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Low-Pressure Plasma Spectroscopic Diagnostics

T. L. Eddy*
Georgia Institute of Technology, Atlanta, Georgia 30332

Diagnostic techniques have recently been developed that permit the determination of the deviation from local
thermal equilibrium (LTE) in subatmospheric electric arcs and plasma jets. A review is presented of the methods
that are applicable to MPD (magnetoplasmadynamic) and arcjet thruster plasmas but that have not been used
in space propulsion research. Appropriate plasma diagnostics can lead to increased thrust, better nozzle design,
and improved modeling capabilities. These methods include nonintrusive techniques, and can determine the
electron, Te, gas, Tg, and total excitation, Texa< temperatures, as well as the electron and atom densities, without
using LTE or partial LTE assumptions. General relations for analysis and experimental results for argon
constricted arcs, an arc in a rotating magnetic field, and plasma torch jets are presented. The methods discussed
can also be applied to plasma mixtures.

Nomenclature
Amn = transition probability from level m down to

level n
c = speed of light
Da - ambipolar diffusion coefficient
Ef , — electric field strength
EhE^ = lowered and original ionization energy (E7 =

£» - AE,)
Em,En - energy of upper and lower electronic levels
Gf = free-free Gaunt factor
gmign = degeneracy of upper and lower electronic

levels
H = enthalpy
h = Planck constant
k = Boltzmann constant
ke,kg = thermal conductivity for electron, gas
me,mg = mass of electron and gas particle
Na,Ne,Nj = species number density: atoms, electrons, ions
Nm,Nn - number densities of electronic levels m and n
p = pressure
QeaiQei = collision cross Sections: electron-atom,

electron-ion
r = radius
Texa = total electronic excitation temperature

between ground state and highest excited level
of atom [see Eq. (1)]

Texp - upper level electronic excitation temperature
Tg = gas or heavy particle translation temperature
^LTE = temperature calculated under the LTE

assumption, usually using emission lines from
high lying levels

^norm = temperature at the normal point located at the
peak value of the emission coefficient (versus
temperature) at constant pressure

^ratio = equivalent to Texf3
u = average velocity between positions 1 and 2
Zexa,Zexi - electronic partition functions of the atom and

ion
z = charge of the species (= 1 here)
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y = degeneracy or multiplicity of the ground state
of the ion

AE5 = advance of series limit5

AE^ = lowering of the ionizational potential5

A = wavelength
v = frequency
a = electrical conductivity

Introduction

A VARIETY of experimental measurements oil magne-
toplasmadynamic (MPD) and arcjet thruster plumes has

raised questions about actual species densities: 1) electron,
ion, and gas temperatures and 2) velocity and flow conditions
in the nozzle and plume. At pressures below atmospheric,
deviations from local thermal equilibrium (LTE) are ex-
pected. The exact form of these deviations is not well under-
stood. This paper presents results from noii-LTE plasma stud-
ies in the vicinity of 1-atm which have resulted in consistency
between various relations and a better understanding of the
non-LTE thermodynamics. If we do not understand the ther-
modynamics, we cannot do the proper bookkeeping for trie
heat transfer and fluid dynamics.

For simplicity, the present work considers a moriatomic
plasma with one level of ionization, i.e., argon, first argon
ions, and electrons. The methods are relatively easily applied
to multicomponent or multiply ionized plasmas that may also
be diatomic Dr polyatomic. Simplifications appropriate to these
complex plasmas need td be determined experimentally.

