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In encrgy conversion processes, both natural and man-made plasmas may be
used lo advantage. However, regardless of origin, it is necessary to know the
properties of plasmas before reliable energy conversion devices can be designed
and constructed. It is the purpose of this paper to highlight the theoretical
considerations underlying plasma diagnostic lechniques used in the Gas Dynamics
Laboratory in conjunction with a variety of plasma generation facilities.

Dans les processus de conversion de Dénergic on pent utiliser aussi bien les
plasmas naturels que les plasmas artificiels. Cependant guelle que soit Porigine
de ces plasmas il convient de connaitre lenrs propriéiés avant que des sysiémes de
conversion 4 fonctionnement str puissent étre congus et réalisés. Le présent
mémotre analyse les principales considérations théoriques sur lesquelles sont
basées les techniques de diagnostic des plasmas, ainst que les générateurs de plasma
ulilisés.,

INTRODUCTION

To design plasma facilitics and devices rationally, it is necessary to know the
various plasma properties. Although these can be calculated from theoretical
considerations, it is proper to seck experimental verification. Such experi-
mental measurements are doubly necessary because there is no consensus
as to which among contradictory theories and hypotheses is applicable to
one type of plasma or another,

The high temperatures encountered in plasma facilities rule out most
of the conventional measurement techniques. The reasons for this are multi-
fold. First, a plasma encountered in most engineering problems consists
of a mixture of neutral atoms andjor molecules, electrons, negative and
possibly charged ions. Thus it is necessary to know the chemical composition
and the respective concentration of the constituents. Second, in many
practical cases, the plasma experiences physico-chemical reactions making
it necessary to be careful with measurements which might rely on equilibrium

* Summary version of invited paper prepared for the Sixth AGARD Combustion and
Propulsion Colloguium, “Energy Sources and Energy Conversion”, Cannes, France
(March 16-March 20, [964).
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considerations. Third, the plasma diagnostician will have to realize that
the medium is electrically conducting and thus many measurement techni-
ques perfected for high-speed, high-temperature ncutral gases must be
modified. Fourth, the very high-temperatures encountered in plasmas make
difficult the choice of materials which have to withstand high thermal energy
fluxes, Fifth, the very high temperatures associated with plasmas suggest
that radiation effects cannot be neglected without due deliberation. Sixth,
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Fig, 1. Regions of application for various diagnostic lechniques.

most engineering devices involve high-velocity turbulent flow, which in-
herently complicates the measurements. Thus, one must be careful in
differentiating between the true properties of the plasma gas and the appar-
ent properties of the plasma stream. Further, any probes introduced into
the flow will disturb and alter the flow pattern. Seventh, in plasma probing,
a non-neutral plasma sheath forms on solid boundarics and hence, the data
must be interpreted with considerable care. Eighth, when a magnetic field
is applied to the plasma, the properties may assume directional characteristics.
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As may be inferred from the aforementioned it is difficult, if not impossible,
to classify the numerous diagnostic techniques. However, it is helpful to
arrange the available measurements on a diagnostic map as shown in Fig. 1
wherein the different techniques are arranged according to their applicable
regions of electron density and temperature. It should be emphasized that
this map is not categoric and should be treated as a preliminary guide only,
Thus, it must be realized that the regions of applicability will vary with the
specific circumstances under which plasmas may be encountered. Further-
more, the usefulness of the different instruments are being extended by
researchers in the field.

Certain limitations of this paper should be pointed out. Thus, the measure-
ments which are described were conducted with argon, nitrogen, air, and
hydrocarbon plasmas generated in combustion tunnels, arc jetc, arc columns
and electromagnetic shock tubes, The gas pressures were atmospheric or
subatmospheric. The range of electron temperatures was 3000° to 20,000° K
and the electron densities were as high as 1018 cm—3. Nevertheless, it should
be appreciated that the techniques discussed are not limited to the afore-
mentioned circumstances, but can be adapted to other conditions provided
the theoretical circumstances warrant this, Accordingly, the intricacies of
instrument construction are sacrificed in this-paper in favor of theoretical
considerations and the interpretation of the data. Although a variety of
techniques are described, not all research in plasma diagnostics could be
mentioned because of space limitations. Indeed the major emphasis is
placed on a portion of the studies being conducted in the Gas Dynamics
Laboratory. At the time of preparing this present paper for the printer a
general survey of plasma diagnostics appeared and is cited as (Ref. 1},

DESCRIPTION OF THE PLASMA

There is no “best” sequence of measurements which must be followed in
plasma diagnostics,. However, it is helpful to answer certain questions at
an early stage of magnetogasdynamic research. These are: (a) is the plasma
optically transparent; (b) is it homogeneous; (c) what is the flow configura-
tion; and (d) is the plasma in equilibrium? It should be noted that these
characteristics are both macroscopic and microscopic in nature.

Optical transparency: A plasma is said to be optically thin when it does not
absorb appreciably the radiation which it emits. The extent of the plasma
trangparency is an important factor in any measurement relying on radiative
phenomena and in attempting to determine the configuration of the flow,

The optical thickness of plasma streams may be determined either analy-
tically or by experiment. Thus, Olsen (Ref. 2) has confirmed the transpar-
ency of atmospheric argon plasmas by calculating the absorption coeflicients
for the atomic lines. This can be accomplished by determining experi-
mentally the temperature profile and then obtaining the absorption co-
efficients from iterative corrections to the intensity profiles.

We have used (Ref. 3) a very simple experiment. A spectroscope is placed
at one side of the plasma stream and a schlieren-type parabolic mirror on
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the other. First, the mirror is covered so that the radiation intensity re-
corded is that which is due to the plasma radiation viewed by the spectroscope.
Next the mirror is uncovered and the image of the luminous jet is focused
by the mirror with a 1:1 magnification upon itsclf. This reflected image
passing through the plasma arc falls upon the spectroscope. We have
found that with transparent plasmas there is an increase of about 95 per cent
in the intensity as may be seen in Fig. 2. This is an adequate test for optical
transparency because the mirror itsell is not a perfect reflector.

At very low pressures when the optical thickness is too little, even the most
sensitive of conventional optical instrumentation such as schlieren and
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Fig. 2. Transparency lest.

interferometry may be inadequate: However, because plasmas are lumines-
cent, crude flow visualization is possible by photography., The luminescence
will depend on the gas used but may be accentuated by adding small
amounts of tracer gases such as oxygen and nitric oxide. Of course, the
‘tracer gas should be introduced in sufficiently small quantities so that the
clectrical propertics of the gas will not be modified significantly and so that
the fluid mechanics will not be distorted.

Plasma homogeneity

Many diagnostic techniques, such as microwave measurements, involve
the assumption that the plasma being diagnosed can be represented by a
slab. Thus, onc may wish to know the extent of boundary effects and gradi-
ents at the interface. A gross indication of the plasma homogeneity may be
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had by measuring the light intensity variation across the plasma, This can
be accomplished (Ref. 4) with a simple apparatus consisting of a photocell
or photomultiplier tube in a black box with an appropriate collimation
system, This detector is used in traversing the plasma in the direction desired,
and its output is fed to an oscilloscope. Ideally, for a plasma with discrete
interfaces the light intensity variation should behave like a step function.
Although actually this will not be the case, one can assume that the plasma
configuration satisfies the theorctical assumptions regarding discrete inter-
faces and homogeneity if the measured light intensity variation manifests
a rather sharp and uniform increase.

Tn the absence of sophisticated photographic apparatus such as a Kerr Cell
a bank of such photomultiplier tubes, closely spaced, may be used {Ref. 5) in
determining the shape of the luminous front in electromagnetic shock tubes.

Flow configuration

The configuration of plasmas can be observed in a global way by mecans
of photography and in a more intimate sense by probing.

Because of the extreme radiation intensity of the plasma and the variation
of the parameters which influence the intensity, the experimenter is faced
in plasma photography (Refs. 6 and 7) with the time-consuming task of
determining more or less by trial and error which films, filters and exposure
indices to use.

In general, in arc jet facilities variations of the gas flow rate, power
input and test section conditions influence the gross radiation intensity
less than they do the arc fluid mechanics. However, the electrode gap has
a very marked effect on the intensity of the arc because of its effect on the
voltage drop across the electrodes.

Because plasma tunncls arve frequently operated over a wide range of
power inputs, it is helpful to obtain a relation between the arc intensity
and the power input. This is done best by keeping the electrode spacing
constant so that the voltage drop across the electrodes does not vary appreci-
ably. An empirical equation of the following form may then be written

I =GP (N

where I is the intensity of illumination in fi-c, P is the power input to the
arc in kw, €; and €, are experimental constants for any particular arc
jet facility.

To determinc the exposure, graphs of basic f-stops vs arc power are
made. These should be corrected for the ffstops for films of different ASA
ratings and for different arc-to-lens distances.

It is evident that the experimenter must adapt the photography to his
particular needs. However, we shall mention some thumb rules for the
cxperimenter’s convenience. Forargon plasma arc jets, Kodak-Panatomic-X
film gives good results with filters having an optical density of about 4
for £/5-6 and an exposure of 1/250 sec.

Color photography is most revealing and may be undertaken by using
the exposure index determined for black-and-white photography as a guide.
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(Trial and error in color photography is not recommended because of the
expense and the long development period.) Depending on the gas used, its
plasma will have a different color or hue. The general rule in the photography
of self-illuminated objects is to use a film having the same spectral response.
We have found that with supersonic argon plasma flows Kodachrome Type
B film with {{16 at 1/30 sec. gives excellent results.

Care must be exercised in determining the proper exposure index because
a clear photograph is not necessarily a true picturc of the arc. This is due
to the fact that there are severe temperature gradients which affect the
radiation. Thus, the boundaries of the plasma regime arc diffuse and should
be checked with other techniques.

High-speed motion pictures of plasma streams are revealing to study
unstable arc conditions, particularly during the initiation and stabilization
of arcs. The main difficulty which may be encountered is that during the
formation of'the arc column, its intensity varies radically whereas the exposure
latitude of most films is relatively narrow. Therefore, it may be expedient
to edit and splice films taken at different exposures.

