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DETERMINATION OF ENERGY-LOSS FACTORS FOR
SLOW ELECTRONS IN HOT GASES

by S. T. Demetriades and C. D. Maxwell
STD Research Corporation, Pasadena, California 91106

SUMMARY

The energy-loss factor for slow electrons of essentially Maxwellian
energy distribution has been determined in a number of pure gases and
gas mixtures as a function of electron temperature and gas enthalpy. The
method used to make these measurements employed a high-frequency
(2. 45 GHz) electric field to elevate the temperature of the free electrons
above the temperature of the arc-heated gas and a Langmuir probe to
determine the electron temperature. The electron energy-loss factor is
then obia_̂ .U,.d by measuring the rate of change of the electron temperature
with the high frequency power used to illuminate the plasma.

Electron energy-loss factors 5 K or 5eff were obtained for pure
argon, helium and nitrogen and binary mixtures of nitrogen, oxygen, carbon
monoxide, carbon dioxide, nitric oxide and helium with argon. The mixture
results were analyzed by means of a single mixture rule and the energy-
loss factors for the pure constituent gases were thus derived. The argon- 	 ;.a.
helium and argon-nitrogen mixture results yielded values of 5 K for the
pure gases that were in close agreement with the values obtained for 5 K in
pure nitrogen and helium. In addition, the 5 K obtained for the pure gases
by analyzing the mixture results were independent of the relative concentra-
tions of the gases in the mixture (except in the case of nitric oxide).

In the course of these experiments values of 5 K for helium and
argon were obtained, under certain conditions, that were lower than the
elastic values. This effect was ascribed to superelastic collisions between
electrons and excited (e. g. metastable) states of these gases.

It is concluded that the results obtained in these investigations are
of sufficient accuracy to be of use in the study of the detailed mechanisms
and rates of electron energy relaxation in plasmas.
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INTRODUCTION

Previous investigations (refs. 1 and 2) have demonstrated the fe isi-
bility and fundamental advantages of a novel method for determining the
electron energy-loss factor in hot gases and have provided a detailed dis-
cussion of the theory on which this method is based as well as a description
of the apparatus built to carry out the required measurements. The method
can be briefly summarized as follows: It can be shown that the temperature
of the free electrons in a weakly ionized gas is increased by illumination
with a microwave field of relatively low power, and that the ratio of the
microwave power to the temperature increment is proportional to the energy-
loss factor for the electrons in the gas for a range of plasma parameters
(ionization, enthalpy, density, etc. ) and microwave parameters (frequency
and power) that is relatively easy to achieve and determine in the laboratory.
Moreover, the two primary variables, electron temperature and microwave
power, lend themselves to precise measurement. Consequently the energy
loss factor can also be computed with corresponding precision.

In this investigation, the elevation of the temperature of the free
electrons as a function of microwave illumination power, arc-heated gas
enthalpy and composition is obtained for some pure gases (argon, helium
and nitrogen) and for several mixtures of gases (argon-nitrogen., argon-
oxygen, argon-helium, argon-carbon monoxide, argon-carbon dioxide and
argon-nitric oxide. Electron energy-loss factors are then obtained from
thes results by means of the theory presented in reference 2 that relate
the measured quantities to the energy-loss factor S K for pure gases and
6eff for gas mixtures.

The results obtained for the loss factor S K of the pure constituent
gases from the gas-mixture experiments are in exc Tlent agreement with
the results obtained from the pure-gas experiments and are independent of
the relative concentrations of the gases in the mixture, except in the case of
nitric oxide which appa4'ently dissociates when heated in the presence of an
excess of argon.

At the beginning of these experiments it was doubtful whether the
measurements could be made sensitive enough over a broad microwave
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power range to resolve the competing effects of electron energy gain due to
superelastic collisions and energy loss due to radiation that appear (and
become dominant in different gas enthalpy and electron temperature ranges)
in the full electron energy balance equation given in reference 2. However,
the precision of the measurements turned out to be such that these effects
are readily observed for diatomic (nitrogen) as well as monatomic (argon
and helium) gases. In fact, the precision of the measurements is such that
deviations from the linear behavior expected on the basis of the first-order
theory [equations (t9) or (20) of reference 2] became readily apparent, and
required the application of the more sophisticated non-linear theory
[equations (16b) and (17a) of reference 21 for proper interpretation. In
addition, the resolution afforded by the measurements made it necessary to
develop more refined diagnostic methods for the determination of other
plasma parameters, such as the species concentration and the population of
particular excitation states or the energy state of the gas.

This report presents first the experimental results obtained in the
course of this investigation. This presentation is followed by a discussion
and interpretation of the observed behavior of the data in the light of the
available theory and diagnostic information. This discussion advances the
point that all observed phenomena can be explained on the basis of available
information. However, the precise quantification of some of the observed
phenomena (i. e., superelastic energy exchange with monatomic gases at
low rf power and inelastic energy losses at high rf powers) must await
more precise and reliable information on the mechanisms and cross sections
for these processes. This lack of information (which is required to enable us to
separate a priori and quantify the energy exchange mechanisms due to
various processes at the two extremes of the electron energy or rf power
range for all gases) dictates the order of presentation of our findings in
this report, but in no way detracts from the usefulness of the data since,
after all, the data yield the bulk (or global equivalent) energy exchange
factor 8 eff for all energy exchange between electrons and all other species
due to all processes as outlined in reference 2. In fact we may conclude
that this investigation, perhaps for the first time, presents simultaneously, a
consistent and detailed accounting of most of the important energy exchange
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processes that occur between electrons and heavy species in a low tempera-
ture plasma and opens up a veritable Pandora's box of possibilities for
studies of the detailed mechanisms and rates of electron energy relaxation
and energy exchange between electrons and heavy particles in hot, excited
gases, that may yield results pertinent to an astonishing variety of appli-
cations.

EXPERIMENTAL RESULTS

The primary measurements consist of the determination of the
free electron temperature in the plasmajet by the Langmuir probe techniques
described in reference 2 as a function of the applied rf illumination power.
Several modifications of the Langmuir probe circuits described in reference
2 were devised in an attempt to improve the signal-to-noise ratio. Although
this ratio was significantly improved by circuits such as the one shown in
figure i, the measured electron temperature elevation as a function of rf
power is essentially the same for all probe circuits.

In the attempt to display b K or b eff as a function of the electron
temperature, the question arises whether it is better to calculate S eff for
each measurement of P and AT  and to fit a polynomial to these com-
puted S eff points or to fit a polynomial to all the data for P and AT e and
then compute beff from the points on the curve. The difficulty with the
first approach is that the standard deviations of the S eff points * are often
different by an order of magnitude, and a complicated statistical fit involving
non-measured weighting factors would be required.

The superior method (from the point of view of convenience, at least
as far as the 1:^ure gas experiments are concerned) is to fit a curve to the
data for P and AT  before S eff is computed. Since all of the AT  have
the same standard deviation (because all temperatures we measure have
approximately the same experimental error, e. g. f 100 0K) a simple poly-
nomial fit (i. e. , one without weighting factors) can be very accurate.

" The standard deviations of beff points are given by °Seff Seff ( °TOZ' / AT e ),
where G- AT- standard error on ATe ,	 e

e
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Finally, S K or beff is computed as a function of T e from the resulting
polynomial by means of the relation

2	 r l
b Eff (T e )	\	 I T _ T	 = 0.28? _T	 (1)

3kme w	 r	 e	 e, E=0	 e

given in reference 2, where P is in watts and AT  in 0K. Note that,
strictly speaking, the symbol S K is appropriate for the electron energy-
loss factor of a pure monatomic gas with only one significant temperature
T  or for a polyatomic gas where T g = Ttrans = Trot Tvib = etc. where-
as the symbol beff is appropriate either for a gas mixture or for a poly-
atomic gas where there is more than one significant temperature,

Ttrans * Tvib'
This method is followed in the determination of energy-loss factors

in pure gases. For the binary mixtures, where molecular concentrations
are often varied to test the validity and consistency of the data, it is more
convenient to treat each measurement of P and AT  separately to obtain
a beff since the solution of the mixture rule depends on molecular concen-
trations (see Appendix A). No attempt is made in that case to carry out the
statistical fit necessary to arrive at a smooth curve for the energy-loss
factors of the pure gases computed from the b eff of the mixture. er

A computer was extensively used in this work to reduce the data
whenever possible, to obtain least square fits, etc.

Determination of Loss Factors in Pure Gases

For argon, helium and nitrogen a quadratic curve can be fitted by
least squares to the measured data points of electron temperature incre-
ment versus applied rf power and the corresponding energy loss factor for
each electron temperature T 	 (attained upon illumination of the plasma
by an rf power P) can be computed from it.

Figures 2 and 3 present such data for argon. Figure 2 reveals two
very interesting features, namely an elevation of the electron temperature
that is initially, at very low rf powers, higher than the value specified by
the first-order (linear) theory for an elastic energy-"loss factor bA e1



2. 727 X 10 -5 and an elevation that becomes lower than the first-order theory

for 5A el = 2. 727 X t0 -5 above approximately 0. 7 watts of illuminating rf
power. When the first-order theory i;3 used to analyze these data we obtain

the 5A, eff results shown in figure 3. Since the correct value, con;-iistent
with the theory of reference 2, for 5 A is 5A el it is clear that some
process or processes are taking place at low rf powers that cause the
electrons to gain additional energy, over and above the energy they gain
from the rf electric field, while at higher rf powers (and higher electron
temperatures) something is taking place that causes the electrons to lose
more energy than they lose in elastic collisions,

Since the same general behavior was observed with helium (see

figures 4 and 5), and, at least at high rf powers, perhaps even with is ';r agen
(see figures 6, 7 and 8) we can rule out a systematic experimental error,
Rather, we must seek an explanation in the violation of some of the con-
straints (ref. 2) within which the simple first-order theory is valid.

A careful examination of these constraints reveals, as discussed in
a later section, that at least for argon and helium the simple first-order
theory is not valid except in a very limited range of rf powers. When the
full non-linear theory of reference 2 is used and corrections are made for
energy gains by the electrons from energy-storing species and energy losses
due to radiation the elastic electron energy-loss factors for argon and
helium may be recovered with great accuracy, as explained in a later
section.

Figures 6 and 7 present the measured electron temperature incre-
ment as a function of applied rf power for nitrogen at two values of the gas
enthalpy. Figure 8 presents the corresponding energy loss fa.-tors. In a
later section it is shown that the difference in the results for each enthalpy
level can be easily explained on the basis of an increase in the population of
the vibrationally excited states of nitrogen with an increase in gas enthalpy.
To understand why the energy loss factor for nitrogen decreases at a given
T  with an increase in enthalpy, note that if a minor correction is intro-
duced in these results to account for the increase in energy gain of the
electrons due to collisions with the vibrationally excited nitrogen molecules,
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whose concentration increases at the higher enthalpy, we can shift the higher
enthalpy curve of figure 8 higher so that the two curves coincide and the
energy loss factor continues to rise with an increase in T e , as it should,
if the concentration of vibrationally excited nitrogen molecules remains
constant with an increase in enthalpy. Eventually, all or nearly all the
molecules are vibrationally excited to some level or other as the enthalpy
increases and from that point on the electron temperature influence on the
energy loss factor is predominant and 8N. increases steeply with electron
temperature since, at that enthalpy level, he initial electron temperature

Te E=0 is also quite high (because it is coupled to T vib which is approxi-
mately equal to 80% of the stagnation temperature T 0 ). Thus from limited
data in the enthalpy range from 4 X 10 6 joules/kg to 6 X 10 6 joules/kg
we have found that 

5N2 
is of the order of 10 - 2 at T  E-0 ~ 5, 000 0  and.

T  = 5, 500 0K.

Since with the present rf generator (maximum useful illumination
50 watts) we cannot easily attain the required electron temperature eleva-

tion to achieve high precision at these high initial electron temperatures,
we have limited our investigations with nitrogen to a maximum enthalpy of
3 X 10 6 joules/kg.

Determination of Loss Factors in Mixtures and Derivation
of the Loss Factor in Pure Gases From These Results

The simple relationship given by equation (1) can be used to obtain
an accurate determination of 8eff for a mixture of gases in the absence of
electron energy gain due to superelastic collisions, S, and radiation losses,
R, or other complicating factors as explained in reference 2. These re-
sults of 8 eff for mixtures can then be processed, by use of a simple mix-
ture rule in the manner indicated in Appendix A, to yield the energy loss
factor 5 K for the pure gases. This approach is justified (a) by the fact
that some gases cannot be conveniently handled or heated in the arcjet in
the pure state without excessive dissociation and other complications but
can be investigated with greater ease and accuracy when mixed as diluents
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in a carrier gas (argon in this case) of known properties, (b) by the fact
that some of the gases of interest have energy loss factors that are so high
that the maximum available rf power of illumination of approximately
50 watts is inadequate to produce an easily measurable OT e and (c) by
the need to gain confidence in this method for the determination of energy-
loss factors by obtaining the same results for the pure gases whether the
primary measurements are carried out in pure gases or in gas mixtures of
various concentrations.

Thus mixtures are employed to determine the electron energy-loss
factor in difficult gases such as oxygen, carbon monoxide, carbon dioxide
and nitric oxide. The carrier gas is argon in all these cases, In addition,
the determination of the loss factors for pure nitrogen and helium is carried
out by analyzing the results for OT e vs. P obtained in (a) nitrogen-argon
mixtures and (b) helium-argon mixtures. These results are then compared
with the results obtained in the pure gas measurements reported in the
preceding section.

Tables I through IV present the results of OTe vs, P obtained for
various concentrations of CO, He, N2 and NO, respectively, mixed with
argon. The energy loss factors derived from the data of tables I through IV
for these gases in the pure state are shown in figures 9 (for CO), 10 (for
He), 11 (for N 2 ), and 12 (for NO), as a function of the electron temperature
for various concentrations. It is evident from figures 9 through 12 that the
derived energy-loss factors for these pure gases are independent of their
concentration in the mixture, except for nitric oxide which undergoes signi-
ficant dissociation that depends strongly on its initial concentration (ref, 3).
The scatter in the CO data is due to a rapid coating process that is found
to cover the tungsten Langmuir probe with carbon and to change its surface
characteristics soon after injection of CO in the argon plasmajet. It is also
evident from figure 10 that the energy loss factors obtained for pure He
from measurements in mixtures with argon are in close agreement with the
results of figure 5 obtained from measurements in pure helium. These
results are in agreemet .with the transport property theory for mixtures.

Figures 13 and 14 present the results obtained for OT e vs. P and
the energy loss factor of CO 2 as a function of T e , respectively, for various
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CO 2 concentrations in argon. The intermingling of data for different con-
centrations of CO 2 in figure 14 demonstrates the independence of measured
energy-loss factors to CO 2 concentration.

Figures B and 16 present the results obtained for AT  vs, P
and the energy - loss factor of 0 2 as a function of T e , respectively, for
various 02 concentrations in argon. It is clear from figure 16 that the
loss factor obtained for pure 0 2 by measurements in mixtures with
argon is also independent of the concentration of 02,

Figures 1 7 and 18 present the results obtained for AT  vs, P
and the energy loss factor of N 2 as a function of Te , respectively, for
various N2 concentrations in argon. It is clear from figure 18 that the
loss factor obtained for pure N 2 by measurements in mixtures with
argon is also independent of the concentration of N 2 , Also included in
figure 18 for purposes of comparison are the results obtained by measure-
ments in pure nitrogen and first presented in figure 8.

It is evident from figures 10 and 18 that the mixture rule and
analysis of Appendix A is valid. It can be clearly seen that the data points
of figures 9, 10, 11, 14, 16 and 18, measured under widely varying con-
ditions have in effect a very small dispersion and therefore we may con-
clude that the mixture method is valid and applicable over a range of almost
four orders of magnitude in Seff'

Finally, figure 19 sumi-arizes all energy - loss factor data obtained
in the course of this investigation and., supported by the interpretation and
discussion of the results that follows, demonstrates that a simple, reliable
and direct method for the measurement of the loss factor in hot gases has
been developed and has been effectively used to measure Seff in hot gases,
The results a.^ presented in a concise and convenient form that should
prove useful to many other investigators in a diversity of fields,

The gas enthalpy and electron temperature range of these measure-
ments can be greatly increased and the accuracy of the measurements can
be considerably improved by using the full non-linear theory of reference
2 and the diagnostic techniques developed in the course of this investigation
to interpret future experiments. This is discussed in the following section,
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INTERPRETATION AND DISCUSSION OF RESUL I S

It became apparent during the course of this investigation that the

observed behavior of the data, e. g. the change of AT  with rf power and

of 5eff with gas enthalpy and T e , could not be explained on the basis of

the simple linear theory summarized by equation (1). For example, in the
careful study of the elevation of the free electron temperature in argon
plasmas performed prior to the initiating of the series of mixture experi-

ments with argon as the carrier gas, it was observed that AT  did not

increase linearly with P even at the very low rf powers, electron tem-

peratures and gas enthalpies that we were able to investigate. A reduced

rate of increase of AT  with rf power below the linear rate specified by
the elastic electron a-.ergy-loss factor in argon, 5 A, el = 2. 727 X 10-5,

when inserted in equation (i) in place of 5eff' was expected due to radia-
tion losses (R) from the gas. However, we were not prepared for the large

increase of AT  with P, at low P, above the linear rate specified by
equation (i ), when evaluated with the elastic energy loss factor, that we en-

countered first for argon (figure 2) and later for helium (figure 4), even

under conditions where radiation was negligible. This implied a decrease

of 5eff for these gases below the elastic value.

Also, in analyzing the behavior of 5 eff for nitrogen as a function of

gas enthalpy and T  we were perplexed by the seeming decrease of 5eff
with increasing gas enthalpy at a constant T  (figure 8).

Finally, the rate of increase of 5eff for N 2 and T  at constant
gas enthalpy (figure 8) and the role of dissociation and other composition

changes on all the results were suspect. While on a different plane, that was

more connected with theory than with experiment, the relationship between

Tn, Tvib that characterize the state of excitation of the gas and Te E-0
appeared to deserve additional critical scrutiny.

