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ABSTRACT

This study is concerned with the theoretical and experimental
description of the behavior of dense seeded plasmas undezr the influ-
ence of applied electric fields under steady~-state conditions as well
as during electronic ionizational and recombinational relaxations.
Extensive experimental measurements of nonequilibrium electrical
conductivities, electron temperatures, recombination rates, and
ionization rates have been performed in dense potassium-seeded
plasmas. Measurements have been made under conditions of prac-

‘ tical importance for proposed MHD energy converters in argon-
potassium and helium-potassium plasmas. Translational gas tem-
peratures ranged from 1250 to ZOOOOK; seed concentrations were
varied between . 1 and 1 mole percent; and the total gas pressure was
1 atmosphere.

Extensive steady-state measurements of nonequilibrium elec~
trical conductivity, and the influencc upon it of variations in gas tem-
peratures, seed concentrations, atomic cross sections, current den-
sities, electric field strengths, and energy loss processes have been
made., This detlailed experimentlal work has led Lo important modifi-
cations of existing theory whichhave enabled an accurate description
of the plasma in terms of a simple physical model. Electron temper-
ature measurements provide a conclusive and quantitative verifica-
tion of the validity of this physical model. The essential theoretical
modifications made here are the inclusion of both inelastic and elas-

tic electronic collisional energy loss mechanisms in a manner which
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accurately reflects the essential physical differences between these
two processes in terms of fundamental atomic properties, and
employs no adjustable parameters. Additionally, consideration of
the detailed energy dependence of the atomic cross sections and the
inclusion of both electron-ion and electron-atom interactions has been
essential in accurately describing the experimental results,
Experimental measurements of recombination rates, ioniza-
tion rates, and electronic collisional relaxation characteristics of
potassium seeded plasmas have been performed. Measured recom-
bination and ionization rates for potassium show good agreement with
theoretical calculations based upon a formulation employing the
Gryzinski classical inelastic collision cross sections and a simple

physical model of the relaxing plasma.
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I. INTRODUCTION

In recent years, many scientists and engineers have directed
considerable efforts toward the achievement of the direct conversion
of hcat into clectrical energy on a large scale by means of various
types of magnetohydrodynamic (MHD) devices. One approach to this
problem of energy conversion has been the utilization of a closed-
cycle MHID system which employs a working fluid composed of a
monatomic gas seeded with a small amount of an alkali vapor to en-
hance the electrical conductivity of the gas at a given gas tempera-
ture. In such a device, one would also hope to take advantage of the
potentially large enhancement of ionization caused by electronic col-
lisional processes in a two-temperature, dense plasma system.
This two-temperature plasma results from the fact that the electron
temperature can be substantially elevated above the translational
tempe rature of the heavy species due to acceleration of the electrons
by electromagnetic forces.

The motivation for the work of this thesis has been two-~fold.
First, an effort has been made to obtain useful engineering data and
calculation methods for the determination of the electrical conductiv-
ity and ionizational relaxation characteristics of seeded plasmas of
engineering interest with regard to MHD energy-conversion systems.
Secondly, and more fundamentally, this study is concerned with the
theoretical description of these plasmas in terms of a physical mod-
el of the plasma, and the experimental verification of the validity of

key assumptions in this theoretical formulation.



-2

In order to gain a basic insight into energy transfer processes
in the plasma and to retain an unambiguous interpretation of experi-
mental results without undue experimental complexity, it was felt
necessary to restrict the scope of this study to plasma behavior
under the influence of electric fields only. The results of this study
are fundamental to an understanding of plasma behavior in practical
systems with combined electric and magnetic fields, and this under-
standing is the justification of this study as well as an incentive to
the continued study of more complicated systems which more nearly
approximate proposed MHD configurations.

More specifically, the behavior of dense argon-potassium and
helium-potassium plasmas were examined when the plasma was sub-
jected to either a constant electric field or to pulsed increases and
decreases in electric field strength. The basic experimental deter-
minations include measurements of plasma electrical conductivity,
as well as various excited state populations of the seed atom. These
measurements additionally kprovide the determination of immization
and recombination rates, electron densities, and electron tempera-
tures. These experimentally determined quantities are compared
with theoretical éalculations based upon a two-temperature plasma
model which adequately explains the observed plasma phenomena
over an extensive range of variation of experimental parameters.

These calculations include some important features which were
found to be essential in understanding energy transfer processes in
these seeded plasmas. The energy balance used here treats both

elastic and inelastic collision energy losses from the free electrons



-3
in an independent manner which reflects the essential physical differ-
ences of the two loss mechanisms., The inclusion of electron-ion en-
counters as well as electron-atom encounters was necessary to fully
define the electronic elastic collision losses. The theoretical calcu-
lations involve integrals over the electron energy distribution func-
tion in terms of the fundamental atomic cross sections; no adjustable
parameters appear in the formulation.

The excellent agreement between the experimental measure-
ments of electrical conductivity and the theoretical calculations show
that the calculation mechods used here are quite accurate for the de-
termination of plasma characteristics in practical engineering sys-
tems.