In connection with flow visualization it should be mentioned that both
the Toepler-schlieren system (Ref. 8) and the Mach-Zchnder interferometer
are very useful. The latter is also a potent instrument in determining
(Ref. 9) the electron density of plasmas. Due to space limitations we will
not discuss these here further,

The measurement of pressure

In general pressure measurements in plasmas arc quite similar to the
approach followed in classical gasdynamics.

The static pressure in the streaming section of continuous flow plasma
facilities may be determined with reasonabie reliability by means of a
static pressure probe. However, the low density and high enthalpy en-
countered in hypersonic plasma arcs introduce errors which must be evaluated
carefully.

The impact pressure may be determined in general by the use of water-
cooled impact tubes which we use with reasonable satisfaction. Of course,
in the case of partially ionized gases which one encounters in plasma-arc
jets, errors are introduced because the thermophysical properties are not
well known and because recombination reactions may be expected to occur.
However, it has been shown by Grey, Jacobs and Sherman (Ref. 10) that
the impact pressure measurements are substantially unaffected by ion
recombination in the detached shock ahead of the probe.

In electromagnetic shock tube studies the state of the gas behind the
shock can be estimated readily if the initial pressure and the density of the
gasand theshock velocity are known. The initial pressure should be measured,
therefore, with accuracy and this can be done with an ionization pressure
gage or a McLeod gage, In our work we use commerically available
Alphatron gages. These give data within an accuracy of about 4 per cent
at pressures above 10 microns of mercury.
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Direct measurements of pressure after the shock tube has been fired are
inherently difficult because, particularly at high velocities, the response
of gages is too slow. Nevertheless, the pressure or its variation may be

obtained from the shock velocities, and a variety of instruments have been
developed (Ref. 11). ‘

Spectroscopic determination of velocily distribution

‘We shall not discuss here in detail the measurements leading to plasma
flow velocity and shock velocity because they are treated extensively in the
literature {Refs. 1 and 12). However, we present here the spectroscopic
determination (Ref. 13) of the velocity distribution in steady-flow arc jets.

In the absences of external fields, the energy equation in cylindrical
coordinates may be written as follows:

penVs %ZT:]:EJF eK(T) [(W)z N (3T)2:|

aT |\eor oz
T 18T &T
) - &) [5’" e T ‘5‘52} @

The assumptions inherent in this equation are {a) the flow is steady and
fluctuations in the arc power supply are negligible; (b) the velocity in the
luminous arc is in the axial z-direction and radial and azimuthal components
are negligible. In typical laboratory studies with argon plasmas we have
found that the radial velocity is about 1%, or less of the axial velocity;
(¢} changes of the kinetic energy in the axial direction are small in com-
parison with changes of the enthalpy. Computations show that this assump-
tion is valid within an error of less than 1%; (d) energy dissipation due to
viscous effects are small compared to heat transfer by convection and
conduction; (e) radiative heat losses are small compared to heat losses
by convection and conduction. Measurements (Ref. 14) indicate that this
later assumption is more pertinent to nitrogen plasmas than to argon plasmas.

The axial velocity distribution is then calculated from the energy equation
because the temperature distribution is known from the spectroscopic
measurements. In turn values of ¢, and p may be found from the calculations
which we have presented (Refs. 15, 16, 17) elsewhere. Values of the thermal
conductivity have been calculated by Bosnjakovic and Springe (Ref. 18)
and by Cann {Ref. 19). Spectroscopic measurements of the thermal con-
ductivity have been made by our colleague Knopp (Refl. 20) and these
indicate that Cann’s calculations are very reasonable.

PHYSICAL-CHEMICAL CHARACTERISTICS

One of the most important objectives of the experimentalist is to determine
the state, and if applicable the thermodynamic state, of the system he is work-
ing with. When dealing with plasmas one must consider real gas effects
such as the excitation of the internal states of atoms and ions and molecules,
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dissociation, ionization, radiation, interparticle forces, and quantum
mechanical effects. Even though the interrclationships among these pro-
cesses are complex, when a single species system is in complete equilibrium*
the thermodynamic state can be completely specified, in principle at least,
by two independent state variables.f Although this apparent simplicity
of the thermodynamic formalism is of considerable importance in purely
analytical studies, we have found a slightly redundant multicomponent
specification of the thermodynamic state more useful in cxperimental studies
(Ref. 21) and in analytical studies which are to be used in conjuction with
cxperimental work (Ref. 15). This is because many of the most uscful
plasma diagnostic tools provide information on component properties
rather than the bulk properties such as total pressure and density. Further-
mote, in laboratory plasmas one frequently encounters situations in which
the various degrecs of freedom within the plasma are in equilibrium with
themnselves but not with each other. These situations of incomplete equili-
brium occur because of the differing rates for the various collisional and
radiative encrgy transfer processes which control the populations of the
different degrees of freedom. That is, when the rates of cnergy transfer are
such that the particles can frecly exchange cencrgy between the energy
levels within a given degree of freedom and thus rapidly come into an equiti-
brium (Boltzmann) distribution for thosc energy levels, but are energetically
isolated with respect to the different degrees of freedom, it is useful to treat
each degree of freedom as an isolated thermodynamic system and therefore
to associate with each an appropriate temperature. The mass difference
between the clectrons and the atoms and ions in a plasma results in such an
isolation.

In the multicomponent model one specifies the temperature and number
densities associated with each degree of freedom. Clonsider a partially
ionized monatomic plasma. Let us assume that it is a quasi-equilibrium
plasma; that is, we assume that each degree of freedom can be treated as
an isolated equilibrium thermodynamic subsystem. The plasma will be
composed of elecirons, atoms and ions of the test gas, and atoms and ions
from impuritics. Impurities will always be present to some extent in labor-
atory generated plasmas; for the purposes of this discussion we shall assume
only one species. The appropriate subsystems are summarized in Table I
along with the state variables required for their specification, Useful methods
of plasma diagnostics are summarized} in Table 2 in terms of the degrees
of freedom about which they provide information. The bound electronic
states within the atoms and ions constitute a particular case. The amount
of energy stored in these states is usually small compared to the translational
encrgies of the particles. Furthermore, unlike the degree of ionization, they

* Serictly speaking, complete equilibrium requires that the plasma be in equilibrium with
the walls of its container. It is obvious that this criterion is seldom if ever satisfied in the
laboratory.

T Thermodynamic effects due to eleciromagnetic fields will be neglected throughout
this discussion,

1 For a more complete list see Ref, 12,
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Table 1

State State variable

Free States:
Electron translational states
Test gas atom translational states
Test gas ion translational states
Impurity atom translational states
Impurity ton translational states

o S Jow B U
_:-1;392 =2

Bound Electronic States:
Test gas atom internal bound states  (T,) { N}
Test gas ion internal bound states  (T,)  { N}

Impurity atom internal bound states (7,) [
Impurity ion internal bound states  (7T,) {N}

do not affect gross plasma properties* such as the electrical conductivity.
However, they are very important in the use of line emission spectroscopy
for quantitative plasma measurements and accordingly have been included

Table 2

Elcctron translational degree of {reedom
N-—Microwave methods,
Conductivity probes
Optical interferometry
Continuum radiation in optical region
Particle collectors
Llectron or ion beam scattering
T,—Langmuir probes
Microwave radiation
Atom translational degrees of freedom
N,—Shielded ionization gauge
Ion or neutral atom beam scatiering
Charge exchange detectors
Ty—Doppler broadening of atomic speciral lines
Ton translational degrees of freedom
N,—Langmuir probes
Stark broadening of spectral lines
Electron, ion, neutral atom or neuwtron beam probes
T'—Doppler broadening of ion spectral lines
Bound electronic states
N,—Spectral line emission and absorption
(T, )—Spectral line emission (if bound states are in equilibrium with the free electrons)

in Tables 1 and 2. Unless very strong fields are present and the plasma
density i1s low, T, = T; = T, where we definc T, as the gas or heavy

* An obvious exception to this statement would of course be the gascous laser, in which
the performance depends on the relative bound state populations.
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particle temperature. Thus, for the quasi-equilibrium plasma being con-
sidered, the results of the plasma diagnostician’s efforts will ideally be a
specification of the plasma thermodynamic state in terms of the following
set of variables,

[Tc: Ty; Nc Ncu iva: Ni] (3)

which clearly indicates departures from thermal equilibrium and impurity
levels.

Each of the experimental methods listed in Table 2 is applicable only
within a limited range of plasma conditions. Thercfore it is seldom possible
to obtain direct information about all the degrees of freedom, and the
experimentalist is often faced with the problem of estimating the complete
state of a plasma from a limited number of measurements obtained over a
few of the dcgrees of freedom. This extended interpretation can be made
only through arguments of equilibrium which must be justified by theoretical
considerations based on the relative rates of the reactions tending to drive
the plasma either to or from equilibrium. Accordingly much of the time it
is not possible to provide as complete a determination of the plasma state
as is indicated in the above set.

If thermodynamic arguments are to be used in the extension of experi-
mental data it is essential that at least one component have a Maxwellian
velocity distribution and thus a meaningful temperature. Indeed the
assumption of Maxwellian velocity distributions is required in the application
of most of the diagnostic techniques. Often Langmuir probes can be used
to verify the electron distribution. However, in the absence of such measure-
ments one must justify the interpretation of experimental data with order
of magnitude arguments concerning the thermal relaxation times. For the
moderate temperature, optically thin plasmas being considered in this
paper, the applied clectric fields used in heating the plasmas are the primary
cause of non-thermal energy distributions.* However, if the electron-
clectron relaxation time is short compared to the energy heating time, a
thermal distribution will still exist to a close approximation. An identical
criterion will hold for the ions. Since the neutrals are acted upon only by
collisions with other particles and walls, they should not depart from a
Maxwellian distribution. The electron-electron and ion-ion relaxation
times can be estimated using Spitzer’s “self-collision time” (Ref. 22). These
relaxation times can also be used to estimate the time for species thermaliza-
tion following the termination of a strong field. Similarly the time for
equilibration of electron and jon temperatures can be estimated from
Spitzer’s “time of equipartition” (Ref. 22). Consider, for example, the
following initial conditions which might exist following the electric discharge
in argon in a moderate energy electric shock tube: N, == N, = 1014 cm3,
T, = 20,000°K, T, = 1000°K. The characteristic relaxation times in
microseconds are 7,, = 1-2 x 1073, 7,; == 3-4 x 10-1, and =,; = 48.