The types of non-LTE considered here have been dem-
onstrated by theory or experiment. It is an accepted fact that
at sufficiently high densities, but significantly below atmos-
pheric pressure, the distribution of heavy particle (atom, ion,
or gas) and electron translational energies is Maxwell-Bdltz-
mann, but the distribution parameter T may have different
values; hence, Tg =f= Te. It has also been shown experimentally
that one cannot expect the highly excited energy levels to be
populated according to Te,1 but that these levels are often
found to be related by one temperature: Texft = 7ratid =£ Te.
Note that the term partial LTE or PLTE is often used, as-
suming that 1) Texp follows a Boltzmann distribution over the
highest levels and .2) Texf3 = Te. When Assumption 2 is not
included, then, and dnly then, is the PLTE model appropriate.
Another type of non-LTE is shown by radiativercollisional
calculations2'4 in which the ground state density is not pop-
ulated at the temperature of the upper levels, Texa £ Tex(3.
The total excitation or ionization temperature, Texu, is defined
by

N,lg, = (1)
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Fig. 1 Boltzmann plot of meaningful plasma temperatures.6

where TV, and g, are the effective number density and degen-
eracy of the highest excited level determined by the intercept
at the lowered ionization energy EIa. 7VM and gl^a are the
corresponding terms at the ground state. The ionization po-
tential is lowered using the methods of Grierfi.5

The four resulting temperatures, illustrated in Fig. 1, are
sufficient to describe the thermodynamic state in a mona-
tomic, singly-ionized plasma. The particular multitempera-
ture model applied here is called the generalized multithermal
equilibrium (GMTE) model,7 in which the temperatures are
physically meaningful. Te and Tg as translational temperatures
are important in determining transport properties, dominate
the conservation equations, and are the main indicators of
energy storage, e.g., via enthalpy. Texf3 is determined from
spectral line intensity measurements and the Boltzmann fac-
tors

NJgm = (NJgn) exp[-(£m - (2)

Texfs is the temperature for the optically thin radiation emitted
from the plasma, is used to extrapolate for Nf/gi, and plays
an important role in the continuum relation as shown later.
Texa is a very important temperature that is often overlooked.
It is the temperature to be used in the electronic partition
function, Zexa, and can be used to estimate the temperature
of the resonance line radiation. More importantly in diag-
nostics (and modeling), it provides the link between the mea-
surable excited level densities and the difficult to measure
atom density via Eq. (1) and

NJZexa(Texa) = (3)

We also find in plasma jets that the non-LTE appears to
be mainly due to over- or under population of the ground
state(7^a + Te) and not the usually assumed kinetic nonequilib-
rium (Tg £ Te). The reason appears to be that equilibration
between excited electronic levels and the ground state is slower
than the equilibration between translational energies of the
free electrons and heavy particles. In the plume, the absence
of significant electric field strengths will not elevate the elec-
tron translational temperature above the gas temperature.
Near the plasma boundaries, gas conduction has been shown
to exceed electron loss mechanisms8'9 that can result in Te >
Tg-

An explicit comparison of the GMTE and some PLTE type
models using the collisional-radiative (C-R) modeling tech-
nique in hydrogen4-10-11 shows that both methods predict sim-
ilar Ne vs Te, but differ significantly in predicting atom or
ground state densities. The comparison also shows that de-
parture coefficients do not go to unity with increasing energy
level, unless Tg = Te (kinetic equilibrium). This is another
contradiction because in real plasmas, it is often assumed that

the non-LTE comes from or is related to Tg < Te and that
departure coefficients do go to unity. Finally, the comparison
shows that the "analytic" GMTE model used for diagnostics
gives identical results (for species densities) as the detailed
multilevel "collisional-radiative" GMTE model; therefore, the
analytic GMTE model can be used with confidence for di-
agnostics or modeling.

Below, we present the non-LTE equations for diagnostics
and a description of experiments on arcs with and without
magnetic fields and plasma jets in which these diagnostic
methods have been applied. In addition to some low-tem-
perature approximations, four medium temperature methods
are discussed. The ARCS program was developed in Fortran
on a CDC Cyber7-9-12"14 for use in constricted or free-burning
arcs where the electric field strength is significant and known.
It was later modified for HP BASIC15 and IBM PC/AT/PS-2
Fortran at INEL. The TETG, JET-G and JET-H programs
were developed in HP BASIC.15 TETG and JET-G have been
converted to PC Fortran at INEL. TETG assumes kinetic
equilibrium (Te = Tg) and, thereby, eliminates the need for
the energy equations. The JET programs are for field free-
plasma plumes. JET-G is a local "differential" type of analysis
which obtains the difference between Te and Tg from the
difference in energy loss from their respective translational
energy reservoirs. JET-H actually performs the energy bal-
ance between two axial cross sections, complete with velocity
profiles et al. Technical details of the programs are given
below.