In addition, the calculated values of electron density and elec-
tron temperature are shown to be accurate by the direct experimental
measurement of excited state populations and recombination rate co~
efficients. These experimental measurements provide direct experi-
mental justification of the key assumption of the two-temperature
model: that electronic collisional processes provide mutual elec-
tronic collisional (Saha) equilibrium between the [ree electrous and
the electronically excited states of the seed atom.

Measurements of ionization and recombination rates were
made by observations of transient plasma behavior in response to
step increases and decreases in electric field strength. A simplified
plasma model for these relaxation processes provides a theoretical
development leading to theoretical calculations of ionization and re-

combination rates in terms of the recently developed Gryzinski
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classical clectron-atom inelastic collision cross scctions. These
calculations show that measured and theoretical values of ionization
and recombination rates agree well with values calculated with the
simple plasma model. The relaxation data and ihe Ltheoretical devel-
opment describing these relaxation processes show that ionization
and recombination occur by multi-step electronic collisional proces-
ses.

Finally, the measured ionization and recombination rates pro-
vide essential data for the design of MHD energy converters, and
show that inlet ionizational relaxation processes will not be a limiting
factor in practical MHD generator performance. Further, the theo~
retical description discussed here provides a useful means for the
calculation of relaxation characteristics in large scale MBD devices.

No effort has been made in this brief introduction to give an
account of the historical development of this field of research. Rath-
er, the contributions of individual authors will be cited at the points
where their technical contributions enter maturally into the logical de~

velopment of this work.
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II. QUALITATIVE PLASMA BEHAVIOR FOLLOWING

AN ABRUPT APPLICATION OF AN ELECTRIC FIELD

In order to begin this sfudy, it is useful to present qualitative~
ly a description of plasma phenomena occurring immediately follow-
ing a step function application of an essentially constant electric field
to a plasma. This examination will focus on the energy transfer
processes which occur as the plasma electrons are accelerated by
the applied electric'fieﬂd. The discussion will he limited to the plas-
mas of interest here which possess monatomic heavy species with
translational temperatures of about ZOOOOK, electron densities above

13 -3 18

about 10 cm , total heavy species numbcr densitiecs of about 10
cm—?), and potassium atom densities near 1016 cm—g,, This qualita-
tive examination is useful at this point in explaining the principal
phenomena to be presented here, and the quantitative accuracy of
these simple interpretations will be examined in detail in following
sections of this study.

The rate at which the free electrons gain energy immediately
following the application of an electric field is given by the difference
between the rate of energy input from the applied field and the rates
of energy loss due to elastic and inelastic collisions with the various
heavy species, both neutral and ionized, of the plasma. The electron
temperature increases rapidly in response to the initial energy input
from the field. For plasmas in which the electron density is a suf-
ficiently large fraction of the total plasma particle density, it is

meaningful to characterize the electrons with a temperature given by
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a quasi-steady electronic energy balance at some relatively short in-
terval of time after the application of the electric field. In this
quasi-steady condition, the energy input and energy loss terms of the
free electrons approximately balance, and the rate of change of the
free electron energy is no longer rapid. For the conditions of the
plasmas studied, the time scale for the establishment of this quasi-
steady electron temperature is typically less than 3 microseconds
(as determined in Section V-B). The electron temperature may in-
crease from its initial value, near the translational temperature of
the heavy species, to relatively high values during this short time
interval,

Following this initial electron temperature elevation, an ion-
izational relaxation period occurs during which the populations of the
various excited states and the density of the free electror;s increase
in response to this increased electron temperature as a result of ex~
citations and ionizations by electronic collisions*., During this period
the electron temperature, given by the Quasi—steady energy balance,
may increase somewhat further in value as the energy input to the
electrons increases due to the increasing electrical conductivity.
This ionizational relaxation period is terminated when the populations
of free and bound states increase to values such that de-excitations
and recombinations are sufficient to balance the forward excitation
and ionization rates. At this "steady state' condition, the predomi-

nant electron-energy loss mechanism is elastic collisions with the

als
hd

Under some conditions, the initial temperature relaxation and the
ionizational process occur simultaneously in a more closely coupled
fashion; see discussion in Section V-B.
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various heavy species for the typical electron densities of these ex-

periments (Ne Z 1014 )o

Thus, this condition is characterized by a
translational temperature difference between the free electrons and
the heavy species of the plasma. The énergy input to the free elec-
trons by the field is transferred primarily into the translational en=-
ergy of the heavy species,and the whole plasma heats up relatively
slowly, provided that the total number density of the heavy species
greatly exceeds the number density of free electrons.

This "steady-state'' condition, hereafter to be referred to as
"the steady state, !' at the end of the ianizational transient can be of
practical importance for MHD energy conversion in high density plas-
mas. This condition is interesting provided that this state of en-
hanced ionization resulting from the elevation of electron tempera-
ture and the attendant electronic collisional processes can be achieved
without a substantial increase in the translational temperature of the
heavy species of the plasma.