* Strong shock waves arc also considered in. this paper. However, the time for achieve-

ment of a Maxwellian velocity distribution hehind a strong shock wave is only a few mean
collision times.
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Thermal equilibration (7', = 7T} will occur in the presence of an electric
field when the rate of energy transfer from the highly mobile electrons to the
relatively slow heavy particles is equal to the rate of energy transfer from -
the field to the electrons. This problem has been considered by Compton
(Ref. 23), who has shown that if E(voltsjem)/P{mm— H,) <1, then the
equilibration criterion hecomes (Ref. 24)

Tﬂ _ T!I ; ﬂ[_{_ EE}.B * (4_)
T, 8m, \3/2kT,

where my; is the heavy particle mass and 4 is the electron mean free path.
Consider, for example, an argon plasma jet operating at atmospheric
pressure with a field strength of 20 voltsjem (Ref. 25). If T, = 20,000°K,
equation (4) predicts T, = 19,600°K and to a first approximation the
assumption of thermal equilibrium is justifiable. The problem of thermal
equilibration is treated in more detail by Morse (Ref..26).

Equilibration of bound electronic energy state populations is important
in the interpretation of line emission spectroscopic data. Additional dis-
cussion of plasma thermodynamics can be found in Refs. 25 and 27
through 30.

Temperature measurements

Optical spectroscopy is probably the most effective method for deter-
mining plasma temperatures, although Langmuir probes are useful and
other techniques such as microwave radiation (Ref. 12) have been used.
Only spectroscopic methods in monatomic plasmas will be considered in
this paper. The radiation in the absence of a strong magnetic field may be
distinguished into three modes, each associated with different types of
electron transitions between the various free and bound energy states
within the plasma. Thus, one refers to line radiation, recombination radia-
tion, and bremsstrahlung. The latter two form a continuous spectrum upon
which the line spectrum is superimposed. Since the radiation is controlled
almost entirely by the dynamics of the free electrons, absolute intensity
measurements at best can provide information on the electron temperature
only. Heavy particle temperatures can be determined only from the
Doppler broadening of spectral lines, untess it can be shown by some other
means that the electrons and the atoms or ions are at the same temperature.

Line radiation

Line radiation in a monatomic plasma occurs whenever there is a radia-
tive transition between two discrete energy levels within an atom or ion.
Consider the rate per unit volume R,,, at which atoms (or ions} undergo
bound state transitions from the excited state n with energy E, above the
ground state to state m with energy E,,. The transition rate is given by:

Ry == NnAnm + Nan,,p(‘an) + [N?’l'ye]ﬂ’ﬂb (5)
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where

N,

. = number of atoms (or ions) with electrons in the ath or mth

excited state, cm—3
A,,, == spontancous transition probability, scc™!
e = stimulated transition probability, cm?/crgs-sec?
¥um = characteristic frequency of radiation between bound states 12,
and E,.; ¥, = (£, — E,)}k, where % is Planck’s constant
p(¥,m) = radiation cnergy density, ergs-sec/em?, and
»* == mean rate of collisional excitation or de-excitation of the level
in question by collisions of atoms (or ions) with clectrons, sec™!

The first term on the right side of equation (5} corresponds to the spontaneous
emission, the second to the stimulated emission and the last to de-excitation
by electron collisions. Only the effect of electron collisions need he con-
sidered {(see Scction 3). A similar expression can be written for the rate of
upward transitions from m to n, where spontaneous transitions are not
included, since they cannot occur in the upward direction:

R‘ﬂl.‘n == NmanP(ynm) + [:Ar‘ﬂive,l’ﬂ‘”l (6)

First consider the case of an optically thin plasma. The number of acts
of spontancous emission will greatly exceed the number of absorptions,
which in turn will predeminate over the number of stimulated emissions

{Ref. 31). Thus,
lVﬂAn‘?n > N?nB’Ian(IpHTH) > Nnjgn'“lp(']}‘"'"() (7)

From equation (5) the number of radiative transitions per unit time, per
unit volume between the bound states #n and m in an optically thin plasma is
therefore N, 4,,,, and the intensity of the resulting spectral line is

v

]nm = Amnhvﬂ m-N'n (8)

Next we consider the case of an optically thick plasma in which radiative
transitions are more important than collisional transitions and in which
bound electronic state populations are in equilibriurn with the radiation
field. Thus

[N'n.mvﬂ]nm,ﬂm < NoyA s MaanP(vmu)s Nm.anP(vmn) (9)

According to the principle of detailed balancing, at equilibrium the number
of upward transitions will equal the number of dewnward transitions
(Refl. 74). Furthermore, the radiation field corresponding to the spectral
line in question is assumed to maintain the hound state populations in a
Boltzmann distribution at a radiation temperature which in laboratory
plasmas is close to the electron temperature (Ref. 33). Thus, when equation
{9) is combined with equations (5) and (6), the relation R,,, = R, the
Boltzmann relation, and the Einstein relations g,8,, = g.8., and
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Ay = (8mh13[c®) B,,,, the following expression is obtained for the radiation
intensity-in the plasma at the frequency #,,,:

Bmhy,.? BYym —1
plon) = Tz [ (222} 1] (10)

Thus, we see that the effect of a strong self-absorption is to trap radiation
within the plasma until in effect the narrow spectral line is converted into
a “rectangular’” emission spectrum with a maximum amplitude that
approaches the Planck value at the clectron temperature.

The spectral line reversal method

The spectral line reversal method is essentially a simple method of
calibration for making line intensity measurements over a limited intensity
range. It was noted in the discussion of equation (10} that the effect of
strong self-absorption of the radiation associated with a given spectral line
is to make the line radiation intensity approach the Planck value. Thus to
implement the reversal method an additive with a strong resonant line or
lines is added to the plasma. Sodium is commonly used because of the very
strong D-lines. A calibrated continuous spectrum light source such as a
tungsten ribbon filament lamp is mounted with appropriate lenses and used
to raise the plasma radiation level éver the frequency range of the resonant
line. This causes radiation transitions to dominate and the spectral line
intensity is given by equation (10). The light source is viewed through the
plasma with a spectrometer. If the brightness temperature of the source is
greater than that of the resonant line, the resonant line will appear as a
dark absorption line against the continuous background. If, however, the
effective resonant line emission temperature is greater than that of the source,
it will appear as a bright line superimposed on the continuum. At the
reversal point the emission temperature of the gas is the same as the brightness
temperature of the background, and the resonance line just disappears.*

The reversal temperature provides information on the processes which
control the population of the bound state by quenching any attempts of the
radiation field to surpass the appropriate kinetic temperature. In the
monatomic plasma of interest in the paper the reversal method yields the
electron temperature. In many studies in molecular gas mixtures it provides
information on, for example, the vibrational or rotational temperatures.

The reversal method is limited to moderate temperature plasmas because
of the limitations in the brightness temperatures of available continuum
light sources (i.e. tungsten 2900°K, carbon arc 3600°K). We have found
the method useful for temperature measurements in plasma electrical
conductivity experiments, which were conducted with propane-air flame
gases seeded with aqueous solutions of alkali metal compounds (Ref. 34),
and for measurements in the expanded plasmas used in magnetoacrodynamic

* The reversal method depends on Kirchhoff’s law, which states that at any wavelength
the emissivity is equal to the absorption cocHlicient. According to Kirchhoff’s law, at the

reversal point no line is seen because at the resonant frequency the plasma is emiuting as
much energy as it is absorbing.
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studics (Ref. 35). Although the reversal method was originally used for
measuring termperatures in flames (Refl 36), it has been used in other
laboratories for shock tube work (Ref. 37) and recently for moderate-
temperature non-equilibriumn plasma conductivity experiments (Ref, 38),
ie, T,=1600°K, and T, = 2200°K, For additional discussion of line
reversal methods sece Refs. 36 and 39.

Spectral line emission methods

Most laboratory plasmas are optically thin in the visible region except
at the strong resonant lines. Accordingly line emission spectroscopy is a
very useful diagnostic technique, particularly for determining the electron
temperature. Its primary limitation is the requirement of thermal equilibrium
among the upper bound states from which the measured spectral lines
originate, '

The radiant intensity emitted from a unit volume of an optically thin
plasma—Dby an emission spectrum line corresponding to the transition from
a state of higher energy n, with population density N,, to a state of lower
energy m--was given by equation (8). The spontaneous transition prob-
ability 4,,,, can be accurately calculated for hydrogen lines or lines from ions
possessing just one residual electron. For other cases they must be deter-
mined by approximate calculations or experimentally. Reference (40)
contains an cxcellent review of available transition probability data.
Fortunately, considerable data are available for the atom and ion lines of
the gases commonly used in the laboratory.