Theory

General Equations
A minimum complexity of experimental measurements is

desired; hence, easily measured line and continuum intensities
are often the source for excited level populations and the
electron density. Laser induced fluorescence (LIF) or Ray-
leigh scattered laser (RSL) methods could be used in addition
to or in place of emission measurements. The excited level
number density, Nm, is obtained from the line emission coef-
ficient, iL, (after performing the Abel inversion on the net
line intensity)

(4)

Texp is then obtained from Eq. (2) using two or more lines in
a least squares fit. The intercept NIlgI is obtained at the same
time. The values of pressure /?, Wm's, Texfi, and NI/gI are now
known explicitly for this analysis. For low-pressure plume
analysis, the static pressure will need to be measured or treated
as an additional unknown.

The assumptions for the equations used are: Maxwellian
velocity distributions for the heavy particles (nonelectrons)
at Tg, Maxwellian velocity distribution for the free electrons
at Te, quasineutrality (Ne = TV,), Texi = Texa in the partition
functions because Texi plays a minor role, and Tc = Texfi for
reasons discussed in Ref. 16. The ionization (Saha-Eggert)
relation, Eq. (8) below, is an extension of the two-tempera-
ture Saha relation to include the effect of over- or underpop-
ulation of the ground state. The equation is rigorously derived
on the basis of Boltzmann energy distributions for each energy
mode (translational, electronic) at its own distribution param-
eter (temperature), (thermal nonequilibrium) and chemical
equilibrium. The assumed temperature equivalences indi-
cated above are used to simplify the equation to the form
shown.

The unknowns are Ne, Na, Te, Tg, and Texa, since we can
assume quasineutrality (Ne = Nf) here. The five equations
used to calculate the five unknowns are selected from the
following general equations. GMTE continuum relation (mainly
for AO7-17-18 is

ev = 5.44 x 10~46 z2NeNfTe~^ (5)
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where and at each x location

- hv)lkTe]

• [(Zexa/Zexi)

and f/fc is the free-bound £ factor from Schluter18 or similar
source at the frequency and Texp. We also use the good as-
sumption that the recombination continuum temperature, Tc,
equals Texft.16 The (pcTexp/Te) factor is the major non-LTE
correction factor. The 1.4y = 1.4gu factor accounts for the
apparent omission of the 2gu factor in lieu of 1 gu in the
original formulation (compare Refs. 5 and 10), that results in
a factor of two difference between high-pressure experimental
free-bound factors and theoretical values.16 Corrected Amn by
Sedghinasab7'12 makes a 70% correction factor; hence, 70%
times two yields the 1.4 factor. Without this (or a slightly
larger) factor, the solution at high temperatures near the noz-
zle exit yields higher electron densities than possible. With
this correction to the theoretical free-bound factors, consist-
ency is obtained between Hf$ Stark broadening, argon con-
tinuum (near 4400 A), and the Sedghinasab Amn scale for Ne
determination in high-pressure LTE and non-LTE experi-
ments.15

Total Boltzmann distribution, a combination of Eqs. (1)
and (3) is

Na = Z

Equation of state
p =

exp(-EJkTexa)

NekTe

GMTE ionization (Saha-Eggert) relation is7-1

exp • kTe

(6)

(7)

(8)

Electron energy relation8-9

Qe-cond + G,-amb + Ge-rad + Qe« + W. = A//, (9)

where

a-cond = (Hr)d[rke(dTeldr)]ldr

ee-amb = (5kTJ2r)d[rADa(dNJdr)}ldr

A = [Na/(Na + N.)][l ~ (NJNa)(dNJdNt)] - 1

Qeg = Ceg(Tg - Te), We = <rEf

Ceg =

AH, = (5k/2)(Te,Ne_2 -

G«-rad is estimated from LTE values.19 The error from this
inconsistency is negligible at low pressures (<1 atm) because
the 2«-rad contribution is small.9 It is found that Texa is the
"LTE" temperature to be used for the present conditions.
Subscripts 1 and 2 indicate cross sections that are Ax apart.