At first suspicion was directed towards the microwave system and
its ability to illuminate the plasma with the TE to mode in the manner pre -
dicted in reference 2 so that the simple relationship between illumination

power P, where P = (waveguide power input + waveguide power output)/2,
and electric field in the plasma given in reference 2 applies.
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The results of a careful investigation of the performance of the entire
microwave illumination system are given in Appendix B. The conclusion of
this investigation was that the microwave system was performing as designed

and there was no likelihood of experimental error due to its performance.

Then suspicion was directed at the possibility of changes in the gas
composition in the arcjet due to dissociation, ionization, etc. A careful
study of the species concentrations was performed in nitrogen and nitrogen-
oxygen mixtures as described in Appendix C. Although these investigations
proved that the energy-loss factor results for nitrogen-oxygen mixtures
presented in reference 2 were indeed subject to a correction, due to the
presence of nitric oxide in the mixture, that could be as large as a factor
of (2) i at the moderate and lower concentrations of 0 2 (i. e. , the results
for 5eff for pure 02 reported in reference 2 on th_e basis of measurements

in N2 -O2 mixtures should be divided by 2 in the mole fraction. range below
[ 0 2 1 Al 02 1 + [ N 2 ]  } = 0. 3), they .failed to show any significant effect due to
atomic nitrogen in the pure nitrogen results at the higher enthalpies ap.w

electron temperatures tresented in references i and 2 and figure 8. For
example, even when [ NJ /[ N2 ] = 5/95, the presence of nitrogen atoms
depresses the energy-loss factor of the mixture by only 2% to 4% below the
•vralue of energy-loss factor for pure nitrogen. Therefore the dissociation of
nitrogen is insufficient to explain the behavior, with increased enthalpy, of
5eff for N'2 shown in figure 8, since at these enthalpies the fraction
[ NJ /[ N 2 ] is less than 4% for the arcjet plasma generator system used in
these experiments.

A study of the ion concentration in the plasmas used in these experi-
ments confirmed that the ion densities and electron-ion recombination
tirizes are such that they could not possibly account for the observed. super-
elastic energy loss factors or any of the other phenomena in question.
Typical electron concentrations are shown in Appendix C as a function of the
gas enthalpy for nitrogen at a tank pressure of approximately 600 microns.

Another interesting result of the study of species concentration pre-
sented in Appendix C is the verification of strong non-equilibrium concen-
trations of dissociated and ionized species in the jet. These concentrations

ii

n



are considerably higher than even the equilibrium concentrations at stag-
nation conditions. For example, in the nitrogen plasmajet that we have
used in these investigations, the electron concentration at a stagnation
temperature of 2000 0  and a stagnation pressure of 0. 5 atmospheres,
corresponds to the electron concentration at equilibrium with T o = 4500 0 
and the same pressure. The nitrogen atom concentration at the same stag-
nation temperature and pressure of 2000 0  and 0. 5 atmospheres, cor-
responds to the atom concentration at equilibrium with T o = 4800 0  and
the same pressure. This departure from equilibrium becomes less pro-
pounced at the higher stagnation temperatures and pressures so that at the
stagnation temperature of 5000 0  and stagnation pressure of 0. 78 atmos-
pheres the observed ionization and dissociation levels are at equilibrium
with T o = 5600 0  and the same pressure. These results indicate that
the gas in the plasmajet is in a highly excited state.

Finally, additional measurements of the rotational and vibrational
temperatures in the nitrogen plasmajet were carried out as a fc(nction of
gas stagnation enthalpy to settle the questions concerning (a) the appropriate
value of the reference gas temperature T  and (b) the closeness of the
coupling of Te E-0 with Tvib' The results of these measurements are
presented in Appendix D. -They indicate that in the range of enthalpies and
other conditions of interest in our experiments the free electron and nitro-
gen vibrational temperatures in the jet are very closely coupled and that
the proper reference temperature T 	 to use with nitrogen is Tvib'

The Need to Use the Complete Electron Energy Balance
Equation to Interpret the Results

Failure of all these investigations, as described in the preceding
discussion, to trace the cause of the behavior to some of-the data to the sus-
pected experimental reasons, permits the focusing of attention on the theory
used to interpret the experiments and reduce the data. This approach
promises to explain all observed phenomena, even at the extremes of the..
electron and gas energy ranges of interest, for both monatomic and poly-
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atomic gases.

For example, it is now clear that the observed, behavior of AT  vs.
rf power of illumination P for argon heated to these initial temperatures by
an arc should be expected. As demonstrated in what follows, reduction of
the data by the simple theory of reference i should indeed yield lower-than-
elastic energy-loss factors at low AT  and P, that become increasingly
higher-than-elastic as AT  and P :nerease.

The reasons for this behavior are: (a) The argon plasmajet consists
of an afterglow plasma that is a tightly coupled kinetic system. It contains
a large concentration of metastables and other energy-storing species such
as ions and all energy exchange processes in it are very sensitive to vari-
ations in the electron temperature. (b) The simple electron energy balance
equation of reference 1 neglects (or lumps together in the energy-loss
factor it describes) "second-order" or superelastic impacts (that result in
the transfer of the energy- of an excited particle to the incoming electron) and
radiation losses (that tend to transfer energy from the electrons to the gas
in inelastic collisions and from the gas through radiation to the surroundings
so that any equilibrium between electron temperature and excited optical
states of the atoms is upset). The influence of these effects on the "lumped"
energy-loss factor of reference i is indeed such that at low electron tem-
perature s (and at low AT  or the low rf power used to generate it) super-
elastic collisions tend to lower the "lumped" energy-loss factor below the
elastic value whe y eas at higher electron temperature (and high AT  ) the
radiation losses predominate and they tend to increase the "lumped" energy-
los ,9 factor above the elastic value. (c) The electron energy-loss factor
in argon is small to start with (equal to the elastic energy-loss factor
within the framework of the theory of reference 2, because argon does
not possess rotational and vibrational energy-absorbing degrees of
freedom) and therefore it is much more sensitive to superelastic and
radiation effects.

Obviously, as we can see from the theory of reference 2, the magni-
tude of the electron energy-loss factor depends strongly on the use of the
correct theoretical expression to reduce the data. Only through use of the
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full electron energy balance, given in reference 2, can one explain all the
observed effects in a consistent and meaningful manner. A simplified
version of the complete electron energy balance equation is given in
reference 2 in the form

Je E' - 2 knevtseff(le-Tn)+F.+^ s iE i	(2.
i

where the term on the left of the equality sign is the ohmic heating, The
first term on the right is the term that gives the difference between the
average electron internal energy and the heavy particle internal energy-
(which, as explained in reference 2, involves only translational, rotational
and vibrational degrees of freedom and therefore in the case of argon
T 12 = T = Ttr ). The second term on the right is the radiation energy loss
rate from the plasma (which is usually equal to the energy lost by the elec-
trons in exciting electronic levels of the heavy particles that are available
for optical transitions). The third term on the right is a term that describes
electron energy losses or gains that arise from actual changes in plasma
composition through chemical reactions in which the electrons are energy-
partners (i. e. , ionization by electron impact, recombination where the
electron is a third body, de-excitation of metastables where the electron
carries off the energy, etc. ). Note that the sign of Z s i E i depends on

i.whether the electron loses energy (+) or whether it gains energy

When, in the absence of electric currents, we can neglect E siEi,

we see that for argon it is possible to obtain

2RTP = T - 3^cn v S
e t eff

i. e!. , the electron temperature can (and must) fall below the gas tempera-
ture because of radiation.

Under the same conditions but with electric currents present, we
see that, even when 5eff' n  and v  do not change with Te,

Ag E°) - AR	
2

b eff - (	 AT	 3 k n v
e	 e t

(3)

(4)

14



and therefore, if dR/AT e is neglected, we obtain  from the meas-
ured 0( e• E')/AT e (or the inverole of the rate (._' : i ; : of electron tem-
po rziture with rf power) that is given by

eff	 e	 ck nn V 	
(5)

Equation (5) corresponds to the simple theory for obtaining Seff given in
reference i and we see that when AR/OT e cannot be neglected, then

S eff > Seff. or the real Seff is lower than the S eff obtained from the data
by the simple theory. This explains the behavior of the observed data at
high rf illumination powers and high AT  or Te,

At love., rf powers and low gas temperatures R is negligible and we
can write, z.n the absence of an electric field,

2 E S. E.
ire = r - k ne 

vt Seff

i, e. , the electron temperature will rise above the gas temperature when
siE i is negative (e, g, when the energy-storing species concentration de-
creases and the electron average energy increases) and will again .fall below
the gas temperature when s i E i is positive (e, g, when the energy-storing
species concentration increases and the electron, average energy decreases).

When s i E i terms are important in the presence of J  E' and Seff'
n  and v  do not change with T e , we obtain

0(J E') - 0(E siEi)

S eff = \ e	 3 k n e vt	 (7)

and we see that if the rate of change with time of the number density of
energy-storing species decreases with temperature, i.e., if A(E siEi)/&Te<0,
the correct Seff will be higher than the value computed from equation (5)
while if the rate of change of concentration of these species increases with
temperature, the correct S eff will be lower than the value computed from
equation (5).

The situation is somewhat similar with nitrogen except tiiat because

(6)
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the metastable energy level in the nitrogen molecule (first vibrational level
of the electronic ground state) is much lower (~ 0, 3 ev) than the metastable
levels in argon (- 11 ev) and the energy-loss factor for N 2 is much higher
than for A (because of possible excitation of rotational and vibrational
degrees of freedom), superelastic effects should not be as pronounced in
nitrogen as they are in argon and the loss factor for nitrogen should never
even approach, much less fall below, the elastic value.

These considerations point out the need for using the complete elec-
tron energy balance equation to interpret the results of these experiments.

Interpretation and Discussion of Results Within the Framework
of the Complete Electron Energy Balance Equation

A discussion of some of the terms appearing in the complete electron
energy balance equation of reference 2 is presented first, in order to clarify
and emphasize the significance of each of these terms and avoid ambiguities
in their use.

It can be shown (ref. 2) that the energy balance equation for electrons
is given by

8t ( 2 pe ) + 17. ( 2 pe U + q e ) + e : O U

= p e We •[ m (E +UX B) - dt ) + Re2)	 (8)
e

where the collisional energy exchange integral R(?-) is given by

R (2) 	 3 knS	 (T - T	 )T-1 - R- E s. E.	 (9)e	 2	 e K s	 K,s a	 K,s e,K	 i 1 1

or the equivalent form

Re2) 	
2 

kne vt Seff(Te- Tn ) - R - Z s i E i	 ( i0)
i

and the other notation is defined in the list of symbols,
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The form of the collisional energy exchange integral given by equa-
tion (9) is the result of some deliberation and it is appropriate to elaborate
somewhat here on its origin.

The quantity Reg) contains all energy exchange terms, elastic and
inelastic, between the electron and its surroundings.

The term R is most generally defined to represent energy lost from
the system containing the electrons (e. g. a plasma) to the surroundings,
provided it is understood that this energy originated from the electrons.
For example, that part of the radiant energy lost from the system that comes
from the excitation of electronic states of the heavy particles by electronic
impact followed by spontaneous emission is contained in the term R, since
this energy originated from the electrons. This term also contains energy
radiated directly from the electrons (bremsstrahlung) but does not contain
energy that the electrons lose in creating ions, free radicals, metastables
or other relatively long-lived species. Additional reasons for considering
this term separately are (i) that it may be a function of geometry (through
self-absorption of radiation in the plasma) and (2) that usually it involves
processes that have a very small time scale or lifetime (of the order of
10 -7 sec or even less) compared to the processes accounted for by the other
two terms on the right-hand side of equation (9). This comes about because
R depends on spontaneous emission that does not directly depend on tem-
perature or particle density. Therefore the emission of radiation that makes
up R can be considred instantaneous for all practical purposes, i. e. , there
is no significant time lag between the moment of impact when the electron
loses some energy in exciting the heavy particle and the moment when the
heavy particle loses this energy by spontaneous radiation to the surroundings.

In considering R, however, we must never lose sight of the fact that
it is only a manifestation of an energy exchange process between electrons
and heavy particles, namely the excitation of the heavy particle, that is
very difficult to follow or measure directly. Thus although the conversion
of electron energy to radiant energy may be an almost instantaneous pro-
cess, the redistribution of energy among the electrons, i. e. , the cooling

It also contains that part of the radiant energy from resonant levels that is
not trapped in the system but leaks from it.

,­A.
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of the electron gas, is not necessarily equally rapid. Nevertheless, use can
be made of the fact that in most plasmas of interest to this investigation the
optically excited levels of atoms or molecules are generally in instantaneous
equilibrium with the free electrons. In these plasmas, while the electrons
and other plasma components experience energy exchange among one another,
the ultimate loss of energy from the system is due to radiation. Therefore,
the appropriate portion of the collisional energy losses from the free electrons
(i. e. , that portion of the energy lost by an electron upon impact with an atom
or _nolecule that goes into exciting electronic levels of the heavy particle)
can be usually equated to the radiative losses R from excited states of the
heavy particles at the electron temperature (ref. 4).

The other two terms on the right-hand side of equation (9) represent
energy lost (or gained) by the electrons that remains in the system or, in
some cases, originates outside the system but is passed on to the electrons
in the system by collisions with the heavy particles. Usually both of these
terms involve processes that have a time scale or lifetime that can be any-
where from much shorter to very much longer than 10 7 sec, In addition,
the magnitude of the characteristic times for the processes described by
these two terms is usually a direct function of temperature and/or particle
density and neither of the two exhibits a marked geometrical dependence.

Despite these similarities it is found necessary to separate the pro-
cesses described by these terms into two different categories depending on
whether they represent energy exchange between the electron and the physi-
cal degrees of freedom, with well-defined temperatures, of the heavy parti-
cle or energy exchange associated with chemical or chemical-like change.
Thus the term containing 5 K s accounts for all electron-heavy particle
interactions that involve exchange of energy between the electron and the
various degrees of freedom of the heavy particle. These degrees of free-
dom of the heavy particle are primarily translational, rotational and vib-
rational and their excitation by electron impact does not result in any energy
leaving the system directly, unlike the excitation of electronic (or optical)
degrees of freedom which, as we have seen, is a "leaky" energy exchange
mechanism and has to be treated separately. The characteristic times for
these processes also can be extremely fast. Thus the characteristic times
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for excitation and relaxation of translational and rotational energy can be of
the same order as the characteristic times for electronic excitation and
radiation. Although the characteristic times for excitation and relaxation
of vibrational energy can be several orders of magnitude slower (depending
on temperature and pressure) it still makes sense to define a temperature
for this, as well as the other degrees of freedom. Hence the definition of
T 

K t S : It is the temperature that describes the level of excitation of the
degree of freedom s of the heavy particle or component K and since we
have excluded electronic excitation, s stands for the remaining degrees of
freedom, e. g. translational, rotational and vibrational. Therefore the im-
portant characteristic of this term is that it can be conveniently expressed
in terms of the difference between the electron temperature and the tem-
perature T

K, S

Again we must point out that although an electronic (or optical) exci-
tation temperature 

Telec 
can also be easily defined (and measured) to

describe the excitation of electronic degrees of freedom, we have chosen
to exclude this energy exchange process from the term containing SK 

s 
and

prefer to split it into two parts, one that has to do with energy leaking from
the system, R, and the other, that has to do with energy remaining in the
system, contained, among many other sources and sinks of electron energy,
in the term

S =	 SiEi	 (ii)

where E i can be positive or negative depending on whether the electrons
lose or gain energy by the process i.

The term S accounts for all energy exchange processes between
electrons and heavy particles that are associated with chemical or chemical-
like changes. For example, electron energy losses that lead to dissociation
or i-mization (or electron energy gains that are associated with ion or free-
radical recombination) are accounted for in this term. Since metastables
(or trapped resonant levels) can be considered as chemically different
species as a consequence of their relatively long lifetimes and some

'Therefore S also describes energy exchange between electrons and reso-
nant levels under conditions of strong trapping of resonant radiation.
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chemical-like properties (e, g. a very slow metastable atom or molecule
can pull out an electron from a solid surface whereas a slow atom or mole-
cule in the ground state cannot), this term also describes all electron-
metastable interactions that result in electron energy changes, or electron-
atom interactions that lead to the creation of metastables (and therefore
with electron energy changes that remain in the system). In addition S
can describe electron energy changes that are produced by energy that
originates outside the system (e, g. elevation of the electron temperature
by recombination, with electrons acting as third bodies, of ions that were
produced through photoionization, or by de-excitation, due to electron im-
pact, of electronically excited atoms produced by photo-excitation).

Another important characteristic of this term. is that, unlike the
term containing 6 K s , it cannot conveniently be expressed in terms of a
difference between the electron temperature and some temperature Ti E
(appropriate to process i resulting in an electron energy exchange Ei)
since the resulting parameters would be very difficult to measure even if
we assume that they can be consistentl, r defined. Finally, of all the terms
on the right-hand side of equation (9) this is the one that can be the slowest
since it involves chemical reaction rates and energy exchange with species
with very long lifetimes.

^	
eke

To summarize, R represents a fast "leak" of energy from the
system caused mainly by the exchange of energy between electrons and heavy
particles inside the system that results in a net loss of energy to the elec-
trons in the system. The other two terms on the right-hand side of equation
(9) describe changes of the energy of the electrons in the system. The term
containing SK s represents a change of the energy of the electrons in the
system due to electron collisions that result in physical changes of the com-
ponents K within the system that have an easily described temperature
T 

K 
s. The term S represents a change of energy of the electrons in the

system due to electron collisions that result in chemical-like changes
(relatively long-lived species) within the system.

Since trapped resonance levels are effectively long-lived they can be des-
cribed by S and treated as "pseudometastables.
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One of the advantages of this formulation is the relative ease with
whicli the various quantities making up the Coll; sional energy exchange inte-
gral, equation (9), can be determined in our experiments.