If line emission spectroscopy 1s to be a useful tool for clectron temperature
measurements, &, must be related to T,. The ion and atom bound electronic
states arc populated and de-populated by clectron and heavy particle
collisions, and radiative transitions. In optically thin plasmas collisional
processes tend to dominate. Furthermore, the probabilities for excitation,
de-excitation and ionization by eleciron collisions are much greater than for
heavy-particle collisions. Thus, it is possible at certain conditions of electron
density and temperature for the electron collisional processes to deminate
and result in a thermal equilibrium of the free and bound state populations
at the electron temperature. These conditions have been considered by
several investigators (Refs. 41, 42, 43, and 44). In general, radiative
depopulation effects will be greatest at the lower principal quantum numbers,
while, due to the decreasing difference between energy levels, the collisional
processes become increasingly important at the higher quantum numbers.
Thus, one can define a principal quantum number 7 corresponding to a
“thermal limit” (Ref. 41) above which the bound population distribution
is Boltzmann and below which radiation effects are important. For low
electron densities, the thermal limit is very close to the ionization limit,
However, as the electron density increases and collisional excitation, de-
excitation, lonization and recombination processes become more impertant,
the thermal limit drops lower and lower, until at sufficiently high electron
densities it reaches the ground level and all energy states have a Boltzmann
population.
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Wilson (Ref. 41) and Griem (Ref. 42) have derived approximate expres-
sions for the thermal limit as a function of the electron density and temperature,
Their expressions give essentially identical results and show that the thermal
limit is a strong function of the electron density and a weak function of the
temperature. For example, Griem obtains

' ETN\Y? (Ey — E\®
N, =92 x 10vZ7 (7) ('2T1) cm—? (11)

for the electron density required for the thermal limit to include the ground
state. Z is the charge number seen by the excited electron; i.e., Z = 1 for
neutrals, Z — 2 for singly ionized atoms, etc. X is the ionization potential.*
Typical conditions for a | ev hydrogen plasma are N, ~ 10 cm~? for #
corresponding to the first excited state and &, ~ 107 ¢cm~3 for # extending
to the ground state. Thus, it is seen that while very large electron densities
are required for collision domination to extend to the ground state, moderate
densities casily obtainable in the laboratory are sufficient to extend a
Boltzmann distribution through the first excited state.

Griem (Ref. 42) has also derived similar expressions for the characteristic
times required for the bound state populations to come into equilibrium
and for the average distances through which atoms diffuse during these
times. .

When the thermal limit includes the ground state, the free states are
populated according to the Saha equation, written here for atoms and
first ions,

(12)

NN, (Qﬂmﬂkn)w Q, ( X )

N, 72 Q. P\ 7T,

and the bound states according to the Boltzmann distribution, written here
for atomic states:

(13)

£n OXP\ TR, % E,
= ——exp | — .

Se, cxp (_ ﬁ) Qa

m " kTe .

==

To a close approximation the electron temperature is the appropriate
temperature in both distributions. @, and @, are the internal partition
functions of the atom and ion. E, and E,, are the energies and g, and g,,
are the statistical weights of the nth and mth bound states in the atom or ion,
X is the effective ionization potential, corrected for plasma microfields
(Ref. 45). The partition functions involve a summation over all the energy
states and thus are strictly applicable only when all of these levels are popula-
ted at a well-defined electron temperature, If the thermal limit does not

* The condition imposed by equation (11) for thermal equilibrium can he relaxed by
about a factor of 10 il the resonance line is optically thick.
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extend to the ground level, equation (13) can be limited to the upper levels
and written as

& o En CXP (*En/ch) (14)
Nm o &m €XP (_E’m/k jwc)

and a modified Saha cquation can be written for a restricted system con-
sisting of the frec states and the bound states above the thermal limit, if ion
cxcitation is neglected so that the ion partition function can be approximated
by the statistical weight g; of the ground state. This equation, which relates
the population of the nth level of a given species to the clectron density and
the ground state population of the next higher ionization stage, is

In 1 }12 3i2 X - En
T RNy T 5
N, = NN, @2 (ancch) exp T, {15)

Equations (12) through {15) can be used to relate N, to T, in equation (8).
For example, if the thermal Himit extends te the ground state, equation (13)
can be combined with (8} to give the following equation relating the absolute
atom line intensity to the global atom density and the electron temperature:

aﬂ - e
]mn = Amnh""nmNu- 'Q"" CxXp (*Lm/k Fz') (16)

A similar expression can be written for an ion linc.

The partition function and the number density drop out of the intensity
ratio for two spectral lines originating from the upper states, e.g., ¥ and o,
of a common specics.

Inm A?;m Vusn §n p (15" _' 1"11)

]tu) Atw vu’v gu kT('

(17)

Equation (17) requires that the thermal limit extend only through the energy
states u and ». If one obtains a simultaneous intensity measurement of a
series of lines from a given species, a graph of log (1/dg) versus E will
provide a straight line with slope —1/k7", if the bound states are indeed in
thermal equilibrium (Ref. 46). This method therefore provides a check of
the equilibration as well as a measure of the electron temperature (Ref, 44},
Unfortunately, the corresponding energy levels within a given species are
usuaily so close to each other that the intensity ratio is not a strong function
of the temperature and the above procedures therefore rarely aflord a
sensitive temperature measurement except at rather low temperatures.

A more sensitive function of temperature can be obtained by using the
form of the Saha equation {(15) which relates the population ¥, to the
electron density and the ground state population of the next higher ion.
Consider for example a neutral plasma composed of atoms and first ions.
If it is assumed that the ions are primarily in the ground state,

gl A\ X —E,
Lo ™= AmnhvmnNng E:i (W) cxp (W) (18)
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and if the clectron density can be detcrmined by, for example, the con-
tinuum emission or by microwave techniques, then equation (18) can be
used, with a measurement of the absolute intensity I, of an atom line to
determine the electron temperature.

A very strong function of temperature is obtained by using the intensity
ratios of lines from subsequent ionization stages of the same element. Such
aratio, for example for an atom and ion line, will contain the term N, @/ N;Q,,
which can be eliminated using cquation (12). The result,

Imni |:2 éﬁﬂi -ﬁ v’nmi (QW’nek):”zil T’e3.’2 cxp l:“‘ (X + Eni - Er:“:| (lg)

[
I cd

A 82 Vol h® N, kT,

is a strong function of temperature and a weak function of electron density
throughout a large temperature range. For example, a 10 per cent uncer-
tainty in the electron density will only result in approximately a 1 per cent
error in temperature for the argon AI4379 and ATI 4158 lines in the range
T, < 20,000°K. Thus, for approximate temperature estimates one often
can avoid absolute intensity mecasurements by simply using a step filter or
photornultipliers to measure the relative line intensities and then guessing
at the electron density. This method is also particularly desirable, because
uncertainties in the transition probabilities and in the reduction of the ioniza-
tion potential are negligible (Ref. 47). Also the partition functions drop out,
thus relaxing the requirement that all excited states be in thermal equilibrium.
Of course the states from which the lines originate must be in thermal
equilibrium,

We have used the two-line method using atom and ion lines to estimate
the thermodynamic state of the argon plasma generated in a conical type
electromagnetic shock tube (Ref. 21). Time-resolved absolute intensity
measurements were made by mounting six photomultipliers behind slits
on the film plane of a Hilger Watts glass prism spectrograph. The photo-
multiplier lens and mirror system were designed so that with simple adjust-
ments various combinations of spectral lines could be observed. The exit
system was formed from a Kodak Type 1-N 4 x 10 in. spectroscopic plate,
using black lacquer base paint and the spectrum photographic image as a
guide. The final wavelength adjustment of the slit system was made by
rocking the prism while observing the photomultiplier output associated
with an unshifted line from an argon discharge tube. The combined
spectroscopic, photoelectric and lens systems were calibrated as a unit,
using a previously calibrated tungsten ribbon-filament lamp and the tungsten
data by Rutgers et al. (Ref. 48) and DeVos (Ref. 49). Equation (19) and
cquations of the form of equation (16) for the atom and ion line intensities
were used to calculate N, N,, and 7, from the absolute intensity data.
The electron temperatures varied from 12,000 to 18,000°K, and peak
clectron densities from 101 to 1017 cm—3, At these electron densities, effects
due to departures from thermal equilibrium should have been small com-
pared to the experimental uncertainty. In general the temperature and
number density data obtained from various combinations of the lines, and
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the clectron density data obtained from the absolute intensity of the con-
tinuuem radiation and the Stark broadening of hydrogen impurity lines,
were internally consistent within the expected experimental errors and
uncertainty in the experimentally determined transition probabilities.
The greatest deviations were found in low-pressure tests in which a high
impurity level was observed.

Impurities in a laboratory plasma can be a cause of considerable grief,
since they can completely change the kinetics of rcaction processes. Also,
they increase the number of components which must be identified for a
complete specification of the thermodynamic state. However, impurities
can be of use in bracketing the clectron temperature in a high-temperature
plasma, particularly if one has some idea of the electron density and can
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Fig. 3. Abundance of carbon ions vs electron temperature for n = 10 electronsfem®

determuned from Suha relation. From MoNally, ““The Direct-Current Experiment

(DCX) and High-Temperature Measuremenls in the Carbon Are” in Optical

Spectrometric Measurements of High Temperatures, £d. P. J. Dickerman,
University of Chicago, 1961.

justify the assumption of Saha equilibrium. Figure 3 is a plot of the set of
Saha equations for the various iens of carbon as a function of the electron
temperature and at a constant electron density. Such a plot can be used
with a time-integrated spectrogram to estimate the maximum electron
temperature in a device. For example, supposc a strong carbon third
ion linc is found on a spectrogram of the radiation from a laboratory
device, and it is cstimated that the electron density is about 10 cm-3,
Furthermore, suppose that no strong carbon 2rd ion or 4k ion lines are
found. From Fig. 3 we estimate that T, must be between 3 and 373 eV,
This is temperature determination to within about 25 per cent without an
absolute intensity measurement.
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The maxima corresponding to the various species concentrations in
Fig. 3 are suggestive of another method which is frequently useful for optically
thin radially symmetric plasmas. The method is applicable when the plasma
is in complete thermal equilibrium and when the pressure throughout the
plasma is constant and is known, Such a set of conditions often exists, for
example, in an atmospheric plasma jet. Under these conditions it is useful
to combine equation (16) with equation (12) and an equation expressing
the total pressure as a function of the component partial pressures. The
result yields the line intensity of the species in question as a function of the
total pressure and the temperature. Thus, if the pressure is known, a measure-
ment of the absolute intensity of one spectral line is sufficient to determine the
temperature. Furthermore, for a given pressure the intensity goes through
a maximum at a temperature T,;. Thus if the inner core of a radially
symmetric plasma is hotter than 7', the radial intensity distribution of the
line in question will go through a maximum. At the maximum the absolute
intensity will be known and the spectrometer will be effectively calibrated
since it can be shown (Ref. 3) that for such a radially symmetric plasma

Aan o (20)

KTa)  Irm)
I(r) is the measured radial intensity distribution and is obtained using the
solution to the Abel integral equation (Ref. 50} to invert analytically the
experimental data, since the spectrograph measures the integrated distribu-
tion produced by the thermal gradient existing along the axis of observation.
757 is the radius at which Ty, occurs, {(T) is the theoretical intensity for
atom line in question at temperature 7" and the appropriate pressure, and
I{T,,) is the intensity maximum for the appropriate pressure. Thus a
measurement of [(r) is sufficient to determine T(r), the radial temperature
distribution. This method has the advantage that the transition probability
drops out of the ratio. Transition probabilities for many species are not
known accurately. It must be noted that equation (20} does not hold
and the method is not applicable unless the off axis peak in the line intensity
is observed at some point in the plasma flow field. We have found this method
very useful and have for example used the argon Al 4158 line to analyze
a 4 kw plasma jet operating at atmospheric pressure (Ref. 3).