Gas energy equation is

G.-.-cond Qge = (10)

where

g, = -Qeg, = Ceg(Te - Tg)

ond = (Vr)d[rkt(dTt/dr)]dr

Hg = (5/2)kTg(Na NtElM

The LTE properties calculated are based on the line with
the highest energy level unless otherwise indicated. The method
of solution differs with each diagnostic technique as discussed
later.

Low-Temperature Approximations
Several low-T methods have been proposed which reduce

the number of equations required when the temperature ( Texa)
is sufficiently below the normal temperature. These low-T
approximations are obtained from plots of the non-LTE ther-
modynamic properties calculated with the GMTE model re-
lations. The first approximation20 says that if Texa « rnorm,
then

Texa = or Nm) (11)

which means that Texa can be found from the LTE tempera-
ture. It follows from the fact that all non-LTE iL converge to
the LTE curve at temperatures sufficiently below the normal
temperature, 7"norm, for a given spectral line when plotted vs
Texa (but not when vs Te) as shown in Fig. 2. This is a very
desirable result, because if Njlgj is obtained via Eq. (2) and
Texa from Eq. (11), then Na is easily determined from Eq. (6).
Early attempts to use this approximation were not successful
in predicting reasonable Tg. A more detailed study15 has shown
that the approximation is sufficiently accurate to predict den-
sities only at TLTE much lower than rLTE,norm because of the
relatively strong nonequilibrium usually found. For a 20%
accuracy in Na, \Texa - TLTE| < 100 K for a typical argon,
hydrogen, or nitrogen plasma.

The second approximation,15 resulting in Eqs. (12) and (13),

Na = Ne/(N,/Na) = Na[TLTB(Ne)]

(12)
(13)

is obtained from the state diagram, such as shown in Fig. 3
for hydrogen. At one pressure, when Te = Tg, it can be seen
that all TJTexa curves lay on top of the LTE curve, at the
same Te value, while Texa changes in value. This means that
measured Ne can be used to estimate Te and Na from Eqs.
(12) and (13). Though this method has not been used to our
knowledge, it appears to have many advantages in plasma jet
applications (where Tg = Te is highly probable), appears to
be much better than Eq. (11), and leads us to another method

Eo
^

UJoo

COen

T e / T g . T e / T e x a

0 10000 20000 30000 40000
Excitation Temperature, Texo(K)

Fig. 2 Line emission coefficient for Arl 7147 at 1-bar for kinetic and
excitation non-LTE.7 9 I 2
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10« 10"
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Fig. 3 GMTE state diagram for hydrogen plasmas at 0.01, 0.1, and
1.0 bar.7-10

(TETG) which is valid at higher temperatures as discussed
later.

Diagnostic Methods
Diagnostic methods can be classified as low-, medium-, or

high-temperature methods. The low-temperature methods use
one or more of the low-temperature approximations discussed
above. They are useful when Texa is sufficiently below Texa,norm.
Texa,norm is usually below, but may be above, rLTE,norm de-
pending on TJTg and TJTexa. For plasma thrusters the low-
temperature methods may not be useful because of the high
temperatures expected and, therefore, they will not be dis-
cussed here. The medium-temperature methods use the con-
straint that Ne = Nj or Ne = 2, W/v over chemical species j;
hence, they span the normal peak to temperatures about 1.5
times rnorm. These methods are the focus of this paper. High
temperature methods extend to multiple ionization, Ne =
2iWf-, etc. They are not discussed here, but procedures would
be similar.

The medium- T methods used here get Ne from the contin-
uum (for line broadening or other methods), but all march
by increasing Te. Te calculated from the GMTE Saha equation
is relatively stable, so that the increasing, iterative Te con-
verges nicely, as long as sufficient steps are provided to over-
come the history effect in densities and in the transport prop-
erties when energy equations are used. The march can continue
above the temperature at which intensities (and/or Ne) peak
(>rnorm) to determine solutions. Additional details of meth-
ods of solution should be sought in the references.