To demonstrate this, note that under steady-state conditions
(ape/at = 0, 8U /at = 0) in a flow field with negligible axial velocity and
electron concentration and temperature gradients, i. e. , when
0 • [(3p /2) •+ wq e

 + n : V IU = 3 U • V kne Te /? + 3p ep . U /2 + p . qe +
pe0 . U -	 : '7 `U" M 0 since ane /ax = aT e /8x = aux/8x 0, the electron
energy balance equation, equation (8) becomes

Je - (E 
+ -0. 

X B) = 7 k ne v t 5 eff (Te - T n ) + R + S
	 (12)

where T  is any convenient reference temperature that characterizes the
energy level of the gas as described in reference 2.

Using equation (i2) and the methods of Ginzburg and Gurevich (ref. 5)
it can be shown that in a high-frequency electric field (E = E  cos wt,
w = 27rf), when B = 0, the difference between the electron temperature e
and the reference temperature T is given by

2 
E 

2 n
T	 T =	

e 
o	 -2	 [ R + S]	 (13)e	 n 

3kmeSeff(w2+vt)	
3knev 5

where the first term on the right contains only two variables, 6 eff and vt,
dependent on gas properties and the second term at least three. Then if
we illuminate the plasma with a high frequency electric field such that
w2 >> V2 the effective energy-loss factor beff can be obtained by operating
in a regime where either the magnitude or the change of R + S with electron
temperature is negligible or can be deteremined independently.

For example, let us consider our experiments with nitrogen, Assum-
ing R + S is negligible in these experiments (since the temperatures are
relatively low) we can write equation (13) in the form

T ee E=0 - T  = 0	 (14)
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when E  = 0 (i. e. , with rf power off), and since T  does not change sig-
nificantly with rf power, we can write equation (13) in the form

Te-Tee E=0
e 2 E 2_ o

3 k mew26eff
(15)

when Eo # 0 and w2 >> V 2 Therefore, since E o = (4 PZ /Ar)1/2 in our

experiment (ref. 2), the effective energy-loss factor at T  and a reference
gas temperature Tg = T  which describes the energy state of the gas, is

given by

6 _ ( e24Z
eff = \
	

Z) (am') 'T 
_-PT
	 (i6)

3 k me w	 r	 e	 e, E=0

where, as we have already explained, 6eff contains translational, rotational,
and vibrational contributions to the energy loss factor,

In these experiments it is an observed fact that T e, E=0 = Tvib' as
clearly indicated by the experimental results plotted in figures i and 2 of
Appendix D. This evidence is in agreement with the theoretical result (see,
e. g. , ref. 6) that the free electrons in the plasma are closely coupled ener-
getically with the vibrational mode of the gas molecule and are therefore
very nearly at equilibrium with the vibrational temperature of the nitrogen
molecules. Further experimental evidence is reported in reference 7 for
shock-heated mixtures of argon and 1 % N2.

In our experiments this coupling occurs for the following reasons:
In the absence of electron energy sources due to recombination of ions or
other species (S = 0), the electron temperature relaxes very rapidly and
reaches its steady-state value (which in the absence of an electric field is
Tn) almost immediately. [ The relaxation time in that case can be computed
by the methods of reference 5 and is equal to i/vt 5eff. This is also clear
from equations (8) and (10) above. ] Consequently, use of the steady-state
approximation, equation (12), to obtain the electron temperature, is
justified. In addition, in our experiments with N 2, R is negligible (see

r
discussion in reference 2) and S is negligible for the reasons given in
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Appendix E, When R and S are negligible and we make use of the defini-

tion of Seff [ compare equations (9) and (10)) equation (12) in the absence of

electric and magnetic fields reduces to

5 N2 , tr (T e, E=0 
rib 

N., tr ) + 5 N 2 , vib (Te, E=0- TN2, 
vib)

	

5 N2 , •rot: (T e, E=0 T N 2 , rot) = 0
	

(17)

But under the conditions of these experiments (T e ? 2000 0K, n  = 1022

particles/m 3 ) the data of Engelhardt et al. (ref. 8) prove that even at

T  - 2000 0  the fractional power input due to collisions of electrons with N2

molecules that result in elastic scattering of the electron (anal contribute to

the translational degree of freedom of the ;r:iolecule) and rotational excitation

of the N 2 molecule is of the order of 2% or less of the total power that the

electron loses in elastic and inelastic collisions. Therefore, since under

the conditions of reference 8, T g = T N 2 , rot rN 2 , vib T N 2 , tr' we obtain,

(S N2 , tr + 5 N2 , rot )(Te Tg)
0.02	 (18)

N 2 , tr	 N2 , rot	 N 2 , vib e vT g

in the range of T  of interest to us. Then, since in our experiments

TNrot T
N tr' a combination of equations (17) and (18) yields

z'	 2'

TN2, vib T e, E= 0	 i
(i9)

e, E=0 - N 2 , tr

For our experiments, where Te E=0 2000 0  and TN tr 350 0K,
2'

equation (19) yields

o	
(	 )

	

TN 2, vib T e, E=0 35 K	 20

We conclude that our experimental observation that Te. E=0 is approxi-

mately equal to TN2, vib 
is in agreement with theory. Therefore, since
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vibrational relaxation of the nitrogen is slow (and the vibrational temperature
in the jet is frozen at or close to the nozzle throat temperature), it is clear
that the electron temperature in the jet in the absence of an electric field
will also be frozen at the relatively high value of the vibrational temperature
at the throat; this also is in agreement with experiment

Finally, we must point out, that instead of invoking the data of refer-
ence 8, we can invoke the second law of thermodynamics to prove that the
dominant process for energy input to the electrons must be a coupling with
the vib-• ational temperature of the nitrogen since the measured TN2, rot
T N2, tr is far below the measured T N2 , vib and the measured Te, E-0 is
close to the measured T N 2 , vib in all enthalpy ranges studied. For this
reason elastic and rotational processes of energy exchange must result in
losses of electron energy. Moreover, these losses must be s.rna.11, despite
the large temperature difference Te E=0 TN tr' because if they were
large they would have to be balanced by an energy  input from a large
TT	 (and this temperature difference is measured to beN 2 , vib	 e, E=0
small), or from a large energy input from S (and the recombination of
ions or atoms with electrons acting as the third body at the required rate
is unlikely). Again we conclude that the observation T 	 ~ TN 2 , vib ^ e, E=0
is in agreement with the steady - state theory and equation ( 12) with E = B = 0
and R + S = 0. We may also conclude from this discussion that for these
experiments the appropriate reference temperature to use in equation (12)

is T  = TN 2 , vib'
The assumption that R and S are negligible for these relatively

low-temper ature experiments in nitrogen is therefore supported by the ob-
servations. However, as either T  or Tvi.b are increased (by increasing
the r.f power or the plasma enthalpy, respectively) there will come a point
where the terms R and/or S can no longer be neglected and will have to
be added to equations ( 15) and/or ( 16). Otherwise, i, e. if we keep using
equations ( 15) or (16) rather than equation (13) to determine 5effI there
will result a serious over- or under-estimation of the electron energy-loss
factor. This point has been illustrated by our experiments (see figures
2-5 and 20).

Fortunately, contributions to the electron energy equation such as
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R and S can be easily determined by measuring the change of either R or
S with electron temperature, provided T  can be manipulated in such a
way that the. effect on n e , ns and S eff is either small or predictable. Our
,:nethocl of heating the electrons of a hot and fast jet of plasma comes very
close to satisfying these conditions because the hot gas does not reside in
the region of rf illumination long enough to cause a significant increase in
electron number density or a significant change of n  and the heating of the
gas due to the rf field is negligible. Therefore, if R and S can be
measured by independent means, our experiment can also be used as a
method for determining the influence of various mechanisms on the relaxa-
tion of electron temperature. Such independent measurements of R and S
are relatively simple: R can be determined by measuring the radiation
emitted from the hot gas as a function of T  and S can be determined by
measuring changes in composition as a function of Te . These tasks are

b

made easier by the requirement that the determination of changes in R + S
with T  will usually suffice.

To demonstrate the advantages of this formulation in the presence
of significant contributions from R and S let us consider our experiments
concerned with heating the electrons in an argon plasmajet with rf power
with the results summarized in figure 20.

In this case ;, since the static temperature of the jet is T g = Ttr
100 0  and we observe that T e .. E-0 >> 100 OK, it is clear that energy
must be going to the free electrons in the jet, to keep their temperature
high, from some :source S (since rotational and vibrational modes do not
exist and the electronic or optical modes contained in R can only represent
energy losses). Therefore we cannot use the method for computing the
relaxation time given in reference 5. Instead we must use the method given
in reference 9.

A computation of the electron energy relaxation length L E or

relaxation time tE = LE /U by the methods of reference 9, using a value
for the characteristic energy E  of 10 ev and assuming an instantaneous
process (equivalent to the instantaneous Saha equilibrium assumed in refer-
ence 9) -- an assumption that is justified if electron impact by a single

25



electron rather than three-body recombination is the energy source --
results in a very long relaxation time and again justifies the use of the
steady state approximation of the electron energy equation, equation (12).
hz the absence of an electric field and when R is negligible, (i. e. at low
arcjet powers), we obtain from equation (13)

Te, E=0 - T  - - 3 kn e v t- SEff	 = O

and when an rf field is present, with w2 >> vt and R is still negligible,
we obtain	 e2E2

T	
T _	 0	 2	 )

e, E- 
n 

3 k m e	 effw S	 -	 n vt eff 5
E 	(22

For argon S eff - S A, e1= 2. 727 X 10 -5 since there are no rota-
tional or vibrational modes and the appropriate reference gas temperature
to use in these experiments is the static temperature so that T  = T  =
T tr - 100 0K. The glowing outline of the argon plasmajet is barely distin-
guishable in the rank under these conditions and therefore, at least for low
electron temperature-,,R can be neglected (T'elec - T  = 2000 0K).

The pressure in the vacuum tank in these experiments is 0. 51 X 10 3
atm and therefore the number density of argon atoms in the jet is nA =

.t4"

p/k'f g = 3. 7 X 10 22 per m3 . (Note that T  can be measured very accurately
with the electron beam device. ) From an independent determination of the
collisional cross-sections for momentum transfer (ref. 10) we have QeA
4. 48 X 10 -21 m2 at 2083 0  and QeA = 9. 32 X 10 -21 m2 at 3568 0K. Using
typical experimental results we see that when Te, E = 0 = 2083 0  and
P = 0. 085 w we obtain AT = 1485 OK or T  = 3568 O K. The electron
number density in these experiments with argon is estimated to be approxi-
mately 10 i 6/m3 (it can be measured quite accurately using the Langmuir
probe).

Thus we have all the necessary ingredients to determine S as a
function of T  from equations (21) and (22). Actually, as we shall see,
at this point we have several choices concerning the dependent variable (or
what we can choose as an unknown).
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The collision frequencies vt L v t (T e ) = 4 naQea(8k re /trme )1/2 1  become

vt(2083)= 3 X 3, 7 X 1022 X 4.48 X t0 -2i X 6, 213 X 10 3 X 45, 6

= 6, 26 X 10 7 Sec- 1	 (23)
and

vt(3568)= 3 X 3. 7 X t0 22 X 9, 32 X t0 -2t X 6, 213 X t0 3 X 59. 75

= 1,.707 X t08 sec -1 	(24)

In addition we have use for the following numerical values:

3k5 eff = 5. 645 X t0-28, 2 = 0.4829 X t0 +23	 (25)
2	 3k

e 2 2 = 5. 947 X 10 -29 ,	 w = t. 5393 X to
	 (26)(26)

2m w
e

and, for Z = 387 ohms and A  = 1. 548 X 10 -2 m2

E 2 = (4Z.77) P = 1. 0 X 10 5 P	 (27)
r

Therefore, if Nve consider S eff = 2. 727 X t0 -5 a known quantity, we obtain,
from equations (21) and (22)

S
 , 3 k S e=-	 ff

E=0	 ( 2	 )(n v e t) _ (T e, E=0- T n)	 (28)
E-0

and

S --( 3 k Seff n v T	 - T^+ e nev,)Eo	 (29)
2m w

e

or, if we assume that n remains nearly constant at 1016 n1-3e

- ^E-0 = 5. 645 X 10 28 x 10 i6 x 6. 26 X 
to 7  X 1983 = 0. 70t watts/m 3 (30)

and
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- SE = 5. 645 X 10 -28 X 10 i 6 X 1. 707 X 108 X 3468

- 5. 947 X 10 - 29 X to 16 X i. 707 X 108 X 10 5 X 0. 085 = 2. 48 watts/m 3 (31)

We can now use equations (28) and ( 29) in several ways. For example,
from our measurements we can deduce the dependence of S E on T e . One
possible such deduction is that the quantity S E can be expressed by

S	 ( -T 
Te E 5/2 S

E =0'	 (32)E _ e, E=0

since this relationship fits all available data. For example, substituting the
appropriate values is;r T	 = 3568 °K, T	 = 2083 °K and S	 = 0.7013	 e, E - 	3	 e, E=0	 E=0
watts /m , yields SE = 2. 68 watts /m , i. e. , within 8 % of the value from
equation (29). To check the accuracy of equation (32) we note that equations
(28) and (29) then yield 	 e2	 4?l

Seff _	 ---2 (= / P • -i	 (33)
3km ew \ r /

where

A	 T- T -(Te,	 _ T	 Te, E _ 2 (ne, E=0 QeA, E=0	 (34)( e, E n^ 	 E=0 nl `T` n	 1 ^e, E-_ 0	 e, E	 eA, E

For these conditions, and assuming nee E_0 =n el we obtain

5 eff = 3. 58 X to -5

note that if a slight increase
the rf power (e.g. if the re -
in the test section becomes
nee E = 1. 08 nee E=0' we

or a Seff overestimated by 31 %. However,
in the electron number density occurs due to
combination is slowed down some so that n 
higher by almost 10% as observed), i. e. , if
obtain

Seff = 2. 75 X 10-5

in excellent agreement, Under different conditions, when P = 0, 15 watts,
T e _ - 2083 °K, Te , = 4503 °K (and Q eA = 1. 276 X 10 20 m2 ) we

, E-0
obtain 6eff = 3. 8 X 10 with ne, E = ne, E-0 or 5eff 2. 727 X 10 -5 when
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ne E = 1. 14 ne E-0 as observed.

An alternative approach is to deduce from the experiments that a
relationsip of the form

S = s1E1= -1.4 X 10 8 ne vt E T 1/2	 (35)

holds instead of equation ( 32). This approach, in combination with equations
(28) and (29), leads to the expression

eff =
0. 28? P

b	
)(T	

-

/T	 )	
(36)

( T e - Tn ) - ( T ee E=0 - Tne^ Ee, E=0

Equation (36) gives 5eff = 2. 727 X 10 -5 at P = 0. 085 watts in excellent
agreement with the theoretical value.

The "success" of both expressions, equations (32) and ( 35) demon-
strates the non-uniqueness of empirical fits of this type. Nevertheless,
the "success" or failure of these particular computations is not the impor-
tant result. The important result is that use of equations ( 33) and (34) to
interpret the experimental data allows us to determine precisely the power
law that governs the electron temperature dependence of S if we first
obtain ne, E=0/ne, E' The derivation of an empirical relationship of this
type should not be considered below our dignity because it is just about
standard practice in reaction kinetics. It is important to note that absolute
measurements of n  are not required.

Alternately, use of equation ( 36) allows us to test the validity of the
expression given by equation (35) — which reduces to a form very similar
to equation ( 32) when the temperature dependence of the cross sections is
taken into account. Thus for constant n  and n  equation (35) leads to

SE	 Q eA, Eve A, E	 ( Te, E 112

S	 - ^	 v	 \ T _ /
E-0	 eAf E=0 eA, E=0	 e, E-0

_ Q eA, E	 Te, E
QeA, E=0 e, E=0 C

T e E;'.5
T —)	 (37)

e, E=0
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More generally, the use of equations (28), (29) or (33) and (34)
allows us (a) to determine a precise relationship between SE and SE=O
and the electron temperature if ne, E =O/ne, E is known and (b) to obtain
an expression fo. S if n  is known. These relationships can be of great
value in the study of the kinetics and transport properties of metastable
and trapped-resonant level argon atoms.

An independent check of these results can be obtained by determining
the number density nA ,,c of metastable and trapped-resonant level (= pseudo-
rnetastables) argon atoms, i. e. , by using the corresponding continuity equa-
tions rather than the electron energy equation. Note that by definition
(ref. 2) and neglecting diffusive losses of metastables as well as losses due
to metastable-metastable or metastable-own gas collisionst

S = s i E I - Et c—fit
_	 _	 d n	

(38)

or the continuity equation for metastables and pseudon.etastables becomes

d n A=,'/dt = S /E 1	 (39)

and since the jet is essentially at a steady state and U = Ax/tit, we obtain

Coefficients for these losses which in any case do not depend on T A have
been determined for some gases by Phelps, A. V.: Phys. Rev. 99 (1955)
p. 1307 and Phelps, A. V. ; and Molnar, J. P.: Phys. Rev. 89 (1953)
p. 1202 to be small. for our conditions. Specifically the de-excitation or
quenching cross section of argon metastables (3 P2) by argon atoms in the
ground state is very small, of the order of 10 -24 m3 (Futch, A. H. ; and
Grant, F. A.: Phys. Rev. 104, No. 2 (1956) pp. 356-361). Therefore
the quenching frequency or reaction rate for A + A 2A + by is neg-
ligible compared to quenching by electrons since the speed of approach of
these particles at 100 0  is 1. 6 X 103 times lower than the electron-argon
approach speed at T  = 3600 0K. Thus the quenching frequency for e +A*
is about 140 times higher than the quenching frequency for A* + A even
though n  - 10 6 nA.
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S = E An ,	 U
I	 A'^^ ^ Ix (40)

Therefore, if we determine the change in number density of metastables per
.

unit length of the jet, we can obtain an independent measurement of S. An

estimate of the magnitudes involved can be obtained by using U = 2000 m/sec

and E i = it ev X 1. 6 X 10 t9 joule/ev = 1. 76 X 10 -18 joules. Then from

equations ( 30) and (40), without rf,

OnA^^ 	 _ 0. 701	 = -2 X 1014 metastables	 1	 41Ox	 1. 76 X 10	 X 2000	 3	 m

and from equations ( 31) and (40) with 0. 085 watts rf

	

An-A = -7 X 1014 metastables , 1	 (42)
m

Now usually the number density of metastables for this type of
plasma is of the order of 10% of the number density of ions (ref, i I).
Therefore, if the ion number density is of the order of 10 16 , the number
density of metastables will be of the order of 10 15 and equations ( 41) and

(42) show that we can get a significant change ( 10 0/,, to 35 %) of the number

density of metastables within 0. 5 meters of the arcjet exit. This change

of nA* could be measured quite easily (ref. 12) and can be increased by

increasing the rf power.