In this section we have considered the methods by which spectrum line
intensity measurements can be used to determine the electron temperature.
Although the final choice of a method in a given situation will depend on
many factors, the following points should be considered. (a) Are the trans-
lational temperatures expected to be in equilibrium? (b) Are the bound
atomic states expected to be in equilibrium? {¢) Is the plasma optically
thin at the wavelength of interest? (d) Are high-density corrections neces-
sary? Although these corrections have not been emphasized in this paper,
they can be important, and one such correction, the lowering of the ioniza-
tion potential by plasma microfields, should be taken into account when
using the Saha equation in dense plasmas (N, ~ 10 cm-%) ifaccuracy is
desired. This and other high-density corrections are discussed in Ref. (45).
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{e) What combination of line ratios, etc., will provide the most favorable
relationship with temperature in the expected temperature range so that
large errors in intensity will result in small errors in temperature? An
excellent review of errors in plasma spectroscopy is given in Ref. {47).

Conlinuum radiation

The total continuum radiation emitted by the plasma is due to a combina-
tion of two types of radiative transitions involving the freec electrons: the
bremsstrahlung or free-free continuum, and the free-bound continuum
which results from the radiative recombination of electrons with positive
ions. The two typcs of radiation are superimposed to the extent that they
cannot be separated experimentally.

An expression for the bremsstrahlung in the visible spectrum can be
derived by considering classically the Coulomb collision of an electron and an
ion. However, the free-bound transitions are morce complex, There are two
very useful ways of deriving the formula for the total emission. For hydrogen
or hydrogen-like ions the equation is usually derived from the continuous
absorption cocflicients of single atoms, since these absorption coeflicients
can be calculated from quantum mechanics for one electron system (Ref. 45).
The emission is then found by multiplication with the Kirchhoff-Planck
function and correcting for stimulated emission. An expression for the
cemission in terms of the densities in the appropriate lower states results.
These densitics are then related to the densities in the {ree states via Boltzmann
factors, equation (14), and the Saha equation {12). The result is a rather
complex relationship giving the continuum emission as a function of the
ion density and the electron temperature and density.

However, in most practical situations in gaseous discharges at low pres-
sures, the number of acts of spontaneous emission greatly exceeds the number
of stimulated emission (Ref. 31). Thus an approximate theory, which is very
useful in analyzing experimental data, may be formulated by deriving
spontaneous transition probabilities for free-bound and free-free transitions
{(Ref, 51). The only assumption of equilibrium which is required is that
the free electrons are in a Maxwellian velocity distribution. In order to
simplify the results, the free-bound problem is assumed to be similar to the
free-free problem; i.e., the upper bound states of the atom are assumed to
be so close together that they can be treated as a continuum. The final
result is the same as that obtained by Unsold (Ref. 52) for the continuum
radiation per unit frequency:

- NN,
&y = 541 X 1070 Zene § 7oy watts/omd-ster-see™? 21)
'3

Zeyr is the effective charge seen by the free electron, and g is approximately
equal to one and is weakly dependent on the frequency, Equation (21)
predicts a frequency independent spectrum and is applicable from the low
frequencies up to a cut-off frequency defined by the energy interval between
the effective ionization potential and the energy level below which the
asswmnption of dense states is invalid. The more detailed theory (Ref. 45)
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predicts‘ that beyond the cut-off frequency the continuum falls off according
h
to exp (— f-c_%") Superimposed on this generally decreasing continuum
e .

are peaks corresponding to the series limits for recombination into the lower
isolated levels in the atom. This picture of the continuum frequency depend-
ence has been observed experimentally, although the proportionality
constant is in doubt for complex atoms. For example, Olsen (Ref. 53)
found in argon at N, = 2 x 107 that lowering of the ionization potential
shifted the cut-off frequency to about 10,000 A. Between 10,000 A and
6000 A he found recombination peaks corresponding to transitions into the
2p states, and between 6000 A and approximately 4300 A there was a
region of very weak frequency dependence in which the continuum was
found to obey the function dependence of equation (21). This was followed
by another region of recombination peaks for the ls states and then a rapid
reduction in the continuum intensity. We have used Olsen’s data to obtain
a proportionality constant for the argon continuum emission in the region
hetween the 1s and 2p recombination peaks:

2
[

172
T

(15— gpy ~ 85 X 10710 watts/cm3-ster-sec™! (22)
Equation {22) has been found to be consistent with results obtained from
line emission and broadening measurements {Ref, 21).

The functional dependence of equation (21) limits its value for a direct
determination of the electron temperature, The primary value of con-
tinuum measurements in temperature determinations is for use with the
ratio of the atom line and continuum intensities. The continuum intensity
I, over a band Al is equal to £,cAAfA2. Thus, equation (22) can be com-
bined with equation (16) to form the ratio

Imn Anmhvnm 8 1 h® 32 /12 1 X — E—n
i e B KR (F) e

which is only a function of the electron temperature, B is the proportionality
constant for the continuum relationship. .

The continuum intensity is particularly effective in making electron
density measurements and will be discussed in a later section.

Doppler broadening temperature measurements

The broadening of a spectral line may be lircken into three classes accord-
ing to the cause: natural line broadening, collision broadening, and Doppler
broadening.

Doppler line broadening results when the emitting atoms or ions have a
high-velocity component in the direction of the observer. When the spectro-
scopic observations are made perpendicular to the direction of fluid flow,
only the thermal velocity will give rise to a Doppler effect, which provides
the only spectroscopic method of direct determination of the heavy particle
temperature. It can be shown that the Doppler broadening of a spectral
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line due to the thermal motion of emitters with a Maxwellian velocity

distribution is given by (Ref. 54)

2A%, =716 X 1077), J% (24)
where Al is the observed Doppler half width of the broadened line in A,
1, is the wavelength of the unperturbed line in A, 7 is the translational
temperature, and m is the molecular weight of the emitting species. In argon
at 20,000°K, 2A1;, will be only ~0-07 A at 4500 A. Thus, in the high-density
(N, ~ 10 cm~*) moderate temperature (~30,000°K) plasmas normally
encountered in the laboratory, Doppler broadening is of little use, since it
will be overshadowed by collision broadening. Hewever, in the high-tem-
perature moderate density thermonuclear plasmas Doppler broadening
will dominate and is a useful diagnostic tool.

Spectroscopic methods for electron density measurement

Spectroscopic methods were discussed previously in connection with
temperature measurements. In this section we briefly consider the applica-
tion of optical spectroscopic methods to the determination of the electron
density. :

The electron density can be determined from the measurement of the
absolute intensity of a first ion line, so long as the second ionization is small
(see equation (16)). The partition function in equation (16) requires that
the bound states be in complete equilibrium. However, at moderate tem-
peratures this error will be small if the upper states are in equilibrium, since
the partition function will be determined by the statistical weight of the
ground state, and the electron density will be practically equal to the density
of ions in the ground state. At lower temperatures, if the temperature is
known, the electron density can be determined from the absolute atom line
intensity using equation (18).

As was mentioned in the section on continuum radiation the electron
densities may be determined from the absolute continuum intensity in that
part of the spectrum where the continuum is nearly independent of frequency.
In this region the continuum intensity given by equation (21) is a weak
function of temperature and a strong function of the clectron density.
Also equation (21) is only weakly dependent on cquilibrium requirements
beyond a Maxwellian velocity distribution for the clectrons. Furthermore,
the electron density will depend on only the square root of the proportionality
constant. Thus if the temperature can be estimated, equation (21) is a
useful tool for determining the electron density.

Collision broadening occurs because the emitter suffers a collision which
disturbs the emission mechanism, by dividing the wave of emitted radiation
into incoherent wave trains or by shifting the energy levels of the emitter
by a Stark effect. Stark broadening, which is nearly independent of tem-
perature but is strongly dependent on the ion density and the level of ioniza-
tion, is most important in highly ionized plasmas (~10% cm~3) of current
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engineering interest and provides a very useful means of determining the
electron density.

Griem (Ref. 47) has calculated the Stark profiles for a number of hydrogen
and helium lines, considering the contributions of both the electrons and
ions. The accuracy of the calculation is estimated to be about 10 per cent.
The Stark broadening is a strong function of electron density and a very
weak function of temperature in the range of his calculations, 5,000-
40,000°K. Also, assuming charge neutrality and only first ionization, the
Stark profiles are independent of the ion species present, and his results
therefore apply equally well to hydrogen mixtures. We have found measure-
ments of the Stark broadening of the hydrogen Hj line, which originated
from hydrogen impurities in an argon plasma, to be very useful in comple-
menting other spectroscopic measurements. The Griem theory was used
for the calculations. Griem (Ref. 55) has also compiled useful working data
for argon and cesium,

PLASMA-ELECTROMAGNETIC WAVE INTERACTIONS

Previously we mentioned the disadvantages of introducing probes into the
plasma flow. In the preceding section we described spectroscopic techniques
which circumvent this problem because they rely on radiations emanating
from the plasma. We shall now discuss another type of diagnostics which
does not perturb the flow. Thus we consider the propagation of electro-
magnetic waves through the plasma and subsequent investigation of the
change in propagation characteristics due to the presence of the plasma.
Although the theory is generally applicable, in our laboratory studies we
deal in the microwave regime.