Four medium- T methods are considered here: ARCS, TETG,
JET-G, and JET-H. ARCS is for electric arcs or when the
electric field strength is known and dominates the electron
energy equation. TETG may be used for arcs or jets when
Te = Tg. The general evaluation procedure is as follows:

a) explicitly determine /?, Tex(3 and N,lgt via Eqs. (2), (4);
b) initialize unknown values, using LTE calculations based
on TLTE(N^) and p\ c) calculate Ne from the continuum, Eq.
(5); d) march Te = Te + AT/, e) calculate Tg (see each
program below); f) calculate Na from state, Eq. (7); g) cal-

culate Texa from Boltzmann, Eq. (6); h) calculate Te calc from
Saha, Eq. (8); i) interpolate for Te for solution; j) recalculate
Ne from continuum with new properties; k) reiterate until Te
(or Ne) converges.

The methods of determining Tg (Step e) for the medium-
T programs are now discussed in order of increasing com-
plexity. All require non-LTE partition functions at the proper
pressure or densities.

TETG Program
TETG15 uses Tg = Te for jets/plumes as suggested by the

results from more complex programs applied near the torch
exit in various experiments. The program runs rapidly because
it is simple and does not use transport relations nor take
temperature derivatives. It operates on data from one position
or cross section. Its major limitation is the assumption that
Tg = Te. It is also used to get rapid first estimates of Te and
Texa in the JET-H program.

JET-G Program
JET-G15 uses the difference between the electron and gas

energy equations, assuming negligible enthalpy change (fully
developed enthalpy profile) to estimate the maximum Te -
Tg difference. For a fully developed flow/energy condition A/f
= 0; hence, Eq. (9) can be written as

~ * e) ~ Ue-c

<2e-an (14)

or

T - Te = - + Ge-amb + 6,-rad + W,)/CL

(15)

The equation is in the form of heat generation per unit vol-
ume; therefore, Ceg is a specific heat generation coefficient
(per unit volume). Since this is the electron energy equation,
if the Q terms are negative (energy flow out), then Tg - Te
> 0 because the only "external" source of energy is the gas
via CegTg and/or the "internal" energy CegTe. We can consider
the gas as a thermal reservoir at Tg. The depression of Te
from this reservoir temperature is then

= + (G.-c Qe-amb + Ge-r We)/Ceg

(16)

Similar arguments can be made using the gas energy equation
such that the depression of the gas temperature from the
electron thermal reservoir is

T — T — +lg •* <?,res ~ 1Cd'^e (17)

If the loss of energy from the unit volume is the same for
both electrons and gas, then the temperature depressions will
be the same. If the effective reservoir temperatures (initial
Te — Tg) were the same, then Te - Tg results. By taking the
difference in the energy transfer, we get an estimate of the
maximum difference in Te — T

(Te - = (Te - rg,res) - (Tg - 7;,res) (18)

This is a maximum because the A// terms in Eqs. (9) and
(10) decrease the magnitude of the terms in Eqs. (16) and
(17).

The JET-G program takes much longer to run than TETG
and has more problems converging at large radii with steep
gradients. It has the advantage of being a one-position pro-
gram and gives a good indication whether or not Tg = Te,
but overestimates the difference.
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JET-H Program
JET-H15 uses the electron energy equation, including AHe

from two different cross sections, to determine Te - Tg. Rear-
ranging Eq. (9) to get Te - Tg gives

Te - T = + + Ge-ra

(19)

from which Tg can be found for each Te while marching. In
this program, TETG is used to estimate Ne, Te, Texa, etc. at
Axial Position 1 and then at Axial Position 2; then, subroutine
JET-H averages this information and calculates Te - Tg via
Eq. (19). After convergence, Te - Tg is input to the TETG
program again at Positions 1 and 2 to reevaluate Ne from the
continuum, Te, etc., then back to JET-H to recalculate Te —
Tg. All iterations are stopped when Te converges between
programs.