Note that we do not have to invoke reference i i to obtain an estimate

of the number density of metastables. The electron-metastable cress

section for de-excitation Q eA4c is of the order of 10 QeA or higher (ref.

13). Therefore since for the process

k
A'1, + e  i A + e',<

we have

nA k i ~ v
eA*, quench - nA'i-QeA'^cveA' see Bennett, W. R. Jr.: Applied

Optics, Supplement No. i, "Optical Masers," (1962), pp. 32-33.

(43)

.11
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d nA*

S E i ` dt - c i k i nA ne

we obtain

S
C i n Q e A'C 

ve 
A

C i ne (nA>,cQeA* veA ) 	(44)

S
(45)

E i n Q e A ve A

Therefore at T  = 2083 0  and n  = 10 16 [ when S= 0. 701 watts m3 from
equation (30)] we obtain nA,,, ^ 3.15 X 10 i5 per m 3 , and again we conclude
that AnA,,c is easily measurable.

Thus by measuring AnA,,C over a given Ax, with and without rf,
we can obtain an independent measurement of S from equation (40) or by
integrating equation ( 38). This second measurement can be used to verify
the results we obtain from the electron energy equation, equations ( 28) and
(29). Determination of AnA,, or the variation of nA,,^ with Te and ne
can also establish the precise form of the superelastic energy exchange
(de-excitation) mechanism and the magnitude of the reaction rate constant
kl.

Note that in discussing the reason why T  remains so much higher
than T  = Ttr in the argon experiments we cannot use the same simple
argument about entropy that we used in discussing the N 2 experiments.
The reason for this is because we cannot easily define a temperature reser-
voir at some temperature higher than T  from which the electrons gain
energy. The higher temperature source in this case is the energy stored
in the metastables.

t If equation (38) is a good approximation for nA* we should expect to ob-
.

tain about the same nA* no matter which S (and T e that goes with it)
we use, since the first two of equations (44) are generally valid. Thus
when we use S at 0. 085 watts, i. e. , S = 2. 48 watts/m 3 and T e = 3568 0 
we obtain nA:,c :5 4. 07 X 10 15 , in fairly good agreement with the result at
E = 0 (the small difference could be due to a small change in n  or a
different dependence of Q eA* on T e ).
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Finally let us consider if indeed the energy that goes into heating all
the electrons that pass through the waveguide by — 600 °K (the temperature
increment we ascribe to superelastic collisions with metastables at rf
power of 0. 085 watts, see figure 20) is indeed equal to the energy that the
electrons pick up by collisions with metastables. In other words, let us
examine whether the de-excitation of metastables by electron impact can
provide the electrons with an amount of energy that is consistent with their
superelastic heating.

As we have seen at P = 0. 085 watts we obtain T e = 3568 °K. Letting
n  = 10 16 per m 3 and QeA* = 10 QeA = 9. 32 X 10 -20 m 2 we obtain
nA* = 4 X 10 15 per m3 . Then the total number of superelastic electron
collisions with meta..tables per m 3 in the waveguide is equal to

nenA:14QeA < veA = 1. 38 X 10 18 m 3 sec 1. The waveguide region where the
temperature is elevated to that level is greater than approximately 0. 1 m
and the flow velocity is 2000 m/sec. Therefore during their time-of-flight
thro,zgh this region the number of electrons that experience superelastic
collisions with metastables is 6. 92 X 10 13 per m 3 . The total energy that
these electrons pick up is therefore 6. 92 X 10 i3 X 1. 76 X 10 -18 = 1. 22 X 10 4

joules/m 3 . The energy required to raise 10 16 electrons per m 3 by 600 °K
is (3/2)n e k (600) = 1. 24 X 10 4 joules/m 3 , in close agreement. This shows
that all the electrons passing through the waveguide can have their tempera-
ture elevated by 600 °K thanks to the superelastic collisions that a few of
them undergo. Note that since the energy loss factor for electrons with
electrons is 0, it takes only about 5 electron-electron collisions to de-
crease the temperature of a 100, 000 °K electron to approximately- 3000 °K.
Since the electron-electron collision frequency in the waveguide is about
10 6 per sec, it will take less than about 10 5 sec for the electrons t.o ther-
malize, i. e. , they will travel less than about 2 cm downstream. Therefore
the temperature elevation due to superelastic collisions will indeed occur
mostly within the waveguide without any significant lag. Can tI,e other hand,
because the relaxation time for the electrons in the ar;_^: 	 is long
compared to the time-of-flight, the temperature ele-vatio.- : rill persist down-
stream and the electron number density will remain higher (because of
slower recombination etc. ) downstream than without rf, a fact that has
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be,,:Fi observed experimentally (unlike the nitrogen plasma where theory pre -
dicts and experiment verifies that the elevation in T  dies out rapidly
downstream of the waveguide ).

We conclude that careful measurements of ne, E=01e, E or the
absolute value of n  can give us the ratio SE/SE _ 0 or the absolute
value of S, respectively, from the elec^ron energy equation, These values
can be checked by measuring the change of the number density of meta-
stables with distance as a function of rf and using the continuity equation
for metastables or other energy-storing species. Either one or both of
these methods should yield very accurate measurements of S without any
a priori assumption of a de-excitation or superelastic energy exchange
mechanism, Once S is determined with confidence, we can proceed to
establish the de-excitation mechanism (i, e, , to decide whether equation (43)
is true or, if it is not, what is the form of the reaction) by observing how
AnA,,c changes with x, Te , ne , etc. Once the form of the reaction kinetics
is determined, we can proceed to establish values for k  and/or Q eA,,t by
using the measurements of S and nMP e, g. through the use of equations
such as (44). Thus we have here a very powerful tool for determining not

,
only the magnitude of S but also the basic reaction kinetics and the abso-

lute magnitude of the metastable de-excitation cross section QeA**

So far we have limited our discussion to regions where R is negli-

gibly small. However, it is a relatively simple matter to determine R also
as a function of rf power by essentially similar reasoning as we have
applied above and by use of the electron energy equation in regions ~where
ISI << R, or by first determining S(T e ) or even SE _ 0/SE , From figure 20,
for example, we can immediately see that R > (Sj for argon above 0, '7 ;vatts

rf power: AT a becomes smaller than the elastic value,

An independent measurement of R can be obtained (ref, t4) to
check the validity of the determination of R from the =': ectron energy
equation. The magnitude of R should be of the order of 20 watts/m 3 or
higher in the regions of interest. Since the volume of the plasma in the rf

cavity is of the order of 100 cm 3 , the power radiated should be of the order

of 2 X 10 -3 watts. Assuming a sensor located 30 cm away, we obtain
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appr,oxima.;.. ly 2 X 10 -7 w/cm 2 at the sensor. Therefore the sensor should
be capable of detecting changes of the order of 10 -8 w/cm 2 . Since we are
talking about an essentially steady-state experiment (time constant of the
order of i sec or more) and assuming an area of the detector (within the
sensor) of 16 square mm, we see that the Havens detection limit is of the
order of 1. 2 X 10 11 watts. Therefore we should have no problem in

measuring R with any number of commercially available devices (ref. 14)
U the radiation is in the visible or infrared range. Corrections to R due
to tae particular geometry of the experim(- ,it can be carried out in such a
way that the results can be presented in a form independent .-)f geometry and
universally valid for any geometry (ref, 15).

Part of R is the result of resonant radiation in the ultraviolet
range of the spectrum. Since the plasma of our interest is far from
equilibrium, we shall consider briefly the spectral distribution of the
radiation from a recombining plasma.

In a low density recombining plasm,°?., the ionization energy released
when an ion and an electron recombine is either transmitted to the free
electrons by collision or is lost from the system by radiation. The super-
elastic electron collision results in a decrease of the rate at which the hot
electrons— relax toward the equilibrium temperature.

Radiation losses from transitions that do not irivolve the ground state
(i. e., non-resonant radiation) can be measured by using standard spectro-
scopic or total radiation methods. The resonant radiation, on the other
hand, is strongly absorbed and therefore requires special techniques.
Because both resonant (the part that is not absorbed) and non-resonant
radiation are included in R, it is necessary either to calculate or to
measure the .ratio of resonant radiation to non-resonant radiation. As
shown below, the calcedation of the amount of resonant radiation that is
lost is, at best, a very rough estimate.

For a simple estimate of the resonant radiation loss, we consider
the electron-ion recombination model proposed by Byron (ref. 16) and
applied to an argon plasma by Chen (ref. 17). In this model the electron
is assu.xnr,­l to become bound to the ion at the highest energy levels and then
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"cascade" through the lower levels to the ground state. This de-excitation
process is by either super-elastic electron collisions or by radiation, and
the recombination rate is found to be equal to the rate at which the electrons
cascade past some critical energy level. The de -excitation of the critical
energy level is slower than the de-excitation of any other level and consti-
tutes the "bottleneck" for the cascading electrons of Byron's model, When
radiationlosses are important, the critical energy level is found as the
level where the collisional and radiative de-excitation rates are equal. For
argon, this radiation, as well as that involving transition to the lowest
excited le val, is primarily in the visible and easily measured.

From the above discussion, we can conclude that the radiant loss
and the energy gained by the electrons from ion recombination are approxi-
mately equal, or, at least, of the same order of magnitude for the de-exci-
tation of all levels above the metastable level. The lowest excited levels,
the 4s configuration of the argon atom., cor.!7, ists of two metastable and two
resonant levels at about it. 5 eV. Thus, most of the ionization energy is
released by the transition from the lowest excited level ?o the ground state.

The lowest energy levels are also de-excited by collisions or by
radiative transitions. Because of the large energy difference to the ground
state, collisional de-excitation rates are very small, whereas the spon-
taneous transition probabilities are very large. The rate of the transi*.ion
prf.;)ducing the ArI line at 1066 A, for example, is about 10 6 times as large

as the rate of de-exciting the level by electron collisions. (See Appendix
F. ) However, as mentioned previously, most of this radiation is reab-
sorbed, or "trapped, " by adjacent ground state atoms and does not escape
from the plasma.

An estimate of '-hey resonant radiation loss may be obtained by calcu-
lating the photon mean-free-path for absorption of resonant lines. This
calculation has been performed for the A 1048 line, as shown i n Appendix
G, for a line shape appropriate to Doppler broadening. If the line shape
remains constant throughout the plasma, the calculation indicates a photon
mean-free-path X  of only 4. 5 X 10 6 m. This would suggest that, under

the assumptions of Appendix. G, as far as the resonant radiati._ri. is con-
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cerned, the plasma could be considered as an opaque cylinder from which
radiation emmanates only from a cylindrical shell of thickness X  at the
surface. The ratio, per unit length, of this escaping radiation to the total
resonant radiation in the jet can be estimated simply by the area ratio
2TrrXr /Trr 2 where r is the radius of the jet. Under the conditions of our
experiment (see Appendix G) this ratio is found to be 4.5 X 10 4, We remind
the reader at this point that the part of resonant radiation which is self-
absorbed does not, by definition, become part of R. The above calculation
shows that the resonant radiation that is part of R, because it escapes, is
4 orders of magnitude smaller than the total resonant radiation. Thus, as
shown in Appendix G, the resonant radiation loss from the surface of the
jet can be expected to be of minor importance in the Plectron energy equa-
tion (under conditions similar to those under which the results shown on
figure 20 were obtained). The same reasoning can be applied to any control
volume under certain conditions, to determine the ratio of escaping to
trapped resonant radiation. In any case the validity of this reasor.ir_g can
be tested by measurements.

Although the validity of this reasoning and the results of Appendix G
as well as inferences from it require further exhaustive examination, we
consider it appropriate to mention some preliminary results of crude radi-
ation measurements, using a borrowed CINTRA 101 digital radiometer with
a Model i t iN detector probe, that appear to give some partial support to
our inferences.

These measurements were carried out by looking at a 6-cm long
portion of the plasma jet from outside the vacuum tank with the radiation
detector placed at a distance of 70 cm from the jet axis. The optical axis
of the detector was perpendicular to the jet axis.

At i watt rf power we measured a total radiation flux of approxi-
mately 1. 2 X 10 -7 watts/cm 2 at the detector in the range from 4000 to
11, 000 A. This means that the total radiation from the 6-cm portion of
the jet was appro imately t. 2 X 10 7 X 4Tr X (70) 2 ^ 6 X 10 -3 watts. Since
the jet is approximately iu0 can long (before it is stopped at the heat
exchanger) and the :,radiation intensity under these conditions can be
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assumed to be constant along the flow direction, the total power radiated
from, the jet is approximately 6 X 10 3 X 120 6 = 0. 12 watts, Note that for
argon jets under these conditions the theory predicts (and the experiments
prove) that electron heating effects persist throughout the jet because of
slow relaxation, radiation trapping, etc. , although they are stronger close
to the rf electron heater.

Let us now refer to the results presented in figure 20. 'We note that
at P = 1 watt rf power (in the argon experiments under similar conditions),
AT  due to R (i. e. , the difference between the curves labeled "Argon
Experiment" and "Argon Elastic" in figure 20) is approximately 2000 OK.

This AT  corresponds (as seen from the "Argon Elastic" curve) to approxi-
mately 0. 2 watts of power loss in the electron energy balance. If we assume
that there is no energy input into the electrons due to metastables, this
energy loss can be associated with R. Under the circumstances this value
must be considered in excellent agreement with the crude measurement of
0. 12 watts mentioned above. Reasonable agreement was also obtained at
other rf power levels. The main uncertainty in these measurements was
whether the enthalpy and degree of ionization of the argon-jet was exactly
the same as in the measurerr:ents of AT  vs. P presented in figure 20 since
the two experiments were not simultaneous.

Since a temperature profile exists in the jet, the lines from atoms
near the axis of the jet are broader than the lines from atoms near the
edge. This means that photons with frequencies near the line center will
continue to be strongly absorbed, but those that contribute to the line wings
will escape. Although the resulting "escape factor" is undoubtedly small,
the loss could be significant because of the large transition probabilities
of the resonant lines (ref. 18). The loss, if this mechanism is important,
is a volume process, and not a "surface" process as would be predicted
for the model in which the photon mean free path was found to be 4. 5 X 10-6
m (Appendix G).

Because of the difficulty of estimating the resonant radiation loss,
as we have mentioned above, the portion of R that consists of resonant
radiation must be measured by vacuum spectroscopic techniques. Unfor-
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tunately neither the funds nor the time were available for these important
measurements and the data available in the literature has failed to yield
estimates of R and S for the conditions and gases of interest.

CONCLUSIONS AND RECOMMENDATIONS

We may conclude from this discussion that the results of these
experiments are inherently accurate as long as they are obtained under
conditions such that R and S are negligibly small, The available theory
is sufficiently powerful to yield equally accurate results for the electron
energy-loss factor in the range of conditions where R and S are not
negligible, provided measurements or estimates of R and S as a function
of T  are available for the gases and conditions of interest. This investi-
gation yielded reliable measurements of the energy-loss factor for several
gases at relatively high enthalpies.

Although it is a relatively simple matter to attain conditions where
both R and S are negligible and all the other constraints on the experi-
ment are met at the same time, by manipulating the arcjet flow rates and
power level, the primary to secondary flow rate ratio, the stagnation pres-
sure and expansion ratio etc. , this procedure involves a considerable
amount of pri° ,3*..= nary exploration of the arcjet characteristics through
careful d>> r, ro—Ntics. Thus, future investigations of the energy-loss factor
for electrons in arc heated gases by this method require detailed knowledge
of the arc heater performance in terms of the detailed energy state and
composition of the exhaust gas. It is indeed unfortunate that after all these
years of arcjet development the exhaust characteristics of commercially
available arcjet systems are not sufficiently well known for many gases in
terms of these parameters. In fact, the diagnostic information obtained
for the commercial arcjet system used in this study during the course of
this work may be considered as one of the major contributions of this in-
ve stigation,

The information on plasma parameters obtained during the course
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of this work made it possible to study the behavior of the electron energy
balance in detail that has seldom been achieved before and to identify
mechanisms of excitation and de-excitation of atomic energy levels by
electron impact that, with additional study, may find numerous useful
applications.