Because the rigorous analytical formulation of such diagnostics is very
complex we use a highly simplified model which nevertheless provides
acceptable information. In particular we consider only elastic collisions
(Ref. 56} and in the following two sections we study the motion of a statis-
tically average delectron in an unbounded, homogeneous plasma. Two
cases can be treated: isotropic and anisotropic plasmas. '

Homogeneous isotropic plasmas
The average electron formulation assumes that the average drift velocity
of an electron in the plasma defines the current per particle. The equation
of motion for the average electron is
v, o e .
=+ venV, = — — Eq exp (jot) (25)
di m,

where we have assumed a harmonic time dependence for the electric field.

¥V, is the average drift velocity and the term werr in the damping term is an
“effective” collision frequency of the average electron with heavy particles
and is assumed to be independent of electron energy.

To calculate the collision frequency rigorously, it is necessary to know
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the composition of the plasma, the clectron velocity and the collision cross-
section of all constituents that contribute to the total electron collision
probability. We will retain the #ope formulation since little error is introduced
by using this simplified approach (Ref. 57). From the steady-state solution
of equation (25) and defining the current density as the product of charge
density and average velocity, one obtains

- gt NeE:
~ m (e + )
where we now write » for py;.
Equation (26) consists of a current both in and out of phase with the

applied clectric field and by analogy with the Maxwell cquations we now
define a plasma conductivity

(26)

e2N, v
o= m,(v? 4 ¥ 27)
and a plasma dielectric constant
- %N,
= ] - 28
=l -wpriam) e

Intermsof'the electron plasma frequency w,, the constitutive parameters are

7= (29)
W 2
£ == &'0 (1 — pr?) (30)

Alternatively the plasma may be treated as a medium characterized by
an effective diclectric coeflicient given by the following:

K =K, —jK,
w,®
K,, = 1 — m (31)

2
w v
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These formulations of the problem permit plane transverse solutions to the
wave equation of the form,

v = o exp (joor) exp (—jBy(n . 1))
= yp exp (joot) exp (—(a -+ jB)r)
where: 1,0 represents either the electric or magnetic field
;;0 is the amplitude of either the incident clectric or magnetic field
7 is the refractive index of the plasma
7 is the position vector
o is the free space wave number or phase constant
¢, [} are the attenuation and phase constants respectively of the plasma
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The approach that is followed is a matter of taste and convention. Thus
when dealing with optical frequencies, the index of refraction is usually
used while the propagation constant approach is used in the microwave
region of the electromagnetic spectrum. '

In an unbounded, homogeneous, isotropic plasma, electromagnetic wave
propagation will be governed by the refractive index (or dielectric coefficient),
the real part of the refractive index determines the phase variation and the
imaginary part the amplitude variation or attenuation. In terms of the
effective dielectric coefficient, we have

w- JITE e [

p =+ jo

[

(33a, b)

n o= K12 — |K| = (K,? + Kﬁ)‘-"z

For a lossless plasma, » — 0, the electrical conductivity ¢ — 0 and only
the ratio w,/w determines the nature of the wave motion within the plasma.
As w,fo— 1, the lossless phase constant, § == @V e —>0 and wave
propagation does not exist.

One may solve for the individual propagation coefficients ¢ and f obtain-
ing for the slightly lossy plasma (»* <€ ©?)

oo [ estetlo) ] -

2 L1 — @y?fw)i/?

w. TR
peepo[1 - 2 3
From these two equations it is apparent that if the propagation coefficients,
e« and f, are known one can solve for the plasma frequency, and consequently
the electron density, and the effective electron collision frequency can be
obtained. It is to be understood that the clectromagnetic frequency is
assumed to be greater than the plasma frequency (@ > w,).

In considering electromagnetic wave propagation in a plasma part of the
incident energy is reflected, while part is absorbed and attenuated by the
plasma and the rest is transmitted through the plasma, if we assume normal
incidence upon an unbounded slab of plasma and neglect scattering. The
total reflected and transmitted fields may be determined by an analysis
based upon multiple reflections in the slab and subject to certain reasonable
simplifying assumptions (Ref. 56). Thus, it Is possible to calculate the
attenuation constant x and phase constant 3, from a knowledge of these
reflection and transmission coefficients and hence o and & or @, and ve.

A second approach for determining the attenuation and phase constants
involves the transmission of electromagnetic waves through the plasma and
measuring the phase change and attenuation of the transmitted waves.
The data are reduced to values of  and § by assuming that reflections at
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the plasma-air interface do not affect the observation. 1f d is the width of
the plasma, the observed change in phase A® is

AD = (8, — B) d (36)
Similarly, the observed change in attenuation, Ac Is
Ao = o d (37

Thus, a measurement of A® and A« lead to o and f, and consequently to
the electron density and effective collision frequency.

Homogeneous anisolropic plasmas

We consider next the propagation of a plane electromagnetic wave
incident normally upon a slab of homogeneous anisotropic plasma. Again
the plasma is considered to be a plane of finite thickness in the direction of
propagation, but otherwise infinite in extent. However, the constitutive
parameters are no longer scalars, but tensors due to the assumed anisotropy.

The conventional formulation of the constitutive parameters is again
based upon the assumption that the average drift velocity of an electron in
the plasma defines the current per particle and obeys the equation of
motion

dv, by e - o
dﬁtﬂ + 2V, = — my IV, x B {(38)
where ¥ again represents the effect of collisions.

Assuming that the static magnetic field is directed along the z-axis and

recalling gencrally that -j =5 }z:, the steady-state solution and expansion of
equation (38) leads to

= o, o3 0O
o, = | —0o, o, 0 (39)
0 0 o
where

)y + jw)

NGt o)+ 0 (402)
. Egtp 0,

C2 == (v -+ jo)2+ w2 (40b)
_ 80(01.,2,

0y = s a7 (40c¢)

The preceding formulation of the constitutive parameters incorporates
the effect of the charge carriers in terms of a conductivity tensor while the
dielectric constant is that of frec space, namely &, (Alternatively, the
constitutive parameters could have been developed in terms of a dielectric
tensor and zero conductivity. Either approach may be used to advantage.)
Thus, the existence of the static magnetic field serves to replace the scalar
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constitutive parameters by tensors, and the boundary value problem reduces
to solving Maxwell’s equations in the following form,

V x H= (3 + jwe)E (41)
V % E= ——jw,uol-? {42)

We have shown that the cffect of an applied d.c. magnetic field upon
an initially homogeneous, isotropic plasma is to induce a tensor form for the
constitutive parameters thus rendering the plasma anisotropic. We will
next examine how electromagnetic waves propagate through such a medium.
We recognize three cases of interest, (a) the propagation vector is collinear
with the static magnetic field; (b) the propagation vector is perpendicular
to the magnetic field; and {c) the propagation vector and the magnetic
field are inclined to one another. The first and second cases are particularly
important, and we shall discuss them further. The former case we shall
call longitudinal propagation and the latter transverse propagation.

Longitudinal propagation

For the longitudinal case, we seck a solution to Maxwell’s equations with
a propagation term ¢~ with a tensor conductivity given by equation
(39). Insertion of these assumptions into Maxwell’s equations yields the
following expression for the propagation constant.

y =JoV sl — joJoe (1T joufo,)]H? (43)

It should be noted that there are two possible values for the propagation
constant depending upon the sign of the term in the bracket. The 4 signs
indicate the decomposition of the original plane wave into two contra-
rotating circularly polarized waves with different propagation coefficients.

vy = ax + jB= (44)

It can be shown by separating the equations into real and imaginary
parts and again using the slightly lossy approximation that

o=t 5 (eam) ] ®
-y O R D) 6)

wfw? \ 2
(1 £ ofw)? (1 - m)

We have scen that as a result of the presence of the static magnetic
induction, the plasma exhibits the features of a double refracting medium.
If one investigates the propagation of electromagnetic waves through such
a plasma, one finds that the plane of polarization of an initially linearly
polarized wave is rotated as the wave propagates through the plasma and
that the angle of rotation is given by

b = (ﬁ—““—;i) d (47)
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where 5, are given by equation (45) for the slightly lossy plasma and d
is the thickness of the plasma in the direction of propagation. Furthermore,
because of the different attenuation constants of the two circularly polarized
components, the resultant wave is elliptically polarized with an cllipticity

e . emulE
= erHE L gt

These phenomena are the well-known Faraday rotation and ellipticity of
optics. It is evident that the Faraday rotation angle depends directly upon
the static magnetic field, the plasma electron density and the distance of
propagation of the electromagnetic wave in the plasma. Tt is also important
to realize that even a small collision frequency (#few => ¢-01) can influence
the Faraday rotation significantly for certain combinations of electron density
and magnetic ficld strength.

& = tanh {e- — o} d/2 (48)

Transverse propagation

The second important case of clectromagnetic wave propagation in an
anisotropic plasma is when the propagation vector is perpendicular to the
magnetic ficld or the so-called transverse propagation. We will continue
to assume that the wave propagation is in the z-direction, but let the static
magnetic field be oriented in the y-direction. Insertion of these assumptions
into Maxwell’s equations and expansion yields two modes of propagation
or two values of the propagation constant. One.mocde arises when the
exciting electric field {(£,) is perpendicular to the static magnetic field and
is given by

(- Jwegfoy)? 4 ((72/‘0'1)2:|% (49)

Vo= b [ Goregfo) (1 = jaoer)

An analysis of equation (49) indicates that this mode exhibits cut-ofl and
resonance properties similar to the y, wave of the longitudinal propagation
study of the previous section.

For the other mode, the electric field is parallel to the static magnetic
field and the propagation constant is given by

Vi = JPell — joylweg] ' (50)

¥, is not a function of the magnetic field and is equivalent to the propagation
constant of the homogeneous isotropic plasma. Because this mode of propa-
gation is not affected by the magnetic field, the name ordinary wave has
been applied to it, thus leading to the term extraordinary wave for the other
mode.