One of the major problems is to get good velocity values,
w(r), in order to calculate the enthalpy rates in Eqs. (9) and
(10). In the JET-H results presented below, the velocity pro-
file was assumed similar to the temperature profile. The max-
imum velocity was obtained from a calculation by Vardelle21

which uses the nozzle diameter, flow rate, power into the gas,
and the temperature profile. In plasma jets near 1-atm, A//e
has effectively cancelled any Te - Tg effect predicted by
JET-G.

This program takes a long time to run, about 2 h on an HP
216. Both the JET-G and JET-H programs require electron
and gas transport properties and electron total radiation.

ARCS Program
ARCS7-9-12'15 uses the electron energy equation at one po-

sition (without AHe) to determine Te - Tg. This method is
valid for fully developed flow and energy profiles, since A//
= 0. It, therefore, requires a significant energy source such
as the electric field to make up the energy losses. The equation
for Te - Tg is identical to Eq. (19) with &He = 0. The program
takes about 1 h to run on an HP 216 with about six iterations
over Ne, of which the last three are almost identical. The
ARCS program requires electron (not gas) transport prop-
erties.

Experimental Results

Constricted Arcs
The ARCS program was applied to a 30 A, 3 mm diameter,

wall-stabilized argon arc at various pressures from 0.1 to 10
bar.7-9-12 Intensities of up to nine Arl lines were used to de-
termine Texp and Nj/gf. Absorption was corrected for and both
strong and weak lines were used to check the absorption
correction. Stark broadening of Hf$ (<l% H concentration)
was corrected to the 2-A scale22 to get accurate Ne. Using Amn
from NSRDS-NBS-22,23 the various temperatures were
obtained12 as shown in Fig. 4. With corrected Amn,7 the error
bars decreased by more than a factor of two and Texft comes
into equilibrium with the other temperatures at high pres-
sures.

It is surprising that Te < Texa until one realizes that in this
particular regime resonance radiation is still trapped, provid-
ing most of the excitation is to the first level, but heat con-
duction and radiation losses are reduced at the low pressures;
hence, less energy is required from the electric field and Te
may drop below the resonance radiation temperature (which
is approximately Texa). An opposite effect is shown in high-
power jets, below, in which the same ARCS program has
been used for comparison. Details of this experiment are
published elsewhere.9

Arc in a Rotating Magnetic Field
Another experiment applied the ARCS diagnostics pro-

gram to a 1-atm, 350 A, argon arc which rotated in concert

20.

IS.

10.

0.1 0.2 O.S 1 2
Pressure (bar)

a)

10 20

§

20.

15.

10.

r/R-0.9

JTexa

TeX/3

• •

VTE^ __

0.1 0.2 0.5 1 2 5 10 20
Pressure (bar)

b)

Fig. 4 T(p) plot from a 30 A, 3-mm-diameter, low-flow, argon, wall-
stabilized arc.7-9-12

at 1000 Hz with a rotating magnetic field (RMF)13-14-24 with
100 and 200 G field strengths. The arc rotates in a 50-mm
diameter channel. Five Arl lines plus Hf$ (<1% H concen-
tration) intensities were measured to get Tex^, Nj/gr, and Ne,
as above. Results for the 200 G condition are shown in Fig.
5. The relationship of the temperatures is identical to those
in Fig. 4 at 1-atm, but with lower values. The 100 G case gives
identical values to Fig. 5, except Texl3 is 25,000 to 40,000 K.
The zero magnetic field case is the same as the 200 G case.
The 100 G case represents the maximum of the phenomenon
called spectral line amplification. The study14 found that Ne
and the temperatures other than Texf3 were identical in both
cases; hence, many of the proposed reasons for spectral line
amplification were found to be false. Fig. 5 shows another
reason why Tex($ should not be equated to Te.
Plasma Jets