It is therefore recommended, that these well-proven techniques and
existing facilities be used in two continuing programs, namely:

(1) extension of the measurement of electron energy-loss factors
in hot gases over
(a) a wider range of electron temperatures, gas enthalpies and

excitation states of the gas,and
(b) a wider range of gas composition, including mixtures repre-

sentative of rocket exhausts, ablation products, combustion
processe-i, rc-entry wakes, etc,

and
(2) detailed investigation of the mechanisms and rates of electron

energy relaxation in plasmas and excitation or de-excitation of
excited atomic or molecular states by electron impact with the
purpose of identifying means for selectively controlling their
populations by manipulation of the electron temperature.
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Table Ia.	 Raw data for computing effective energy -loss factors
in three mixtures of Carbon Monoxide and Argon

Electron Temperature, 0 
Run Time Enthalpy rf power no rf with rf increment
No. BTU/lb pav	 Te, E=0 Te, rf AT 

210-C 16:08 532 .800 4430 7655 3225
210-C 16:11 532 .815 4820 7945 3125
210-C 16:12 532 .845 5330 7935 2605
210-C 16:14 532 .835 5620 8575 2955
210-D 16:20 536 . W 6020 8860 2840
210-D 16:27 536 .419 6250 8550 2300
210-F 16:41 534 .180 5610 6248 638

Table Ib. Collision cross sections, mixture ratios, and effective
energy-loss factors used in the solution of the mixture
equation for the energy-loss factor of pure CO

Run IT	 (0K)e Qe, A Qe, CO Mixture fi eff S COTime Ratio
nA/nCO

16:08 7655. 2.51E-20 1.87E-19 103.315 7.12E-05 6.82E-04
16:11 7945. 2. 62E-20 i.85E-19 103. 315 7.48E-a')5 7 > 75E-04
16:12 7935. 2.62E-20 1.85E-19 103.315 9.31E 05 1.06E-03
16:14 8575. Z. 88E-20 1. 80E-19 103. 315 8. 11E-05 9. 71E-04
16:20 8860. 2. 99E-20 1. 78E-19 101, 350 4. 22E-05 2. 97E-04
16:27 8550. 2.87E-20 1.80E-19 101.350 5.23E-05 4.58E-04
16:41 6248. 1.95E-20 1.95E-19 47.047 8.10E-05 3.34E-04
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Table IIa.	 .p aw data for computing effective energy-loss factors
in two mixtures of Helium and Argon

Electron Temperature, 0 
Run Time Enthalpy rf powrer no rf with .rf increment
No. B a: U, alb Pav Te , E--0 Te, rf

AT 

219-A 11:15 438 .823 24.50 7300 4850
219-A 11:17 438 r 422 2550 4198 1648
219-A 11:20 438 .419 2585 5405 2820
219-B 11:24 414 .340 2401 4602 2201
219-B 11:27 414 .331 2740 4151 1411
219-C 11:37 404 .254 2907 4887 1980
219-C 11:40 404 .1844 2875 4204 1329
219-D t1:44 411 .089 2570 3157 587
219-H 12:05 402 .440 2640 4050 1410
2t9-H 12:08 402 .439 2604 4149 1545
220-A 14.43 413 .550 1001 3306 2305
220-A 14.47 413 .535 873 3543 2670

Tabl% :11b. Collision cross sections, nni.xture ratios, and effective
energy-loss factors used in the solution of the mixture
equation for the energy-loss factor of pure He

Run T (°K)a Qe, A e, CO Mixture S eff S CO
Time Ratio
I nA/nCQ

11:15 7300. 2.37E-20 6.26E-20 2.531 4.87E 05 6.93E-05
11:17 4198. 1.16E-20 6.48E-20 2.531 7.35E-05 9.45E-05
11:20 5405. 1. 62E-20 6.41E-20 2. 531 4. 27E ­ 05 5. 26E-05
11:24 4602. 1.31E-20 6.46E-20 2.536 4.43E-05 5.31E-05
11:27 4151. 1.14E-20 6.49E-20 2.536 6.73E-05 8.53E-05
11:37 4887. 1.42E-20 6.44E-20 2.541 3.68E-05 4.22E-05
11:40 4204. 1.16E-20 6.48E-20 2.541 3.97E-05 4.55E-05
11:44 3157. 7.86E-21 6.53E-20 ?.544 4.38E-05 4.88E-05
12:05 4050. 1. 11E-20 6. 49E-20 1. 296 8. 96E-05 1. 03E-04
12:08 3306. 8.38E-21 6.52Er20 2.511 6.85E-05 8.18E-05
14:43 3306. 8, 38.E-21 6. 5ZE-20 2. 511 6. 85E-05 8. 18E-05
14:47 3543. 9. 23E-21 6, SA-.E-20 2. 511 5. 75E-05 6. 8.3E-05

45

!sl; l

V



Table IIIa. Raw data for computing effective energy-loss factors
in various mixtures of Nitrogen and Argon

Electron Temperature, OK

Run	 Z ime	 Enthalpy r£ power	 no rf	 with rf increment
No.	 BTU/lb	 Pav	 Te, E=0	 Te, rf	 AT 

216-C 9:17 488 1.310 4710 6658 1948
218-A, 10:22 449 2.560 4710 6475 1765
209-A 13:47 490 1.700 6020 7800 1780
213-A 13:51 489 , 865 6640 7446 806
213 -A 14:07 489 1. 280 5460 6685 1225
2't3-A 14:09 489 2.155 5560 7490 1930
209-E 14:26 476 .870 3480 4169 689
209-E 14:38 487 2, 625 3410 5240 1830
2t2--A 10:49 490 , 865 5730 6419 689
212-A 10:51 490 1.355 5770 6329 559
212-A 10:53 490 1.705 6200 7057 857
212-B 11:00 510 2.525 6160 7650 1490
212-C 11:13 475 2.105 5630 6890 1260
2i2-E 11:30 408 2.535 5610 6534 924
213-A 13:51 489 1.585 2450 3710 1260
213-'B 13:58 488 1.625 2385 3795 1410
213-B 14:01 488 1.600 2620 3812 1192
213-B 14:03 488 2.515 2789 4099 1310
213-B 14:06 488 2.560 2589 3969 1380
213-B 14:09 488 .865 2550 3391 841
213 ,-D 14:14 425 .895 2470 3242 772
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Table Ilrb. Collision cross sections, mixture ratios, and effective
energy-loss factors used in the solution of the mixture
equation for the energy-loss factor of pure N2

Run T	 ( 0TH)a Q e, A e, CO Mixture Seff S COTime Ratio
nA/nCO

9:17 6658. 2. i1E-20 1.58E-19 9. 012 i. 93E-04 3.93E-04
10:22 6475. 2.04E-20 1.56E-19 4.235 4.16E-04 6.32E-04
13:47 7800. 2. 57E-20 1. 66E-19 12, 244 2. 74E-04 7. 41E-04
13:51 7446. 2.42E-20 1.64E-19 9.955 3.08E-04 7.21E-04
14:07 6685. 2.12E-20 1.58E-19 11.661 3.00E-04 7.27E-04
14:09 7490. 2.44E-20 1.64E-19 11.661 3.20E-04 8.29E-04
14:26 4169. 1.15E-20 1.21E-19 5.087 3.62E-04 5.24E-04
14:38 5240. 1.56E-20 1.39E-19 5.047 4.12E-04 6.29E-04
10:49 6419. 2.02E-20 1.55E-19 4.087 3.60E-04 5.37E-04
10:51 6329. 1.98E-20 1.54E-19 4.087 6.96E-04 1.05E-03
10:53 7057. 2.27E-20 1.61E-19 4.087 5.71E-04 8.84E-04
11:00 7650. 2.51E-20 1.65E-19 4.059 4.86E-04 7.69E-04
11:13 6890. 2.20E-20 i. 60E-i9 3.984 4.79E-04 7.28E-04
11:30 6534. 2.06:-20 1.56E-19 2.018 7.87E-04 9.90E-04
13:51 3710. 9.83E-21 1.14E-19 8.830 3.61E-04 6.16E-04
13:58 3795. 1.01E-20 1.15E-19 8.819 3.31E-04 5.66E-04
14:01 3812. 1. 02E-20 i. 15E-19 8. 819 3. 85E-04 6. 64E-04
14:03 4099. 1.13E-20 1.20E-V? 8.791 3.51E-04 9.82E-04
14:06 3969, 1.08E-20 1.18E-19 8.791 5.32E-04 9.38E-04
14:09 3391. 8.68E-2i 1.09E-19 8.791 2.95E-04 4.83E-04
14:14 3242. 8.15E-21 1.07E-19 8.724 3.33E-04 5.36E-04



Table IVa. Raw data for computing effective energy-loss factors in
three mixtures of Nitric Oxide and Argon

Electron Temperature, 0 
	Run	 Time	 Enthalpy rf power	 no rf	 with rf increment

	

No.	 BTU/lb	 Pav	 Te, E;:0	 Te, rf	 AT 

240-A 13:38 304 1. 695 1310 1495 t85
240-A 13:41 304 4. 305 1310 2 t 50 840
240-A 13:44 304 4.360 1344 2369 1025
240-B 13:47 295 6.005 1344 3929 2585
240-B 13:54 295 5.945 1159 4099 2940
240-C 13:57 276 3.385 1260 2u66 806
240-C 14:00 276 3.430 t160 2453 1293
235-A 15:11 373 2.610 2117 2705 588
235-B 15:22 369 4.400 1328 4546 3218
2 1-5-B 15:27 369 6.045 1291 2971 1680
235-C 15:32 398 6.055 1159 2671 1512
237-B 12:24 590 1.265 t 19i 4201 3010
237-B 12:26 590 .830 1310 4081 2771
237-B 12:29 590 .422 t225 3206 1981
237-C 12:34 674 .579 t412 3562 2150
237-C 12:35 674 .421 1428 2772 1344
237-C 12:37 674 .593 M5 3307 2132
237-D 12:39 669 .251 1092 2519 1427
237-D t2:45 669 .251 1109 2469 1360
237-D 12:47 669 .501 1025 3343 2318
237-E 12:53 671 .837 1529 4454 2925
237-E 12:57 671 1.635 1528 5948 4420
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Table IVb. Collision cross sections, mixture ratios, and effective
energy-loss factors used in the solution of the mixture
equation for the energy-loss factor of Nitric Oxide,

Run T e (°K) Qe A' Qe CO Mixture 0eff SCOTime ' Ratio
nA^nCO

3:38 1495. 3. OOE-2i 1. 70E:-19 444.000 2. 63E-03 2, 31E-02
13:41 2150. 4, 65E-21 i. 98E -19 444,000 i. 47E-03 1, 65E-02
13:44 2369. 5. 28E-21 2, 04E- 19 444.000 1. 22E-03 i. 49E-02
13:47 39Z 9, 1. 06E-20 2. 04E -19 496. 900 6. 67E-04 i, 72E-02
13:54 4099, 1. 13E-Z,0 2. 02E-19 496.900 5. 80E-04 1. 59E-02
13:57 2066. 4. 42E-21 1. 96E-19 528. 100 1. 21E-03 1. 53E-02
14:00 2453. 5. 53E-21 2, 06E-19 528, 100 7, 61E-04 1, 12E-02
15:11 2705. 6. 32E-21 2, 09E- 19 87. 550 1. 27E-03 4. 58E-03
15:22 4546, 1.29E-20 1.96E-19 90.344 3.92E-04 2.57E-03
15:27 2971. 7.22E-2i 2.10E-19 90.344 1.03E-03 4.16E-03
15:32 2671. 6. 21E-21 2. 09E - 19 90.808 i, 15E-03 4. 18E-03
12:24 4201, 1. 16E-20 2. O1E- 19 56. 013 i, 21E-04 4. 24E-04
12:26 4081. 1.12E-20 2.02E-19 56.013 8.60E-05 2.68E-04
12:29 3206. 8, 03E-21 2, !OF-1919 56. 013 6, 11E-05 i. 34E-04
12:34 3562. 9,301-211-21 2. 07E-19 59.072 7. 73E-05 2, 10E-04
12:35 2772. 6. 54E-21 2. 09E-19 59. 072 9. OOE-05 2, 06E-04
12:37 3307. 8. 38E-2i 2, 09E- 19 59.072 7. 98E-05 2. 04E-04
12:39 2519. 5. 73E-21 2, 07E-19 62. 299 5. 06E-05 9. 10E-05
12:45 2469. 3.58E-21 2.06E- 19 62 .299 5.30E-05 9.65E-05
12:47 3343. 8.51E-21 2.09E- 19 62 .299 6.20E-05 1.50E-04
12:53 4454, 1.26E-20 1.97E-19 65.303 8.22E-05 3, liE-04
12:57 5948. 1.8'3E-20 1.78E- 19 65 .966 1.06E-04 6.44E-04



R d = 2 00 S2

RS = 10 or I0OS2

Figure i. Langmuir prone measurement circuit
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.Figure 4, Electron temperature elevation in pure helium as a
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Figure 6. Measured electron temperature rise, AT as a
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Figure 7: Electron temperature elevation in a pure nitrogen plasma
(Ho z 650 BTU/lb) as a function of applied microwave
power
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Figure 9. Electron energy-loss factor for carbon monoxide as
a function of electron temperature. Data shown
result from the solution of the mixture rule equation
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a stagnation enthalpy of 534 BTU/lb
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Figure 12, Electron energy-loss factor for nitric oxide as a
function of electron temperature, computed from the
mixture rule for three molecular concentrations of
NO in argon and plasma stagnation enthalpy conditions
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APPENDIX A

USE OF THE MIXTURE RULE

Measurement of the energy joss factor in certain gases is complicated
because they are difficult to handle or work with, under the conditions of the
experiment, when they are pure. The loss factor of these gases can be ob-
tained by carrying out measurements of AT  vs. P for mixtures of these
gases with some inert gas of known properties, e. g. argon. Argon may be
considered an ideal primary gas; its advantages are obvious: (i) it has a low
energy loss factor (ca 2. 7 X 10 -5 ) that should be nearly constant over a wide
temperature range and therefore it is easier in argon both (a) to establish
Maxwellian distributions and (b) to apply the mixture rule with accuracy,
(2) it is a good source of electrons (has relatively low ionization potential),
(3) it is monatomic and therefore susceptible to some theoretical treatment,
(4) it has a low cross section for momentum transfer and (5) it is chemically
inert.

To illustrate the (theoretical) promise of argon as a primary gas
consider the determination of the energy-loss factor for oxygen by use of
the mixture rule. Application of the mixture rule yields, for the energy-
loss factor of the mixture Seff' the expression

4v
S eff - 3vt (6 AnAQeA + 6 0 nO2QeO2)	 (A t)

in our usual notation.

Now in the range of the experiments S A - 3 X 10-5, S.O z 6 X 10-3,

Qe A i0 M20 m2 , Qe 0	 5 X i0 -20 m2 , accepting values for these
parameters that will minimize  the effect of the oxygen contribution and
maximize the effect of the argon contribution. Even then we see that
operation with a i % 0 2 - 99% A mixture yields for the argon contribution

5nAQ e, A = 0. 99 X 3 X 10 -5 X 10 -20 = 3 X 10 -25 and for the oxygen contri-
bution 50 nO-, Qe 02

	 X 6 X 10 --3 X 5 X i0 -20 - 3 X 10 -24 and thus the
energy loss factor for the mixture is substantially (i. e. , within 100%) the
energy-loss factor for oxygen since the oxygen contribution is about ten
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times bigger than the argon contribution even at i air, oxygen content!

Thus equation (Ai) can be rewritten

4vea602n02QeO2 (	 5AnAQ eA 1
°	 1 +eff -	 3v	 `	 n'	 /	 (A2)

t	 02 02 e 02

and since ut = 4 vea(nAQeA+ nO2QeO2 ), we can simplify equation (A2) to
obtain:

8O,nO2QeO2	 /	 BAnAQeA
b eff - n	 n.	 \ i + -b-	 ^ )	 (A3 )

A eA 02 eO2	02 n 02 eO2

Equation (A3) gives

beff - 80
2	

(A4.)

when n0 QeO >> nAQeA' a condition that can be achieved by operating at,
s ay, 10 % 2 A and 90 % 02 . Operation under these conditions would obviate
the need to know the collision cross sections for momentum transfer (and
also the measurement of 8 A ) and would yield values of 5 02 with an error,
ideally speaking, of less than 5% even if QeA was assumed unknown.
Assuming that QeA and QeO are known within a factor of 2 then
operation even at 50% A - 50%6 2 would yield values of 50 accurate

2within 10 %.

Another way to remove considerations of the collision cross sections
for momentum transfer from the experiment is to measure beff at different
ratios of the particle concentrations nA/nO2 and plot 1/5eff as a function
of nA/nO2' Then the slope of this curve is (QeA/QeO2)/802. For
nO2 > 0.1 nA , ,since 8 02 » 8 A, we can rearrange equation '(A3) to read

1/802 + r!X/80 2 = 1/6eff	 (A5)

where X = QeA/QeO and ri = nA/n02'  Then, since QeA/QeO and 80
do not vary with il, we obtain 	

2	 2

X/8	 = d(i/beff)	 (A6) O	 -12
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This slope is constant and the curve is a straight line. The quantity 1/502
can be obtained as the intersection between this straight line and the ordinate
(nA/nO2 =• 0). Care must be taken, of course, that T  and T  remain
constant as we vary nA/nO

2 ).

This procedure is actually a self-testing method: If the curve is not
a straight line, something is wrong! Once the straightness of this line is
established, we can obtain accurate values of 6 02 simply by solving any
two of a set of equations obtained by measuring 5 eff at any two values of
nA/nO 

2 
in the region of linearity.

For example, at no  > 0. 1 nA, we can write, with good approxima-
tion,

502
5 eff -	 nAQ

nO2 O
If we measure 5 eff at 50% A and 50% 02 we obtain

_ 5 02
5 eff, 50-50Q eA

i +----
eO2

If we measure 5 eff at, say, 25% A and 75% 0 2 , we obtain

(A7)

(A8)

502
i —eA

i + 'T QeO2

5eff, 25-75 (A19)

Equations (A8) and (A9) can be solved simultaneously to give the desirec. results.
Note that this approach would also be a valid method for determining QeK's.

In general, of course, the m.ixtui a rule is

I Kn KQ e K
K

5eff Z nKQeKK

(Ai 0)
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which indicates that the effective energy-loss factor is the average of the
5's of the components, weighted by their number densities and their total
(integrated) electron collision cross sections for momentum transfer. In
the case: of two-gas mixtures, say argon and a seed gas K, equation (A10)
becomes

5	 SAnAQeA + SKnKQex
eff nA eA 5 KQ eK (A 11)

If we let q = nA%n K and X = QeA/Qe K, 
equation (Ai i) easily simplifies to

the form

5 K = 5eff +'nX - (5 eff - 5 A )
	 (Al2)

We take the value of 5A to be fairly well known. (5 A = 2. 72 X 10 -5 was
used in the reduction of the present data. Note that in most conditions en-
countered in these measurements, 5eff >> 5 A, so that the exact value of
5A was not critical). In practice,the meth-)d worked extremely well. The
value of n is determined from the flow meter readings on the assumption
that the presence of other species is negligible. The value of X is found
from our calculations of integrated veloci ;y-dependent collision cross
sections for momentum transfer as functions of electron temperature P
(ref. At). Finally, 5 eff was obtained in the usual way (5eff 0. 287 â )

e
from the Langmuir probe data. A short program was written to find 5eff
and X, and to solve equation (Al2).