One also finds for transverse propagation that the resultant field is rotated
and elliptically polarized (Ref. 56). The difference between the longitudinal
and transverse cases will be discussed next. In the former we have the rota-
tion of the plane of polarization or the Faraday effect as the most significant
result, The effect of losses is to induce elliptical polarization with some
alteration of the orientation, depending upon the magnitude of the losses.
In the transverse case, the Cotton-Mouton effect of optics, we have the
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" degeneration of plane polarization into elliptical polarization even without
losses. The effect of losses is not only to change the ellipticity but also to
alter the orientation. Another important difference is the effect of the direc-
tion of the static magnetic field; a reversal of the magnetic field reverses
the direction of the Faraday effect, but does not alter the Cotton-Mouton
effect.

Inhomogeneous plasmas

Thus far we have assumed that the plasma is homogenecous. Because
the dependability of any measurement technique will be primarily affected
by how well the plasma under consideration satisfies the assumptions govern-
ing the theoretical plasma model, we review briefly propagation in an
inhomogeneous plasma.

The principal difference between propagation in homogeneous and in-
homogeneous plasma is the dependence of the latter constitutive parameters
upon position. Thus, the propagation of electromagnetic waves in inhomo-
gencous plasmas is marked by an exceptionally great variety of possibilities
in the choice of the spatial dependence of the constitutive parameters.
As might be expected, the appropriate wave equation has no general solution
in terms of known functions for an arbitrary functional dependence upon
position; however, particular cases of some practical importance can be
solved. One detailed theoretical study of the effect of electron density
gradients in the direction of propagation has been carried out by Albini
and Jahn {Ref. 58). It was shown that the propagation of electromagnetic
waves through the plasma is primarily affected by the thickness of the
transition zone (in the direction of propagation) rather than the shape of the
zone. The properties of the propagating wave (reflection and transmission
coeflicients) can be strongly influenced by these transition zones if the thick-
ness of the zone is greater than a few tenths of a wavelength. Obviously,
then, the use of high electromagnetic wave probing frequencies, otherwise
advantageous from the viewpoint of spatial resolution, tends to aggravatc
this situation.

In free space transmission measurements involving the measurement of
phase charge, the plasma phase constant § given by equation (35) is now a
function of position and the phase shift is given by

AD = [B, — B(z)]1d (51)

Wharton and Slager (Ref. 59) calculated the phase shift for various assumed
electron density distributions and devised a method for experimentally
determining the electron density profiles using a microwave interferometer
scheme to measure the phase shift due to the plasma at three or more micro-
wave probing frequencies. Thus, an estimate of the electron density profile
can be obtained. However, the experimental arrangements can become
quite complicated due to the necessity of making microwave measurements
at several different frequencies.

The most promising approach for studying an inhomogeneous, anisotropic
plasma appears to be contained in the functional dependence of the Faraday
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rotation angle upon the clectron density distribution in the direction of
propagation for the lossless case and longitudinal propagation. The Faraday
rotation of the plane of polarization that results due to the inhomogeneous
anisotropic plasma is given by

0 =5 [ip-2t0 — p(ri) a2 (52

The integration of equation (52) is in general difficult, however. Warder
and Hector have carried through the integrations for various assumed
electron density distributions, i.e., cosine, parabolic, Gaussian and trape-
zoidal distributions {Ref. 60). These results have a twofold usefulness.
First, it is possible to determine the electron density profile of a plasma in a
magnetic field when one cannot orient the electric field vector parallel to
the direction of the magnetic field. Secondly, instead of determining the
propagation phenomena as a function of microwave frequency, one can
vary the magnetic field strength. Generally this is casily done and also
allows a wider range of parameters to be covered than when only the micro-
wave frequency is changed.

Foffects due lo finile plasmas

Thus far we have considered the propagation of electromagnetic waves
in unbounded plasmas and found that one can obtain information about
the electron density and collisional processes from a knowledge of the change
in the wave propagation characteristics due to the presence of the plasma.
Many of the plasrnas encountered in situations of practical interest are not
actually unbounded and introduce certain complications. On the other
hand, such finite boundary plasmas offer the possibility of different methods
of determining plasma properties and some of these methods will be discussed
next.

In addition to the effect of reflections at plasma-interfaces which were
mentioned earlier, two other important effects are those of refraction and
diffraction. Because the index of refraction of a plasma (n = K'2) differs
in general from that of its surrounding medium and has a value of less than
one, refraction will occur at any interface where the angie of incidence of an
clectromagnetic wave differs from zero. This feature, in addition to the
fact that the plasma has a refractive index of less than unity and possibly
playing the role of a lens in defocusing the microwave beam, makes it
desirable to maintain the microwave beam normal to any interfaces of
interest in most experimental arrangements.

Because the size of many laboratory plasmas is of the order of a free-space
wavelength, it is also important to consider diffraction effects. To allow
solution of these problems, it is necessary to specify the geometry of the
plasma, the spatial variation in the plasma propertics and the nature of the
incident wave front. For simple geometric shapes such as cylinders, one may
treat the problem as a scattering problem (Refs. 61 and 62) where the
incident electromagnetic field is a plane wave and the scattered field possesses
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circular symmetry. Thus, it is possible to apply the usual boundary con-
ditions and obtain a solution. In principle it is also possible to obtain the
electron density distribution by measuring the diffraction pattern as
proposed by Shmoys (Ref. 63).

Microwave measurement methods

As a result of the mathematical development of the previous section, we
have seen that it is possible to obtain information concerning the electron
density and effective electron collision frequency of plasmas by observing
the change in some propagation phenomena of the electromagnetic wave
interacting with the plasma., With the use of microwaves, it is generally
easy to satisfy the condition that »® <€ w® Hence, the fundamental
limitation on the use of microwaves is that the critical plasma frequency he
less than the probing microwave frequency.

From the viewpoint of plasma diagnostics, one can classify microwave
techniques into two broad categories. The first of these involves bounded
wave propagation where the plasma is usually placed in a wave guide or
resonant cavity. The cavity method of determining the plasma electrical
properties will generally not be applicable for studying the plasmas en-
countered in energy conversion and propulsion devices, This is due to the
high-charge densities and large size and various geometrical configurations
which are encountered,

Another method of using guided-wave propagation in determining plasma
properties are experiments (Refs. 64 and 65) with shock-heated plasmas,
with the shock wave actually passing through a specially designed section
of the waveguide. These experiments indicate the change in the transmitted
and reflected wave characteristics caused by the plasma flow. Still other
methods include the experiments performed using the shock tube itself as a
waveguide (Ref. 66). In these experiments, the microwaves are propagated
axtally along the shock tube and interact with the oncoming shock wave.
By measuring the amount of the microwave power reflected by the shock
wave, and assuming an electron density distribution behind the shock
wave, the collision frequencies of the electrons with the other constituents
of the plasma and ionization processes may be studied. As was mentioned
previously, these guided-wave techniques are of limited usefulness in many
applications, particularly those involving high-temperature steady-flow
facilities where one encounters deleterious material effects even if the flow
configuration is amenable to microwave techniques. Of particular attractive-
ness for the diagnostics of plasma flow facilities are the free-space propagation
schemes which have been applied to shock tubes (Ref, 67), plasma jets (Ref,
68), and high-frequency electrodeless discharge tunnels (Ref, 69).

Excluding the scattering and radiation methods mentioned previously,
these free-space propagation techniques involve measurements of either
transmission or reflection of electromagnetic waves incident upon the plasma.,
Using a suitable theory such as that presented in the previous section, one
then relates the microwave data to the plasma properties. Generally one
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measures the change in phase and amplitude of the microwave signal due
to the presence of the plasma, although when a magnetic field is present one
may measure the polarization of the microwave field {i.e., Faraday rotation)
to deduce the plasma properties.

Although it is desirable to be able to probe the plasma with good temporal
and spatial resolution, microwave techniques suffer from poor spatial
resolution being limited to distances of the order of the microwave wave-
length employed. Microwave techniques suffer another inherent limitation
in that the microwave frequency must be matched closely to the electron
plasma frequency which then dictates the wavelength that must be used.
It also should be mentioned that microwave techniques cannot be used to
study plasmas with electron densities above about 10'3/cm?® due to the lack
of readily available microwave sources at the present time.

While the microwave techniques have these two limitations, they do not
require thermal equilibrium for the determination of free electron densities
and thus may hec used to advantage where the spectral line broadening and
line intensity methods are inapplicable.

As has been pointed out previously, the most popular choice of a plasma
model is the plane wave, “infinite slab” plasma; however, it has been shown
that this model cannot be used indiscriminately (Refs. 70 and 71). Thus,
one can makce phase measurements with some degree of confidence in
experimental arrangements where the theoretical hypotheses are not
stringently satisfied, but amplitude measurements under the same conditions
can lead to errors of several orders of magnitude in the deduced plasma
properties. :

In the most frequently used free-space propagation scheme, one measures
the change in phase and attenuation due to the plasma of a propagating
clectromagnetic wave. In order to determine the change in phase, one must
compare the wave transmitted through the plasma with the original wave
and this leads to a bridge or interferometer arrangement.

We have found the arrangement depicted in Fig. 4 particularly useful in
studies of the clectrical properties of arc-heated argon and nitrogen plasma
flows (Ref. 57). This apparatus, which operates in the 60-90 kmc range,
employs a motor-driven phase shifter and is used to obtain only phase
change information which leads directly to electron density. The amplitude
measurements which vield collision frequencies are determined separately
by a direct transmission experiment. The results obtained with these tech-
niques agree quite well with results obtained using the cut-off criteria,
Le, @ = o,

In the study of time-varying plasmas such as those produced by shock
tubes, one must resort to faster methods of phase measurements such as
those developed by Wharton (Ref. 12} and Osborne (Rel. 72). These
methods have time resolutions of the order of 0-1 psec, which is more than
adequate for most measurements. An additional advantage with the inter-
ferometer method is that because it is a “null-balance™ technique, it can be
used in systems where the signal to noise ratio is quite low; a situation
commonly encountered with turbulent plasma flows.
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In the presence of a magnetic field, one usually seeks a method of measuring
the rotation of the plane of polarization {Faraday rotation) under steady
{Ref. 73) or transient conditions (Ref. 74).