In France, argon plasma torches were operated in a cham-
ber filled with argon at 1-atm and currents of 285 and 527
A.15 The ARCS program was rewritten for an HP 216 and
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Fig. 5 T(r) plot of a 350 A, argon arc in a 200 G magnetic field
rotating at 1000 Hz.13 14
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Fig. 6 T(r) plot for an argon plasma torch jet, 285 A at z = 2 mm
from the exit, obtained using the JET-G analysis.15
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Fig. 7 r(r) plot for the 285 A, plasma jet, z = 3.5 mm, from the
JET-H analysis.15

applied to plasma jet measurements assuming electric field
strengths of 0, 0.5, and 5 V/cm. In this case, a GMTE, non-
LTE continuum relation was used to determine Ne and 4 to
6 lines were used. Only the 5 V/cm assumption produced Te
> Tg at large radii, with equality over most of the jet. The
results of the JET-G program shown in Fig. 6 were similar to
the results of the ARCS program which used 5 V/cm. The
more accurate JET-H program removed this inequity, ob-
taining Te = Tg, as shown in Fig. 7. The JET-H results at

^

u

CE
Q£.

Te.Tg

1 2 3 4 5 6 7 8 9
RRDIUS (mm)

a) z = 2 mm

4 5 6 7
RRDIUS (mm)

b) z = 40 mm
Fig. 8 T(r) plot of a 527 A, argon plasma torch jet, from the TETG
analysis.15

oo

JET-H - 3.5mm

RRDIUS (mm)

Fig. 9 N(r) plot for the 285 A, argon jet, z = 3.5 mm, from the JET-
11 analysis.15

285 A are identical to the TETG program results; TETG
results for 527 A and Position 2 and 40 mm downstream are
shown in Fig. 8. Downstream temperatures approach LTE
but not as rapidly as expected.

Note that TJTg = 1, but TJTexa ^ 1.25 near the nozzle
exit. Note in Fig. 2 that the peak or normal point emission
coefficient decreases almost a factor of 10 for this condition.
Calculations assuming the LTE (1,1) curve in Fig. 2 will give
a maximum TLTE of about 11,000 K for emission coefficients
that are actually peaking in this non-LTE condition.

The evidence of peaking is shown in the density plots in
Figs. 9 and lOa for 285 and 527 A, respectively. In the first,
peaking is just being approached because Ne just equals Na
on the axis. In the second, at double the current, Ne exceeds
Na by a factor of four. Note that the non-LTE and LTE
densities are significantly different near the plasma center.
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Fig. 10 N(r) plot of the 527 A, argon jet, from the TETG analysis.15

LTE values are based on the highest level line absolute emis-
sion coefficient and the known pressure. Downstream at 40
mm, Ne remains large compared to LTE, as shown in Fig.
lOb.

Conclusions
From the results, it appears that in low-pressure, low-flow

arcs, Te may be less than Texa — TLTE because the trapped
radiation does not need much help to maintain ionization. In
high-power, high-flow, plasma jets, Te equals Tg but is larger
than Texa, apparently to make up for the concentrated and
increased energy loss rates. These results were obtained with
the identical ARCS program and, for the jet analysis, were
confirmed using various field-free programs. For the jets, the
only difference was the use of the continuum for Ne, which
may overestimate the Ne value. Nevertheless, even LTE anal-
yses of the continuum indicate significantly larger values than
Ne based on TLTE from absolute line intensities.

Of generic diagnostic significance here is that the non-LTE
diagnostic methods on jets using different principles (JET-G,
JET-H, and TETG) gave almost identical Ne and Te values
and, over most of the radius, gave almost identical Tg values.

The major questions remaining in application to space pro-
pulsion plasmas are the following: Is the ion excitation tem-
perature, Texi, really equal to Texa as assumed in Eq. (8)? Are
the Amn for (argon) ions sufficiently well known to judge the
true effect? Why is there such a large discrepancy between
theoretical and high-pressure experimental gfb in argon at A
> 450 nm and how does that influence the use of continuum
diagnostics in general? How do Tg measurements from Ray-
leigh scattering and Doppler broadening compare with values
calculated from methods presented here? In low-pressure

Tgl
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