It was noted that the results of nitrogen in the mixture were sensitive
to small amounts of contamination. This problem was minimized if (i) for
low nitrogen flow rates, long periods of bleeding the nitrogen lines were
observed, or, (2) high flow rates of nitrogen were -sed. Note that (2) has
the additional advantage of decreasing n, thereby making knowledge of the
exact value of 5A (as a function of T e ) less important. Precautions to
avoid contamination, of course, were always carefully taken.

The carbon dioxide and oxygen data are much less subject to con-
tamination. The oxygen mixture runs were all performed before carbon
dioxide was introduced into the system. Thus, since 50 

2 
is about an
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order of magnitude higher than that for any other gas except CO., the effects
of contamination are negligible. Similarly, little if any effect of contamina-
tion from other gases used in the experiment is expected for carbon dioxide,
due to its very high energy-loss factor (an order of magnitude higher than
50

2 ).

Effects of dissociation of the seed gases are also estimated to be
small under the conditions of the experiments. If we use the measured
values of electron temperature without electric field for the tas tempera-
ture^, we can calculate an upper limit on the error caused by dissociation,
For CO 2 the average electron temperature without rf was less than
1800 0K, and the tank pressure was 290 µ, Hg. Using Reynolds' values for
the equilibrium constant of the reaction CO2 :=+ 1 02 at this tempera-
ture (ref. A2) we estimate that less than 9 % of the carbon dioxide is dissoci-
ated. This leads to a correction of 5CO of less than + i % (using 5 0 =
6 X 10 and 5 CO - 5 CO, el = 4 X 10 ). 2A similar calculation for the 02
data yiel ds a correction of less than + 3% (using 5 0 = 50 , 

el = 7 X 10-5),
As the experimental spread of the data is greater than either of these cor-
rections, dissociation can be ignored.

An excellent check on the validity of the methods used in these
measurements is provided by the fact that the values we obtain for the 5's
of the pure gases intermingle, regardless of the particular mixture ratio
used. For example, all of the carbon dioxide data plotted together as a
function of electron temperature can be fitted with a cubic having a standard
error of only 1. 7 X 10 -2 (about i0-B O/c). For the oxygen data, the standard
error to a quadratic fit is just 1. 2 X 10 -3 , or about 15-20 %. Such close
agreement among data at differing mixture ratios must be attributed to
a) accuracy of the cross section values, b) accuracy in the measurement of
mixture ratios, and c) the correctness of neglecting the presence of other
species.

This assumes that there exists a coupling and equivalence between free
electron temperatures and temperatures of the heavy components of the
plasma. It has been established previously that there is coupling between
vibrational and electron temperatures in a nitrogen plasma.
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APPENDIX B

MICROWAVE DIAGNOSTICS

Early in the experimental program some concern was caused by

unduly large scatter of the measured data points for the temperature elevation

of electrons, and suspicion was directed towards the performance of the

microwave system. Accordingly, a complete investigation of its performance

was made.

The microwave system used for the measurements is schematically

shown in figure B1.  The signal source is a RK 5609 magnetron packaged

in a cabinet with its power supply by the manufacturer. The frequency is

fixed (nominally 2450 Mhz) and the power is variable by means of a control

knob on the front panel. A panel meter indicates the approximate percentage

of the maximum nominal power output selected by the control knob. A long

coaxial cable provides several decibels of fixed attenuation to reduce the

power available at the terminal to a value in the range of interest (0 to 5 watt);

a variable attenuator provides a fine control. In the original configuration

the variable attenuator was followed by a forward-reading directional coupler,

a double-stub tuner, a backward-reading directional coupler, a double-stub

tuner, a backward-reading directional coupler, some transitional connections,

the test cell, more connections, another directional coupler, and a termina-

tion.

Measurements of plasma properties with the system in this configura-

tion revealed some puzzling variations of indicated electron temperature

which did not correlate properly with the microwave power indicated by

bolometers attached to the directional couplers. Accordingly, an investiga-

tion was undertaken to identify the sources of the suspected discrepancies.

The investigation addressed itself to three aspects of the operation of the

system, namely

1. Possibility of resonances in the test cell which may create

localized microwave fields appreciably different from those com-

puted on the basis of cell geometry and input power.

2. Refinements of the tuning procedure to insure that the fields in
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the cavity would correspond closely to the computed ones.

3. Stability and performance of the primary power source.

I. Waveguide Resonances

The test cell consists of a rectangular waveguide having cross-sec-

tional dimensions (approximately 0. t52 m wide by 0. 10t m high) large enough

to permit propagation of more than one mode. In particular, the TE to,

TE 201 TE oil TEi t and T M i t modes are above cutoff at the operating

frequency. The field geometries pertaining to these modes are shown in

figures B2 through B6. T IL.- test cell proper is joined to two sections of

standard waveguide (which can only sustain the TE to mode) by means of

tapered transitions; the standard waveguide comprises a transition to a

coaxial line designed to predominantly launch the TE to mode in the wave -

guide. The very tight coupling to this mode, and the good match of the

transitions, insures that the energy associated with the TE io mode is

smoothly propagated from the input end of the cell to the output end, with

minimal reflections, and with losses due only to the finite wall conductivity

and, possibly, absorption by the plasma, which is contained in a transversal,

thin-walled, quartz tube.

The other modes cannot propagate into the tapered ends of

the test cell because there the transverse dimensions decrease to below

cutoff at the operating frequency, and therefore the energy associated with

these modes is totally reflected at each end of the test cell, and a resonance

can occur. If the operating frequency is close to one of the resonant fre-

quencies of the test cell, two effects can occur:

a. The locations of the modes and antimode s of the resonant field

pattern with respect to the plasma column will cause the plasma

to see a local field strength different from that computed on the

basis of the TE to mode alone.

b. The contribution of the resonant field will vary by a large and

unpredictable factor in response to small drifts of the operating

frequency.

Of all the modes which can resonate in the test cell, the TM it is the one
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most likely to be strongly excited becaus a lcngitudinal current components
are set up in the walls of the guide by the hole through which the plasma tube
is inserted, and by the junction discontinuity of the tapered ends (see figure
137). An even stronger coupling mechanism to the TM  i mode is provided by
the coaxial transition (see figure B8), which also couples to the TE i i mode.
The short length of below-cutoff guide between the coaxial transition and the
large guide provides some attenuation having simply the effect of increasing
the Q  of the resonant cavity (loaded Q) by increasing the coupling Q  :

t /QL = 1 /Q0 + i /Qc
	 (B1)

An estimate of the loaded Q  for this cavity can be made on the basis of the
known wall losses and the estimated coupling coefficient at the ends; the
result is of the order of 10 3 , Therefore the half-power width of the
resonance will be of the order of

B = f/QL = 2 Mhz
	 (B2)

The spacing between the resonances in the frequency domain can be estimated
on the basis of the length of the cavity and the guide wave length. Although
the TEi t and TM 1 t are degenerate because they have the same eigen-
values and therefore the same guide wave length, the degeneracy of the
resonance is resolved by the different mechanism of total reflection in the
tapered ends as well as by the different effect of the perturbations due to the
holes in the sidewalls and the presence of the quartz tube. Therefore each
mode is expected to have a distinct spectrum of resonances; and two
resonances may happen to be near the operating frequency. If we assume
that the effective plane of total reflection is about 5 cm into the tapered
sections, we find that resonances with p = 3 could occur quite near the
nominal operating frequency (pX 9/2 = 0. 393 m).

It was therefore of some importance to ascertain whether the operat-
ing frequency did or did not coincide with a resonance. This was done by
means of a swept frequency oscillator (EH Model 560) used in place of the
normal power source. A crystal detector was connected to the backward-
reading directional coupler and the reflection coefficient of the test cell so
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detected was displayed on an oscilloscope, This arrangement revealed two
resonances quite close to the operating frequency (which was displayed by
generating a marker in the form of the beat note between the swept oscillator
and the magnetron signal, injected through another directional coupler). It
was determined, however, that the operating frequency was sufficiently
different from either resonance as to insure no interaction under all foresee-
able circumstances. Figure B9 is a tracing of the graph generated by an
x-y plotter used to produce a permanent record in place of the oscilloscope.
The horizontal axis is calibrated in frequency using the built-in calibration
features of the swept oscillator. The location of the magnetron frequency
is identified to 2469 Mhz; the resonances are indicated by arrows at 2455 and
2485 Mhz. The emitted frequency was obtained for this particular magnetron
by feeding the magnetron signal through a forward directional coupler, in the
same direction as the swept frequency signal, and reading on the oscilloscope
the beat note out of another forward facing coupler. It was found also that
both resonances were strongly affected by the presence or absence of the
quartz tube (as could be expected for TE 11 and TM it modes), and to some
extent by the position of the Langmuir probe of the plasma diagnostic system,
but in no case did they approach the operating frequency to any detrimental
degree. The match of the line at the o erating frequency was slightly detuned
to make the beat note marker visible; in normal operation the line is tuned
for zero reflected power at the operating frequency. It should be noted that
the width of the 2455 and 2485 resonances is slightly more than i Mhz, in
good agreement with the estimates.

II. Tuning Procedure

The electric field strength, or power density, seen by the plasma in
a particular location in the test cell can be calculated exactly from a measure-

ment of the power flow if no reflections are present in the guide. If some
component downstream of the test cell is imperfectly matched, the reflected
energy propagates through the test cell in the opposite direction with the for-
mation of standing waves, The presence of standing waves creates alter-
nating maxima and minima of field strength and power density, so that the
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power coupled into the plasma depends on the relative position of the
standing wave pattern with respect to the plasma tube. The power coupled
to the plasma will be higher than that computed for a reflectionless wave if
the plasma is at or near a field maximum, and vice versa. The maxima
and minima present in the waveguide are related to those present in a case
of resonance as discussed above: the localized fields represent another form
of trapped energy between obstacles in an otherwise uniform waveguide.
Except for the magnitude of the quantities involved, the mechanism is identi-
cal to that of resonance: the only difference is that the coupling to the input
and output lines is close to one rather than close to zero, and therefore the
amount of energy trapped is more a-*silt' measured in terms of reflection
coefficient R or standing wave ratio S rather than quality coefficient Q.
figure B10 illustrates this point.

The upper line shows a transmission line ending in a termination, and
provided with an obstacle (connector, corner, etc. ) upstream of the termina-
tion, such that power P2 is reflected when power P i is supplied to the
input terminal of the s;stem. A tuner T i cancels the reflection so that a
perfect match is seen at the input.

The second line shows the local power density P i associated with
the forward propagating wave. It suffers two discontinuities, one at the
tuner and another at the obstacle. The third line shows the power associated
with the backward propagating wave P2 , which exists only between the
obstacle and the tuner. Both show the effects of attenuation.

The local power density W associated with the system of both super-
imposed waves is shown: in the next line, and exhib its large local fluctuations,
In particular, the ratio of maximum to minimum power density is equal to
the square of the ratio of the maximum to minimum field strength:

Wmax = S2 = G +R 2
W- ce 1min.

(B3)

where R, the reflected coefficient, is the ratio of the reflected field to the
forward field:	 i

R = (P2/Pd1/2
	

(B4)

80

^v



The measurement of the ratio S is easy if the region of interest is accessible
to suitable diagnostic instrumentation, but presents serious problems if only
remote terminals are accessible, since these terminals have unknown discon-
tinuities between them. A reasonably low standing wave ratio S in the test
cell can be obtained with reasonably good confidence by adding another direc-
tional coupler D2 downstream of the tuner but upstream of the test cell, and
a second double-stub tuner T 2 downstream of the test cell. If the power
detected at D 2 is minimized by tuning T 2 , there is a good probability that
the standing wave ratio S will be minimized everywhere between the two.
This test will fail if there are other unidentified sources of reflections between
T 2 and D 2 ; but is parate measurements on the test cell (with and without quartz
tube) showed that R :5 0. 03 at the specified operating frequency, yielding a
maximum variation of S 2 of the order of t 6^^. This much uncertainty is
probably acceptable if pains are taken to insure good tuning of T 2 before the
test.

III. Magnetron Stability

Magnetrons are known to exhibit instabilities when connected to a
long transmission line terminated in an imperfectly matched lcad, particu-
larly when operated at less than maximum power.

The desired power level in the test cell was generally set by adjust-
ing the magnetron power supply to a (less than maximum) power output level
slightly in excess of the desired value, and then trimming it with a variable
attenuator; tuner T i was then adjusted for maximum power into the load.
But since a magnetron generally puts out more power when working into an
appropriate mismatch, there is a strong possibility that a power maximiza-

r,

tion procedure could also lead towards an unstable operation.

This was checked by attaching a crystal detector as a monitor to
one of the directional couplers, and displaying its output on an oscilloscope.
The bolometers normally used for measuring the power output and/or
reflections were unsuitable because of their relatively long time constant
which made them unable to follow ra id power variations. The crystal did
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show that the power output of the magnetron was subject to wide fluctuations
when the power control knob, the attenuator and the tuner had particular
settings. The relationship between them was mapped out and regions of
unstable operation, conditionally stable and unconditionally stable operation
were identified. The conditionally stable region is characterized by magne-
tron stability only if the tuner is set to some preferred position; otherwise
instability results. The three regions are presented in figures Bii and Bit.
It should be noted that the label "0 Att. dial" in figure B 12 refers also to
the entire boundary of the unstable region, in which no reproducible readings
could be obtained. The boundary of the unconditionally stable region of
figure B12 was obtained for those readings of the attenuator dial which form
the boundary of the stable region in figure Bit.

It is clear that a pourer output of 5 watt, as normally used in the
tests, falls outside of the unconditionally stable region and therefore requires
careful setting of tuner T i to avoid instabilities: a crystal detector moni-
tor is essential for proper tuning in this power range, and so it was made a
permanent part of tre apparatus.

Also noteworthy is the very large and sudden change of characteris-
tics around a setting of 30 (meter reading). The posibility of easily crossing
into an unstable mode of operation around a power output of 3 watts (where
the time-averaging of the bolometer power meter may differ from the time-
averaging properties of the electrons-to-probe-to-recorder system) may
account for some of the scatter of the data collected during the early
measurements of plasma electron temperatures, particularly around a
power  leve1 of 3 watt.

The frequency stability of the magnetron was also checked by using
the built-i.l. calibration of the swept frequency oscillator. It was found that
the frequency did shift with changes of power level setting., as shown in
figure B 143,  The shift was, however, too small to cause measureable
changes in tuning of the system, and in particular it was too small to bring
the operating frequency close to one of the resonances of the test cell. For
this reason .frequency stability can be considered adequate and can be
safely ignored as a factor in the variations of performance of the system.
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IV. Conclusions

In conclusion, the system proved to be capable of satisfactory opera-
tion provided the stability of the magnetron was monitored by a crystal
detector connected to a directional coupler, and provided the double-stub
tuner was set so as to maintain the magnetron in a stable operating region:
this condition requiring verification at each setting of the power level,
Under these conditions the power present in the waveguide would correspond
within bette r than f 6 % to the power computed for the TE i 0 mode from the
indications of the bolometers. Stable operation of the power supply at any
desirable rf power setting up to about 100 watts could be attained by re-
moving more and more of the coaxial cable serving as attenuator and dis-
pensing with the variable trimming attenuator.

The tuning procedure here outlined was then carefully observed in
all subsequent measurements and the scatter of the data points was sub-

stantially reduced.
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Figure B i . Block diagram of microwave system
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APPENDIX C

DETERMINATION OF SPECIES CONCENTRATION

The determination of the species concentrations is particularly im-

portant for the correct interpretation of the experimental results in cases

where some species have very large cross sections for processes which can

affect the measurements. The case of greatest practical interest involves

the presence of oxygen (even in very small amounts) in nitrogen plasma or

other mixtures,. as well as the presence of disassociated or ionized atoms.

Consequently several techniques were employed to determine the species

concentrations. These are discussed below.

I. Heavy Particle Concentration

The departure from local thermodynamic equilibrium in the flows

encountered in this investigation makes it difficult to use conventional

spectroscopic techniques to determine the composition of the heated gases,

After a careful survey of alternative techniques for determining the compo-

sition of the heated gases under investigation, it was decided to assign the

highest priority to techniques involving chemical titration of the non-equilib-

rium flows since they appear to offer the optimum method for determining

gas flow composition under the conditions of the experiment. However,

since the equipment was available, conventional spectroscopic techniques

have also been used where possible.

Under the conditions of the experiment, species concentration deter-

mination by chemical titration appeared to be particularly convenient and

economical, and for these reasons it was considered particularly promising.

Some simple preliminary experiments were devised to check its feasibility,

and since they were met with qualitative success (in the sense that the pre-

dicted chemilumine scent behavior was observed), their outcome encouraged

our inclination to concentrate on this method. The quantitative results of

the systematic experiments reported here are sufficiently precise to justify

our initial optimism.

The titration technique for determination of compositions has been

the subject of considerable attention in recent years (refs. C i -C8). A
°rte
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description of this technique, which is particularly useful in the determina-
tion of oxygen and oxygen atoms in dissociated flows of oxygen and nitrogen
molecules, is appropriate.

Let us consider a mixture of N 2 and N and let us introduce a
metered flow of nitric oxide, NO, in the titration inlet. The NO reacts
with the N atoms to form electronically excited NO" ' and N2.

These reactions follow the steps (ref. C3)

	

N+NO–► N2 +O	 (C t)

	

N +O+M — NO * +M	 (C2)

where (C2) is very slow compared to (C t ), and

	

NO''t -♦ NO + by 	 (C 3)

This nitrogen afterglow can be summarized as

	

2N -- N2 + by	(C4)

Ths- intensity of this nitrogen afterglow is given by

12 = 0. 6 X 10 -11 (T/300) 0' 90 . [N] 2 photons/cm 3 -sec	 (C5)

where the brackets indicate the particle density for the species in question.