For the diagnostics of steady-flow facilities, the rotation of the plane
of polarization due to the plasma in the magnetic field may be obtained by
rotating the plane of polarization of the incident elecuric field and plotting
the transmitted signal incident upon an antenna which accepts only one
plane of poiarization. This can be accomplished using a rotating ““hall-
wave’’ plate, unambiguous even for rotation angles greater than 360°, We
have made measurements on arc-heated argon plasma flows using this
technique (Ref. 57), but have found that one must be extremely careful in
interpretation because of the severe magnetohydrodynamic effects that can
occur,

Ifa portion of an electromagnetic wave incident upon a plasma is reflected,

KLYSTRON CALIBRATED  CALIBRATED

PHASE SHIFTER \ VARIABLE
VARIABLE
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\ATTENUATOR
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L=< 8 RECORDER
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Fig. 4. Schematic of microwave inlerferomeler.

transmission type experiments can yield misleading information concerning
the plasma properties because the effect of reflections are manifested as an
abnormally high attenuation coeflicient. On the other hand, properly
interpreted reflection measurements can yield significant information
concerning plasma phenomena.

While transmission measurements are used to measure the properties
of a plasma in a certain volume, reflection measurements tend to examine
“surface” phenomena since they penetrate the plasma until the electron
density is such that w = w, and total reflection occurs. This of course
assumes that ¥* 3 ©? because the effect of collisions is to smooth out any
abrupt transitions in propagation phenomena.-

If the plasma is contained in an apparatus such that the microwave signal
must traverse the walls of the container, there will be a certain amount of
reflected energy even in the absence of the plasma. Although these reflections
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can be “tuned out’” using matching techniques, they must be employed with
considerable caution since the plasma reflected cnergy is not a simple
additive contribution (Ref. 69).

OTHER PROPERTIES

A perusal of the diagnostic literature indicates that plasma diagnosticians
have favored clecirical conductivity measurements over the determination
" of the other transport properties. This is probably because a sufficiently
high electrical conductivity is a necessary condition for the successful
operation of many plasma devices. Alse because of these the theory of
electrical energy transport has been developed to considerable maturity,
Unfortunately, there is relatively little information about the thermal con-
ductivity of plasmas even though this must be known in designing reliable
re-entry vehicles and direct-energy conversion devices. In our cxperiments
described in detail by Knopp (Ref. 20) we use a modified wall-stabilized arc
first proposed by Maecker. The plasma column is stabilized co-axially within
a Vycor tube which is water cooled on the outside. The cooling of the tube
gives risc to a thermal boundary layer within the tube and hence, the high-
temperature plasma column is confined at the center of the tube. Thus, one
obtains a cylindrically symmetrical plasma column. The gas to be studied
is introduced co-axially into the tube and the steady flow has the effect of
inhibiting radial convective energy transport from the axis to the wall.
The flow is laminar and there are no eddy currents.

The equations governing the phenomena under consideration are the
fluid mechanical conservation equations as well as the expressions for the
conservation of charge and species. In determining the thermal conductivity
it is the encrgy equation which is important and this is written as follows:

1o 2T
o8 45 (w5 ) = 0 (59)
The quantities in this equation can be measured and from them the thermal
conductivity «{7") can be determined. The electrical conductivity is cal-
culated in accordance with Spitzer’s theory. The crucial measurement is
the accurate dctermination of the radial temperature distribution in the
plasma column. This is done spectroscopically. It should be mentioned
that in making the spectroscopic observations particular attention must be
paid to the optical distortions created by the tube walls,

Viscosity and diffusivity

Our associate 1. P. Aeschliman (Ref. 75) are presently exploring the
feasibility of determining the plasma viscosity from the momentum equation,
For an arc column one can write

o ( oV mav, &
E(”ar) o T (54)
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The viscosity can be calculated from this equation directly because the
pressure gradient can be measured with existing instrumentation. The
velocity profile must be obtaired from measurements of the velocity dis-
tribution. This last measurement does present complications but we are
optimistic about using tracer particles.

The diffusivity may be calculated once reliable data for conductivity and
viscosity are available.

Radiant energy transfer from plasmas

An appreciation of the radiative losses from plasmas is of particular
interest in the design of large facilities such as magnetohydrodynamic power
generators and hyperthermal arc windtunnel installations. Qur colleagues,
Berry and Tankin (Ref. 14) have used a thermistor bolometer to measure
the radiation from argon and nitrogen plasmas. The radiation incident on
the bolometer is chopped with a rotating disc at 30 cps and the resulting a.c.
signal is fed to an amplifier. With this arrangement the total radiation, the
actual radiative heat transfer, the distribution of the radiative flux along the
plasma axis and the radiative power density of the plasma jet were deter-
mined. It was found that in the case of atmospheric argon plasma, the
radiative loss may be as high as 18 per cent of the net power input to the
plasma. In the case of nitrogen plasma the radiative energy transfer was
found to be of the order of 1 per cent. Both bremmstrahlung and recombina-
tion radiation were found to be significant.
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SYMBOLS
Aum spontaneous transition probability
B stimulated transition probability

B magnetic induction
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B,C experimentally determined constants

E clectric field intensity

E., . energy of nth and mth bound state

H magnetic field intensity

7 radiation intensity

1) measured radial intensity distribution

Loom radiation intensity of hound transition between ath and mth excited
states

J current density
K dielectric coeflicient
N, number of atoms (or ions) with electrons in the nth or mth excited state

", m
s 5« particle number density of electrons, ions, or atoms, respectively
power input to arc
Qs « internal partition function of the atom or ion
Lo rate per unit volume at which atoms (or ions) undergo bound state
, transitions from the excited z to the state m
T translational temperature
T, electron temperature
T, gas or heavy particle temperature
Tisa jon temperature or atom temperature, respectively

average drift velocity of electrons

plasma velocity component

ionization potential

charge number

effective charge seen by the free electrons
speed of light

specific heat at constant pressure

plasma width

statistical weight of the ground state of ion

SLONNXSES

&

N statistical weight of the nth or mth bound state ol atom or ion
h Planck’s Constant

k Boltzmann’s Constant

m molccular weight

m, electron mass

My heavy particle mass

7 refractive index of the plasma

4 pressure

Grad radiative heat flux

I3 position vector

¢ time

z position

o attenuation constant of the plasma

i} phase constant of the plasma

B free space wave number or phase constant
y propagation constant
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(o)

plasma dielectric constant
£ free space dielectric constant

&y continuum radiation per unit frequency

] angle of rotation

K thermal conductivity

Ae clectron mean free path

A wave length

Ao wavelength of the unperturbed line

A2, Doppler half width of the broadened line

Yort “effective” collision frequency

e mean rate of collisional excitation or de-excitation of the level in

question by collisions of atoms {or ions) with electrons
characteristic frequency of radiation between bound states £,

Vam

and £, :
3 cllipticity )
p radiation energy density or mass density
o plasma conductivity

T relaxation time
AD change in phase

& angular frequency of applied clectromagnetic radiation
@, cyclotron frequency

Wy clectron plasma frequency

P electric or magnetic field :

Vo amplitude of either the incident electric or magnetic field
M VISCOSItY

o permeability of [ree space
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DISCUSSION

Ricnarp  J.  Rosa  (Avco-Everctt Research Laboratory, Everett,

Massachusetts) :

The paper of Thornton, Warder, and Cambel is an impressive compendium
of information and literature on plasma generation and diagnosis, which I
am sure will be most useful to workers in the field. As the authors themselves
state, however, their work is largely oriented toward propulsive devices.
Therefore I would like to add a few remarks based on the somewhat different
experience at the Avco-Everett Research Laboratory in the areas of re-
entry simulation and magnetohydrodynamic power generation. In these
applications, the gas is typically dense, but slightly ionized, and seldom
very far from thermodynamic equilibrium.

First, as regards batteries as a power supply for plasma jets—in the above-
mentioned areas, there is usually a high premium on power but not much .
incentive to operate for more than a few seconds, or at the most, a minute.
Moreover we seldom manage to make more than a few runs in any one day.
Under these circumstances, battery banks have proven to be significantly
more economical and flexible than other D.C. power supplies.!

Another source of plasma that should not be overlooked is the chemical
combustion chamber, or rocket engine seeded with alkali metal salts,
Again the virtue of this source to us has been its ability to supply plasma
literally “by the ton’ for detailed studies of the fluid mechanics of MHD
gencrators.?

Stiil another plasma source which has proven useful in our generator work
is a graphite pebble-bed type heater which can supply moderately high
flows of seeded inert gas with closely controlled composition and temperature
in the neighborhood of 2000°K.3

In these MHD generator experiments, we have more or less incidentally
acquired an interesting teol for bulk plasma diagnosis.* 'We almost always
find ourselves with a Hall effect that is relatively strong. Under these con-
ditions, if we short-circuit the output of a Hall generator, for example, we
obtain a quite accurate measure of electron density (average). Then a
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comparison of this current with the current flow in the u x B direction gives

a reasonably accurate measure of electron mean free time or mobility. ‘

Finally, 2 measurement of conductivity by any of the several methods
described by the authors gives the product of electron density and mean
free time which serves as a check on the previous measurcments. Thus we
have a convenient, quite accurate, and foolproof way of measuring the bulk
properties of most interest to us; and the deducing the electronic momentum
transfer cross-sections of the various species in the energy range of a few
tenths of an clectron volt, a range not easily accessible by classical methods.
Although only bulk, or average, properties are determined, we of necessity
strive to make the flow in a generator as uniform as possible; and a measure-
ment of open-circuit Hall voltage is a sensitive check of how well we have
succeeded.?
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