through this container was
0. 3 seconds under typical coperating conditions. It was assumed that
this stay time was sufficiently long to insure that the argon leaving the
pot was completely saturated with the equilibrium potassium concentra-
tion. _

A considerably larger pot of 4" 1. D. by 16" length was also
utilized. This increased size resulted in a stay time of 2. 0 seconds.
The experimental results obtalned when this larger container was in-
stalled did not differ appreciably from the results obtained with the
smealler pot. In addition, Mr. E. G. Cibson of the California Institute
of Technology performed some simple experiments designed-to directly
measure the seed concentration of the flow passing through the potas-
sium pot. The results of these experiments indicated that the measured
seed concentration was within 90 per cent of the predicted value. Thus,
both of the aforementioned observations supported the assumption of
vapor equilibrium in the potassium pot.

The section of tubing from the potassium pot to the injection
manifold wag heated to a sufficiently high temperature to prevent con-
densation of the potassium out of the argon stream. Heating of the in-
jection manifold which surrounded the mixing tube was accomplished by
heat transfer from the main heated argon flow. As the injection mani-
fold was usually operated with a visible glow, little evidence of potas-
sium condensation was observed in this section. The walls of the
mixing chamber were air cooled to permit them to achieve a sufficiently
high running temperature. Thermocouples welded on the outer side of
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the mixing tube indicated a temperature between 700 - 1000°C. In
view of the above considerations, actual seed concentration of the gas
in the test section should be quite accurately computed from the seed
concentration at the exit of the potassium pot.

An experimental indication of potassium condensation in vari-
ous parts of the apparatus was obtained by suddenly terminating flow
through the potassium pot and simultaneously observing the rate of in-
crease of the test section voltage as it approached the open circuit
value. With the system properly operating, the test section became
essentially non-conducting in a matter of a fow seconds. THs fast
response indicated a very 'clean" system, i.e., one in which very little
potassium wasg condensed.

Instrumentation

A direct-current, panel-type volt meter (Simpson model 29}
was employed to measure the voltage across the arc jet. The arc cure
rent was rmeasured by means of a series shunt (150 amps - 50 mv) and
indicated on a suitable DC millivolt meter (Sirmpson model 29).

Eight iron-constantan thermocouples, connected in series, were
utilized to measure the temperature rice of the arc jet cooling water.
The flow rate of the cooling water was indicated by a conventional flow=
rator (IMischer and Porter geries 10A 2700). A flowrator of this same
type was also used to measure the primary argon flow to the arc jet.
These meters consisted of a rotating metal float within a tapered tube.
The secondary argon flows were measured by a floating ball type rota-
meter {Fischer and Porter "Tri-Flat" geries). Argon pressure up-

stream of the flowrators wae determined by a Bourdon-type pressure
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gauge (Ashcroft model 7234). The flowrators were calibrated by meas-
uring the time required to displace a known volume of water.

Power to the potassium heating tapes {"Briskeat" type) was con-
trolied by an antomatic temperature regulator (Brown Instruments
"Pyr-C=Vane'), A Conax thermocouple with an ungrounded junction
and stainless steel sheath was immersed in the liquid potassium. This
thermocouple actuated the temperature regulator.

A millivolt recorder (Varian Associates G-11A) was utilized, in
conjunction with the external attenuator circuits and a Minneapolis-
Honeywell thermocouple switch, to record the test section voltage and
current and the various temperatures. The test section voltage and
current were algso monitored by DC panel meters (Simpson model 29).
Thermocouple measurements were monitored by a direct-reading
millivolt meter (Hewlett-Packard model 425A).

The sodium line reversal apparatus utilized the following equip~
ment: two double convex lenses with a 20 cm focal length, a Gaeriner
474-AV spectroscope, and a tungsten filament lamp (General Electric
microscope illuminator 18A)., A Superior type variac supplied the clece
trical power to the lamp, while a Simpson model 29 AC voltmeter
measured the lamp voltage. All of the line reversal equipment was
mounted on a specially designed and fabricated optical bench. This
optical bench permitted rapid and precise adjustment of the optical sys-
tem in all three direéﬁons.

The temperature of the outer electrode of the test section was
measured by means of a chromel-alumel thermocouple. Temperature
measurement of the inner electrode was accomplished by means of a

conventional optical pyrometer (Leeds and Northrup model 8622-C).
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