If one increases the NO flow rate slowly, the intensity of the nitro-
gen afterglow (due to de-excitation of NO ) eventually decreases as more
and more N atoms are being removed. At the point where all N has been

converted into O and N 2 , the afterglow due to NO ceases. This is the
titration equivalence point at which the injected NO flow rate is equal to

the original N flow rate in the jet (or streamtube ), and the concentration
of NO (that would have existed if it were not decomposed by N) is exactly
equal to and cancels the original concentration of N with (C2) is negligible.

Upon further addition of NO, the excess NO reacts with the oxygen
atoms forming excited NO2
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NO + O NO 2 VC
 NO2 + by	(C6)

The intensity of the radiation produced by this air afterglow reaction is given
by

I4 = kN0 2 [ NO I [ 01
	

(C7)

The NO 2 afterglow consists of a continuum extending from 400 mm

to the infrared. The N2 and NO2 afterglows, equations (C4) and (C6)
respectively, overlap spectrally (see figures Ci and C2) and therefore we
can use the known NO 2 continuum as a calibration standard. (However,
this is not necessary since I2 and I4 have been measured. ) Note that at
equivalence the oxygen atom concentration [ O] is equal to the original
nitrogen atom concentration [ N] o. The NO concentration beyond the
equivalence point is proportional to the excess NO flow rate, i. e. ,

[ NO] a (NO) - (NO) o where (NO) o is the flow rate of NO at equivalence,
i. e. , when it is equal to the original N flow rate. Thus we can obtain the
concentration of N by increasing the flow rate of NO to the point (titrationz;
null point or equivalence point) where the intensity of some excited NO
band drops to zero and measuring the flow rate of NO at the point when that

happens. As a check we can obtain the intensity of the No 2.,, 
continuum —

it should also be zero at the sari-.e point. This is indeed found to be the
case, and a very sharp null is obtained at the titration equivalent flow of
NO.

The determination of atomic oxygen concentration can proceed in

several ways. For example, we can observe the intensity of the NO, con-
tinuum as a function of increasing NO flow rate. At the point where this
intensity stops to increase with increasing NO, we have reached the situ-

ation where all the atomic oxygen has been consumed by the reactions sum-
marized by equation (C6). More precise results could be obtained by the
NO 2 -titration technique developed by Kaufman (ref. C7) for determination
of oxygen atom concentration or the optical-absorption technique of Jacobs
et al. (ref. C8). Kaufman's NO 2 -titration yields absolute values of [ O] .

Similarly, when we start with mixtures of N 2 , O, N and O, nitric
oxide titration can be used to obtain the concentrations of both N and O by
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a combination of the techniques described above. However, since a leveling-

off of intensity is more difficult to measure accurately (because of a asymp-

totic behavior) than an extinction of intensity, the alternate scheme of

nitrogen dioxide (NO 2 ) titration can be used to determine oxygen atom con-

centration. The basic reactions involved in [ O] determination are:

NO 2 + O -► NO (ground state) + 0 2	(C8)

NO + O 
NO2>,< 

NO2 + by	(C9)

r
The titration equivalence point where the NO2 glow (air or oxygen after-

glow) disappears is reached when the injected NO2 flow rate is just equal
to the original O flow rate in the streamtube. Titration with a combination

of NO and NO2 injection yields the two equivalence points required for

simultaneous determination of [ O] and [ N1. The glow is most intense

when the flow of added NO 2 is one half of the flow of atomic oxygen: (ref.

C7).

Results for N2

Some doubts existed concerning the feasibility of these techniques

when applied to our experiment since the heated gas stream we use is very

fast, the pressure is low and the mixing and reaction lengths could be very

long. However, when we tried to resolve this doubt by injecting NO into a

heated nitrogen gas stream both the excited NO * and excited NO2* glows

were observed succesively and the NO glow (nitrogen afterglow) could be

made to disappear by increasing the nitric oxide flow rate.

In these experiments a stainless capillary tube with an outside di-

ameter of 0. 028 inches and an ID of 0. 020 inches was used for NO injection.

The injector tube pointed upstream (i. e. , injected the gas against the plasma-

jet flow) and was parallel to the axis of the free jet. The injector tube was

projected by a quartz jacket that was mounted coaxially on the heat exchanger

which, in turn, was mounted on the 3-degree-of-freedom traversing system.

The injected gas formed a bow shock wave ahead of the injector tube

whose strength (as judged by its luminosity) and stand-off distance increased

with the flow rate of NO. Within this luminous bow shock wave a second,

too



hemispherical luminous wave front appears. Since this hemispherical
luminous front disappears when an equal amount of pure N2 is injected from
the tube, we have dubbed it the "reaction front. " Figure C3 is a schematic
of the appearance of the interaction of the jet and the injected NO flow,

It should be noted that these experiments also established that the
NO flow through the capillary was sufficient to keep its wall cool at high
enthalpie s.

The experimental results indicate that titration techniques offer con-
siderable promise for obtaining a spatially resolved estimate of the atomic
species concentrations of our jet of plasma.

In the present experiments there is, at equivalence, a startling,
sharp and well-defined extinction of the nitrogen afterglow in the entire
tank and also in the jet downstream of the point of injection. It is actually
as if someone turned off the lights. Consideration of the reaction rates
involved shows that at extinction and relatively long-lived nitrogen atoms
injected into the tank by the arejet are exactly and completely recombined
by an equal number of nitric oxide molecules injected into the stream through
the capillary tube. A schematic of the salient points  of the observable
luminosity structure appears in figure C3. At equivalence, all luminosity
downstream of the dotted line of figure C3 disappears. The shock front
shown in figure C3 is a true bow-shock similar to one that would have been
caused by a blunt body under the same conditions. This shock starts off
almost spherical near the jet axis and then changes its shape to a front that
stands more perpendicular to the flow when it reaches the jet boundaries
where the Mach number is lower. Immediately behind this shock and tangent
to it at the jet or injector axis is a practically spherical luminous wave.
Only the front half of this is visible at equivalent. This second, spherical
luminous wave appears to be centered at the injector tip and its diameter
is a function of the NO flow rate just as the stand-off distance of the bow
shock (which is tangent to the second luminous wave at the jet axis) is also
a function of the NO flow rate. However, its luminou s ity has a minimum
at equivalence.

Since the second luminous wave does not exist when an equal volumet-
ric flow rate of N 2 is injected, we have decided to call it the reaction front.
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Figures C4, C5 and C6 present the results obtained, showing the
concentrations of N21 N, and the ratio [ NOY [ N 2] respectively,

It is now possible to compute, using the AEDC-NBS Tables of thermo-
dynamic properties and composition (ref. C9), the effective temperatures for
ionization and dissociation (that is, the temperatures corresponding to the
observed levels of ionization and dissociation) as a function of arcjet stagna-
tion temperature and/or enthalpy as measured in the system, The results
are presented in figure C7 and table C-I.

The important result of figure C7 is that the effective ionization and
dissociation temperatures coincide within 10 % or less and both are con-
siderably above the stagnation temperature derived from an arcjet energy
balance. The implication of figure C7 is that equilibrium does not prevail
in the arc we are using and in the mode of operation we have established,
at least not in the lower arc pressures. Note that as the enthalpy (or pres-
sure in the plenum chamber since the flow rate is constant) increases the
results approach closer and closer to equilibrium and Teff, ion ^ Teff, ree
T o . Note that at T o _— 5000 °K we have pplenum — 0. 8 atmos,

Results for N 2 - 02 mixtures

The titration of N 2 - 02 mixtures was performed with the method of
maximum glow discussed on page 99, and the results are presented in
table C - II,

An interesting point is that extinction is harder to ascertain in N.,-02
mixtures (because of the presence of NO) and that is why we worked with the
maximum glow technique. Another interesting point is that the literature is
sufficiently vague concerning the effect of initial amounts of NO on this
titration. In fact there is some reason to believe that the NO 2 titration in
the presence of NO yields the quantity [ NO] + [ O] and not just [ 0].

After many vain attempts to obtain equilibrium composition and
thermodynamic tables for arbitrary mixtures of N 2 +0 2 , including NO,
from the literature we perfected a computer program that yields the re-
quired information, i, e.. given any two of the following parameters —
pressure, temperature, enthalpy, density or entropy, it computes all the
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other parameters plus the speed of sound, specific heats and compositions
for any arbitrary N 2 +02 +Argon mixture under equilibrium conditions. We
are indebted to Dr. W. Norman of USAF/AEDC/ARO (who also made avail-
able to us the NBS thermodynamic and thermochemical constants) for part
of this computer program. Some typical results are presented in figures
C8 through Cit.  It is interesting to note that the measured production
at oxygen atoms in the arc is considerablyrgher than the equilibrium values
of low enthalpy, but yet closer and closer to the equilibrium values as the
enthalpy increases. This is in agreement with the results obtained for
nitrogen dissociation.

II. Charged Particle Concentration

The measurement of electron and ion densities is accomplished with
the Langmuir probe. If we assume an essentially Maxwellian distribution
for the components of the plasma (and care is always taken to insure that
this is the case), we can use the standard expression for current density
through a thin sheath (ref. C 10), and solve for the charged particle density:
for electrons,

ne = -i (Jesat/e)(wme /2kT e ) 1/2 	(C10)

and for ions

ni - 2 0 isat/e)(irmi/ZkT i ) t/2 	 (Ci 0

Here the current densities Jesat and Jisat are measured at the electron
saturation bias voltage	 Vs, i. e. , where the bias voltage is equal to the
plasma potential.

In practice, the information necessary to solve equations (Ci0) and
C(i t) is determined entirely from the current-voltage traces we obtain w ^
the Langmuir probe. The electron temperature is determined in the -.i .^f
way (i. e. , by measuring the slope of a log I vs. V plot in the region ^.f
transition from ion to electron current), and, to solve (,C it),  the, ion tem-
perature by locating the "knee" at whichthe electron temperature deter-
mining line and the line through the electron-saturated portion of the trace

f
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intersect, The values of jesat and jisat arc found by extrapolating lines
through the electron- and ion-saturated regions to V, and reading the cur-.
rents Iesat and Iisat which are divided by the area of the probe to give
the current densities. The values of n  and n  are obtained by these
methods agree in nearly all measured cases to within a factor of two.
Figures C! ?. and C13 show measured electron density and temperature,
respectively, in a pure nitrogen plasma as a function of stagnation enthalpy,
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APPENDIX D

MEASUREMENTS OF VIBRATIONAL, ROTATIONAL,
AND FREE ELECTRON TEMPERATURES

IN THE NITROGEN PLASMA JET

I. Free Electron Temperatures

A Langmuir probe is used to determine free electron temperatures.
A general description of the techniques we use may be fo..:id in references
D1-D2.

Our Langmuir probe is a cylindrical collector consisting of a
tungsten or stainless steel rod i mm in diameter which projects 4 - 6 mm
out of a hollow quartz jacket. The probe wire is electrically isolated
from the vacuum chamber and the heat exchanger, which are both grounded
to a water pipe.

The current I through the probe to ground is displayed as a function
of bias voltage V on a Hewlett-Packard 7000 A x-y recorder. These
graphs are then manually transformed to semilogarithmic graphs with I
plotted on the logarithmic scat-.. To find the electron temperature T  we
then use the standard result that -be slope of the log I vs. V plot in the
transition region between positive and negative bias is proportional to Te.
Temperatures measured in this way, without excessive noise, are repro-
ducible to f 100 0K, or about 3 - 5 0/c.

Much care was taken in the design of the probe biasing circuit to
insure a minimum of noise. The Langmuir probe acts as an electron or
ion collector depending on the bias voltage applied between the tip and
ground. We therefore obtain a current from the probe which is a function
of the bias. The circuit shown in figure i of the main text is used to plot
thi.- current vs. voltage curve on the x-y recorder.

The electron and ion currents are given: by

n	 n.
I  = -Ve ^^,	 Ii = V i ^e	 (Di)

where V  and Vi are the effective volumes from which electrons and
ions, respectively, are collected, n  and n  are the number densities
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T

of electi—ns and ions, respectively, e the proton charge and At = i sec.
Note that V  and Vi depend on the bias voltage, and that n  and n  are

statistical variables whose deviation from some mean gives the inherent

"noise" that accompanies the measurement, This noise can unfortunately be

greatly enhanced by the measuring circuit unless some care is exercised in

its design,

Suppose that we were working on a portion of the I vs. V curve that

looked as shown in the adjacent figure.

U	 U

Assume that the bias voltage was set at V 0 which corresponds to an ideal

value for the current of I	 Let DI be the statistical fluctuation of I at
0	 0

the value I0 , The bias voltage on the divider, of which the two sides have

resistances R i and R 2 , would then be given by

V = R2 R1 X (12 volt) - (I + AI )R	 (D2)d R---:F 1	 0	 0 2

and the probe bias by

V  = V  - (I0 + AI  )R s	(M)

where R s is the shunt resistor (see main text figure i). If AI  = 0 1 then
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V_P 
R2 -p

	o S20-1 x(12 volt) I (R +R )=V	 (W)^^ 

But because ©Ic, * 0 we get a fluctuation of V  given by

OV o __ - Alo(R2 + Rs)

Thus the probe current forces the probe bias to a new value ,

VP _ Vo t^V0

which corresponds to a new mean value of Oie current

if Z 
I(V0 + AVo)

(D5)

(Db)

(D7)

Thus the value of R 2 and R s scale the "noise" that is generated by the
measuring circuit,

The value s

R i + R 2 = Rd = 200 n

and

R = 20 0 or t 00 0s

were found to give a "noise" of this nature w" a *,.ch was smaller than the
noise due to the statistical nature of n  and n i , This allowed plots of
high reproducibility and precision to be obtained thus limiting the overall
determination of the desired parameters to their inherent fluctuations alone,

IL Vibrational and Rotation Temperature Measurements and Electron
Coupling to Vibrational State s

The method described on page 40 of reference D3 was used to measure
the vibrational and rotational temperatures of N2 (prepurified gas, certified
to 99. 997% by manufacturer) as a function of enthalpy, and to compare them
with the electron temperature. The results are summarized in table I of the
main text and presented graphically in figure Di,

The rotational temperatures observed agree very well with the rota-
tional temperatures obtained by an expansion from the plenum chamber
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conditions to tank pressure; when a correction is made to account for a
pressure rise (above tank pressure) at the diagnostic point due to the com-
pression waves in. the jet (shock diamonds), This correctioi^ can be com-
puted from the records of increased electron and ion densities obtained with
Langmuir probe surveyri of the axial region of the beam; the excellent agree-
ment obtained by this method confirms the identification of the peaks of
electron density with the compression shock diamonds observed in the jet,

The vibrational temperatures observed were always approximately
75 0/1e to 80 0/c. of the stagnation temperature in the plenum chamber, confirnning
the notion that the flow is vibrationally frozen,

Figure `,i also shows the electron number density n  as a function
of enthalpy. The values of n  pertain to (a) the arcjet used, (b) operating
with those current-voltage characteristics, (c) with prepurified N ? as
used, (d) clean electrodes, (e) free jet geometry, (f) averaged over the shock
diamonds.

It is obvious from figure Di that the electron temperature is very
close to the vibration temperature of the molecule , This evidence is in
agreement with the theoretical results (ref. D4) t':a t C ;-. 'ree electrons in 	 I

the plasma are very nearly at egcalibrium with the -vibrational temperature
of the nitrogen molecules and are therefore closely coupled energetically
with the vibrational modes of the gas molecules, This observation. is im-
portant in the interpretation of the results of the experiments of electron
heating with microwave power for the measurement of the loss factor.
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APPENDIX
RELATIVE MAGNITUDE OF CONTRIBUTIONS TO THE

COLLISIONAL ENERGY EXCHANGE INTEGRAL
FOR ELECTRONS IN NITROGEN

The collisional energy exchange integral, as given in the main text
(equation (0)), has the form

Re (2) = - 3 knevtseff(Te- Tn ) 	 S.E. 	 (E1)
i

and describes the total, elastic and inelastic, energy exchange between
electrons and heavy particles in hot gases. The p,i rl icular energy contribu-
tions contained in each term are given in some &t.•.il in the main text, and
it is not necessary to repeat these definitions here, In general, however,
it may be said that the last two terms, R and S = 	 s iE i , contain only	 -
contributions from inelastic processes, i, e, , those in which the kinetic
energy of the electron-target system is not conserved, On the other hand,
the first term contains the entire energy contribution from elastic processes,
plus possible energy contributions from inelastic processes such as electron
excitation of rotational and vibrational states of polyatomic target particles.

The energy represented by the R and S terms is negligibly small
in the cases of interest for nitrogen. Reference' 2 of the main text demon„	 ^..

strates the smallness of R, relative to 3 knevtbeff(Te- T n). The S term
is known to be small at the electron energies involved. The ionization
potential for nitrogen is 15. 5 eV, and the dissociation energy is 9. 76 eV.
The average energy of an electron even at 10, 000 0  is only i. 1 eV, which
makes electron energy loss through ionizing or dissociating collisions
extremely unlikely. Also, ion recombination will be limited since theme.

electron temperature tends (see below) to be in equilibrium with the nitrogen
vibrational temperature, which is frozen in our experiments.

Note that, in this formulation, changes in the population of vibra-
tiona.11y and rotationally excited states have not been included in S, but are
part of the inelastic contribution to the first term of Re(2).

4 _ 3knevt^'eff(Te- Tn )	 (E2)
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Therefore their contributions, which can be large, will be discussed when
we analyze ^ in the following. Also, collisions that create metastables in
nitrogen are not included in the S term, because the metastable level (the
first vibrational level of the electronic ground state) belongs to the class of
transitions involving excitation of one of the degrees of freedom of the mole-
cule (translational, rotational, and vibrational). Therefore, nitrogen
metastable -creating collisions are more properly included in ^

As was shown in the text, when the left side of the electron energy
equation (equation ( 8) ) is ero, it reduces to the algebraic form

(2)J  • (E +UXB) _ -Re	 _ 40 +S+R	 (E3)

Since B = 0 and S + R= 0, we write

Je • E =St =	 (F4)

It follows from the work of Ginzburg and Gurevich (ref., 5 of the main text)
that the ohmic heating by a high frequency electric field (w >> v t ) is given by

e 2 n e v t E 
0	 (E5)

2m w"e

where Eo = (4Z/Ar )P for the particular configuration of the present experi-
ments. Equating 0 and b as defined in equations (E2) and (E5) allows us
to measure the effective energy loss factor of the gas in the laboratory
(equation ( 6) of the main text), if the assumption is made that Tn= Te E = 0'
This assumption is justified on the grounds that it is theoretically predicted
and experimentally verified that T e, E-0- TN 2 , vib' It is argued that, since
the primary contribution to the effective energy - loss factor Seff is due to
vibrational excitations. of the nitrogen molecules, the vibrational temperature

T N2 , vib' which is equal to the electron temperature in the absence of
electric field T e E-0 , is the appropriate reference temperature T n. We
shall show in this Appendix that the measured values of S eff are consistent
with theoretical estimates of the vibrational contribution to 0.

To estimate the contribution of vibrational excitation of nitrogen as
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a primary energy loss mechanism for electrons, let us split the term
into three terms

qtr + vib + " rot
	 (E6)

where 0 t is the elastic, translational energy exchange, C'vib contains all
the energy from vibrational excitation of the nitroger .i. molecule, and +rot
contains the energy of exciting the rotational degrees of freedom of the
molecule, The rotational contributions 4) rot will not be included in the
following to simplify the computation (the low measured rotational tempera-
ture of the jet leads us to believe that this contribution is small, or at least
of the same order of magnitude as the translational contributions). The
contribution Otr is given by

q tr = Z kne vt s N2 , e1(Te - Te, E=0 )	(E7)

where 5 N 2 , el = 2me/mN 2
 = 3. 89 X 10 5

The term 0vib will now be computed from available cross sections
for electron excitation and de-excitation of nitrogen. The power delivered
by the electrons to the unexcited molecules is

i
'vib = E vnenN;' ex	 E8,

where Ev= 0. 3 eV = 0.48 ` 10 19 joule is the approximated value of the
transition energy from one vibration level to the next, and Rex
(i/nenN )(dnN /dt) is the normalized excitation rate. Similarly, the power
delivered to the electrons by the excited molecules is

vib = E v n e nN"R de
	 (E9)

where R de	 (i/nen.N,;;)(dnN,.;/dt) and	 the number density of vibra-
2	 '' ^

'	 tionally excited nitrogen molecules.cules. If ^vi.b > 0, this means that energy is
lost from the electrons, and is given by

+E10vib -' vib -' vib - Evne (NN 2 Rex - nN'2 R de )	(	 )

The absolute values for the total excitation cross section of the



vibratiora.l levels of the N 2 molecule have been measured (see ref. E 1)
and those for the de-excitation cross section of the lowest vibrational level
can be obtained by fitting the distribution shtawn in reference E2 to the
absolute values given in reference 3 of the text. In both cases the cross
sections are given for monoenergetic electrons. The integrated cross
sections Q(T e ) are found by folding in a Maxwell distribution

00	 -^/kT
f Q(E)Ee	 ed(E)

Q(T = °	 (Eii)
e ) k, o0 - e T e

 Ee	 d(e)Jo 

where Q(c) is the monoenergetic cross section for electrons of energy c.

If this is done for the published values, the results appear as shown in
figure El. The excitation and de -exciation rates, R ex and Rde , are com-
puted by multiplying each cross section by the mean electron velocity vea
at each temperature T e . The results are shown in figure E2.

The number density of excited and ground-state molecules may be
found from considerations of statistical mechanics, If the nitrogen molecule
is treated as a monochromatic oscillator with equally spaced vibrational
energy levels c (v) = vhv (v = 0, t, 2, ... ), a quantity u may be defined by

11

_hv _ 8
IzTvib	 Tvib

(for nitrogen 0 = 3336. 6 OK, ref. E4) such that

co

e -^u
-u

	

nN"2(v>0) = nN 2 , tot O° -iu =n	 totetot
ze

i=0

and

oe	 u
nN2 (v=0) = nN2 , tot W

	

	 — =n N 2 , tot(1 - 
e_ 

)
a 

e
i=0

(EiZ)

(E13)

(E 14)

with these expressions for the number densities, equation (E10) becomes
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-u	 -u
`}'vib	 cvnenN2[ (1 - e )Rex - e Rde l	 (E15)

The b- elicit assumption made in obtaining equation (E15) is that the nor-
malized rates for de-excitation of the (v = 1) state of the molecule (which
were the only ones available in the literature) are the same as those for the
de -excitation. of any level v to the next level v- 1. Note that de -excitation
collisions involving transitions with greater energy than c = by = 0. 3 eV

have been neglected,

An excellent check for both the validity of equation (E15) and the self-

consistency of the excitation and de-excitation rates in figure E2 can be

made by considering the case in which the electrons have reached equilibrium
with all the degrees of freedom of the molecule. In particular, this means
(' vib = 0 and T  = Tvib. Equation (E15) then simplifies to

Rex - u	 Rde	 (E 16)
e °- i

u
where uo O/Tvib O/Te . A plot of Rex and Rde ^(e °- 1) is shown in
figure E3. The two agree to within 20 0/(, over the entire range of tempera-
tures from 2000 - 6000 0K,

By combining equations (E7) and (E15), we can give equation (E6) the
- f orm.

¢ = e v nenN [ (1 - e --')R ex  _ e-uRdel

2

3	 ,.+ 7 knevtoN2-* el(Te -TPA E=O	 E17

In light of equation (E4), the ratio ^ `S should be close to 1 for the experi-
mental data. The value of c6/S is given in Table E-I and figure E4 for most
of the pure nitrogen data obtained in our laboratory. It is seen that (^ /S
is actually somewhat higher than 1 , on the average. This is perhaps due
to the tolerances on the excitation and de-excitation rates, relating in part
to thc; 20% inaccuracy of equation (E16).

The significance of this calculation, however, is that the major
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contribution to b/S	 comes from 6vib/6' rather than	 Gtr /r2, as can be seen
in table E-I. The term 6vib/6 amounts to at least 90% of the total in most
of the cases examined. This calculation demonstrates that the measured
beff is consistent with the above independent theoretical estimate of 6vib'
verifies that the major contribution to the measured energy-loss factor
comes from collisions involving vibrational transitions in the nitrogen
molecule, and that T e, E-0 Tvib is indeed the correct reference tempera-
ture T  to use in the computation of nitrogen energy-loss factors.
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Table EI, Theoretical estimates of 6/6 and the non-vibrational contri-
bution to ^ for representative electron temperature elevation
data in prepurified nitrogen.

Y =0
rr
L ' (6tr+ trot)/d)

Tec3 E
e

(watt) (K) (°K) %) (

1, 70 2840 3615 1. 15 5,4

1. 28 3021 3609 0. 73 8. 6

2. 56 2975 4230 21. 11 3, 2

5. 10 2940 4725 2. 02 2.4

1. 54 3290 4440 ^3. 07 3. 3

2.48 3240 4580 2. 53 2. 9

3. 60 3110 4600 2. 10 2. 7

4.45 3020 4460 1, 59 Z, 8

2. 60 2200 3560 2. 09 3.4

1. 70 2085 3165 1, 95 4, 5

0.85 2150 2486 0. 59 9. 3

0.42 2135 2471 1, 21 9. 0

0.42 2135 2454 1. 14 9, 1

0. P 5 2085 2825 1. 95 6. 2

0.85 2230 2704 0. 78 9. 5

1. 26 2200 3022 1, 58 5. 6

1. 69 2335 3075 0. 98 6, 1

2. 11 2415 3 657 2. 27 3. 6

2.54 2285 3375 1. 41 4, 2

3. 06 2450 3610 1. 38 3, 8

3. 20 2170 3495 1. 60 3. 6

0. 85 2100 2739 1. 52 6. 8

t
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Figure E1, Excitation and de-excitation cross sections,
QeN ex and QeN de' as a function of
elec tron temperature for nitrogen

f.
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APPENDIX F

ELECTRON-ION RECOMBINATION AND THE SUBSEQUENT
DE-EXCITATION OF RESONANT AND METASTABLE

LEVELS OF ARGON

The energy level diagram of the argon atom is shown schematically
in figure F1 on which some of the salient features of the collisional-radiative
recombination model are indicated. Figure F1 also illustrates the de-
excitation mechanism of the lower levels that are considered here.

The de-excitation of the 4s levels are not considered in detail in
the recombination model because the minimum. de-excitation occurs at a
higher level. However, the assumption that only downward transitions occur
as the electron cascades to the ground state cannot be made a priori, This
is because the collisional rates are strong inverse functions of the energy
difference of the transition, and the energy difference for the upward jump
from level (1) to level (2) is only 0, 07 eV, whereas the energy difference
to the ground state is over 11. 5 eV.

The collisional de-excitation rates have been determined using the
classical Gryzinski cross sections 	 as described in reference Fi and given
in units of cm 3sec 1. The transition probabilities are determined from
the lifetime measurements of reference F2, At T = 2000 0K, we find

K 1 2 =7,5X10 5

K 1 0 = 4 X 10- 1i

A2 0 =	 1	 -^ = 1. 2 X 10 -8 sec - i
'	 8,6X 10

Let 8n/8t represent the rate of change of population of level n due

to each of the de-excitation mechanisms. We can then express

8n1/8t )1-0 2 = -neniK12

8n 1 /8t ) 1--i0 = -n3niK10

The cross sections are applicable only for allowed optical transition. The
determined values of the rate constants are too large for forbidden transi-
tions.



Oni/at) 1-► 2

8n 1 /8t 1,,, 0

?.5 X 
to - 5_ 10 6

4 X 10- i l

Similarly, the ratio of the radiative de- excitation of the resonant
level to the ground state de-excitation of the metastable level may be found,
This is given by

8n2/ 8t) rad
	 n 2 A 2, 0 n2 1018

8n 1 /0t1 0 
nen1K1, 2 n 1 n 

At ne = 10 10 cm -3 , this ratio is (n2 /n 1 )- 108 . Because most of the
radiation is trapped, the effectiveness of the radiative transition in de-
populating the resonant levels will be greatly diminished. As pointed out
in other sections, the line centers will be strongly absorbed but some
radiation will escape through the line wings, If this "escape factor" is as
large as 10 5 it would appear that the resonant and metastable levels will
stay closely coupled because of the rapid collisional rates between the levels
as expressed by K1^ 21 That is, if the metastable level tends to become .over-
populated from downward transitions into the level, the fast upward collisional
transitions from the nearby resonant level will tend to keep the relative
population of the two levels near the value specified by the Boltzmann
distribution.

142
v}



REFERENCES OF APPENDIX F

Fi. Goldstein, R.: JPL Technical Report 32-1372, 1969.

F2, Lawrence, G. M, : Phys. Rev. 175, 1968, p. 40.



X

continuum
15. 75
	 Electrons initially bound at

the high energy levels

a^

09
0y

j

1. 8274 --► 4
a^

W	 it. 7225 —► 3

i t. 6229 -- 2

i 1. 5477 -- i

4

Collisional rates exceed radiative
rates in this region

Critical energy level: radiative
and collisional de-excitation
rates are equal

Radiative rates exceed collisional
rates in this region

( metastable)
4s levels

(metastable)

j	
K 

i t 0

0	 1

Figure Ft. Schematic energy level diagram of the argon atom
showing the main features of the recombination
model and some of the mechanisms of de-exciting
the lowest excited levels

144



APPENDIX G

ABSORPTION OF RESONANT RADIATION

The photon mean-free-path of an argon resonant line is estimated
for the conditions of the present experiments. For this purpose, a simple
planar geometry, in which the plasma properties are uniform over a distance
i , is considered.

The decrease of the intensity, I v , of a spectral line of frequency v
may be expressed as

(I V)z  = ( Iv ) 1 eXp (-kV1 )	 (Gi )

where kv , the absorption coefficient, depends on the line shape, The total
intensity of a line is found by integrating over the full line width, Av.

(Iv ) = 4	 (I
v ) dv	 (G2)

0	 Av

Combining equations (Gi) and (G2) we obtain

(Iv )	 f^'v (Iv ) 1 exp (-kvI ) dv
0 2 	 2	 (G3)

V  	 f 	 (Iv ) 1 dv
1

For a slightly ioni Led, low density plasma, Stark broadening and
collisional broadening are small, and we may assume that only Doppler
broadening is important. Consider a line centered at the frequency v0,
where the intensity is I0 ; the line profile Iv , the absorption coefficient kV
and the Doppler width of the line AV  given by (ref, G1)

Iv = I0 exp (-w2/a2 )	 (G4)

k  = k0 exp (- C=2 )	 (G5)

Av D =2 (ln2)1 2 v
0

= 2 (In 2) 1 2 c v 0	(G6)

145



where

v = (2kT/M) 1/2 = velocity of atoms in the absorber

c = velocity of light

w= vv 0 v	 (G7)
V 0

_ Doppler width of sour ce 	 Tsource 1 ^ 2 _ Av1	 (G8)CL Doppler widt i of a.b s orb - Tabor	 ^vabsorber	 2
k - (?r)1/2e2 f01n0

0 TE_' emv v0

2(Tr In 
2)L/2 e 2  f01n0	

(G9)
TEOmec AV 

n0 = number density of absorbing ground state atoms

f0i = oscillator strength of the resonant line

Equation (G3) may now be written
r 00	 2

(Iv0)2	 J 0 exp - (w2/a2 +k 0le - ' ) dw

v 0 1	 J Co exp (-w /a ) dw

The right-hand side of equation (Gi0) has beer evaluated by Hamberger
(ref. G1) as a function of k oI for various a (figure Gi ), For our purposes
we have assumed constant plasma properties and the line widths are constant
throughout; hence, a = i, This is a conservative assumption in the situation
where a line from a hot plasma is absorbed by a colder boundary. For the
AI X1048 line, and for a plasma at a pressure of 0. 3 Torr, static gas tem-
perature 300 0  and electron temperature of, say, 5000 0K, we obtain

x0 = 1048 A = 1. 048 X 10 -7 m

V0 = c = 2, 86 X 10 15 sec-1
0

v _ 2 X 1. 38 X 10 -23 X 3001 12 = 3. 54 X 10 2 sec 1-(	 I40X1.66Xi0
AV  = 2 X 0. 833

	

	 354 _ 7 = 5. 63 X 10 9 sec i
1,048 X 10
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f 
01 = 0. 1 (from ref. G2)

n = p	 0. 3 X 1. 333 X 102 = 10
22 m- 3

0	 T 1. 38 X 10 - 	X 300

k = 1.77X2.56X10 38 X9X10 2	1021	 = 4.42X105 m-i
0	 9. 11 X 10 `31 X354	 2. 86X 1015

From figure G1 we see that, for f = 1 cm,

(I	 )
v0 2 = 10

-4
U—

v P i

Thus, we conclude that the resonant radiation is strongly trapped at the con-
ditions of the proposed experiments.

At lower pressures, the absorption is greatly reduced. For example,
at the same temperature and at a pressure of i0 5 Torr, we find k 0 = 14.7
rn i and, for f = i cm, (Iv 0 2) /(Iv 0 1) = 0. 95. The proposed method of

measuring the resonant radiation will make use of an evacuated tube at
approximately i0 -5 Torr, so that negligible absorption will occur in the
tube.

The photon mean-free-path \ r of an argon resonant line can now be
estimated by considering it to be equal to the absorber thickness f for
which the intensity ratio T = ( I

v 0 2 v 0 1
) /(I ) is equal to i/exp (i). Figure G1

shows that, for a = 1, T is equal to i/exp (i) when k01 = 2. We deduce
that, under the conditions of our experiment, X  = 2/k 0 = 4. 5 X 10 6 M.

In terms of this mean-free-path \ r , we can now simply estimate the ratio
of the escaping  resonant radiation to the total (uniform) resonant radiation:
Consider the plasma jet as a cylinder of radius r (in our experiments
r ~_ 2 cm). The escaping part of the resonant radiation will all come from

the skin of thickness \r . There-
fore, the ratio of the escaping to
the total resonant radiation will
be given by the cro! zs section
ratio (figure GI)

\r	 Figure G2
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2TrrX	 X

Tr r

Thus, for the conditions of our experiments, we find that 	 4.5 X 10-4.
We conclude that only 4.5 parts in 10, 000 of the resonant radiation escapes,
and thus becomes part of R in the electron energy equation.

It would be desirable to estimate the importance of the escaping
resonant radiation in the electron energy balance; in our experiments the
magnitude of the terms of the electron energy balance are of the order of a
few watts. The total power input in the arc is of the order of 5 kw. Of this
power, approximately 1 kw is added to the gas, while the rest is carried
away by the cooling water. Out of the i kw added to the gas, approximately
900 watts go into raising the static enthalpy and the kinetic energy of the jet.
We estimate that at most 100 watts go into exciting the gas to a state
from which radiative transitions can occur. Let us assume conservatively,
in order to find an upper limit to the escaping resonant radiation, that all
these 100 watts are available for resonant radiation. Of this power, if the
assumptions used above apply, only 4.5 parts in 10, 000 would escape and
thus become part of R. In other words, the part of R that consists of
escaping resonant radiation could be, at most, of the order of 4.5X 10 2
watts. This term would be very small compared to the other terms of the
electron energy balance, since these terms, as mentioned above, are of the
order of a few watts. In fact, it would even be small compared to the rest
of R (namely to the radiation loss in the visible and infrared range), since
the latter has been found to be indeed significant in the higher rf-power
range of our experiments (see figure 3 of main text),

We conclude that the escaping part of the resonant radiation can be
expected to give a negligible contribution to the electron energy balance
equation under the conditions leading to the result X  = 4.5 X 10 - 6.
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