In practical terms, then, two important questions must be
answered. In the first place, the coupling between the free electrons
and the heavy species by elastic collisions at the stcady state must be
""weak!" enough that a substantial temperature difference exists be-
tween the free electrons and the heavy species. Secondly, this
""'steady state'' condition must be achieved in times which are short
compared to the times necessary for the occurrence of appreciable
increases in the heavy-species translational temperature during this
ionizational transient.

The experimental measurements and the theoretical discus-
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sion which will be presented in this study will show that the seeded
plasmas investigated here do exhibit a large enhancement in the level
of ionization for moderate applied field strengths, and that this en-
hanced ionization may be achieved rapidly enough to achieve the
steady-state condition without a substantial increase in gas tempera-
ture.

This qualitative introduction illustrates the two separate phe-
nomenological regions of interest that will be discussed in this study.
The experimental results will be separated into these two groups; the
first dealing with a discussion of the steady state, and the second
dealing with the ionization and recombination relaxation processes.
Before presenting the experimental results, it will be necessary to
develop the theoretical argnmentsb somewhat. The following section
will treat this theoretical formulation in terms of a physi-cal model of
the plasma. Following this discussion, the experimental apparatus,

techniques, and results will be discussed.
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lII. THEORETICAL DESCRIPTION OF PLASMA BEHAVIOR
IN RESPONSE TO AN APPLIED ELECTRIC FIELD

This section deals with the theoretical plasma model used to
describe the characteristics of the dense monatomic seeded plasmas
of interest here. A description of plasma properties would include a
detailed knowledge of the populations of all bound electronic states, a
knowledge of the translational energies of the free electrons and the
various monatomic atomic species, and a determination of the free
electron density. This description would need to be determined as a
function of time during the ionizational relaxation transients, and
would require a knowledge of the interactions between the various
plasma species. In the general case, this specification would re-
quire the simultaneous solution of the infinite set of differcntial
equations determining the time variation of energy level I;opulations,
along with energy equations relating the instantaneous translational
energies of the various species to the instantaneous energy level
populations.

This formulation involves the solution of the Boltzmann equa-
tion for each plasma species in terms of the various collisional in-
teractions to speéify the distribution functions of these various spe-
cies. This complex problem can be simplified when certain key as-
sumptions can be made. The most essential simplification arises
from treating only small deviations from equilibrium. That is, the
velocity distribution functions of the various atomic species, as well
as that of the free electrons, are assumed to be Maxwellian to the

first approximation. The establishment of the validity of this as-



-10-
sumption requires an investigation of the influence of the various in-
teractions between the plasma species and the effects of the applied
field upon the distribution functions of the various species. An inves-
tigation of these effects indicates that the atomic species, neutral

and ionized, interact sufficiently to ensure that they possess a com-
mon Maxwellian distribution of velocities, and thus a common trans-
lational temperature. Further, at sufficiently high electron densities,
mutual electronic interactions are sufficient to ensure that the elec-
tronic distribution is also Maxwellian to the first approximation. The
validity of these assumptions has been investigated by scveral au-

thors( 1-3)

, and Appendix G includes a discussion pertaining to the
experimental plasma conditions encountered here.

Alsou;when Lhe electron density is high enough, then electronic
collisional processes dominate over atomic collisional processes in
the population rate equations. Under these conditions, the populations
of the various excited states,as well as that of the free electrons, are
determined principally by electronic collisional processes and the
various radiative processes which occur. The collisional rate coef~
ficients can then be determined in terms of the electron temperature
and inelastic electron-atom cross section expressions,

An additional simplification results from the fact that the ion-
ization potentials and excitation energies of the inert carrier gas are
sufficiently large compared to those of the potassium seed that excita~-
tion and ionization of the carrier gas can be neglected at the electron
temperatures considered here. The carrier gas thus acts only as a

sink for the transfer of transltational energy from the free electrons,
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as well as a barrier for diffusion of electrons and potassium ions. It
should also be mentioned that gas temperatures and carrier gas den-
sities are assumed large enough to ensure that the potassium vapor
is essentially monatomic and that the dimer form of potassium does
not exist in appreciable quantities.

Thus these assumptions simplify the description of the plasma
to a specification of the electron temperature, the atomic species'
translational temperature, the populations of the excited states for
the potassium atoms, and the number density of the free electrons.

The plasma energy-transfer mechanisms which must be ex-
amined are the energy gain to the free electrons from the field,
elastic and inelastic transfer of energy between the electrons and the
various heavy plasma species, as well as free-free, free-bound, and
bound~bound radiative transfer. The following sections will deal
briefly with these energy transfer mechanisms as well as simpli-
fied plasma descriptions for bothsteady and transient plasma condi-

tions.

A. Electron Temperature

Utilizing the foregoing simplifications, the electron tempera-
ture can be determined by considering the equation for the conserva-
tion of energy of the free electron gas when the electronic energy
distribution can be regarded as Maxwellian. We consider a station-
ary monatomic plasma system in which energy from the free elec~
trons is transferred into either translational energy of the atomic
species or into excitational energy of the bound states of the seed

atom by either elastic or inelastic collisions, respectively. In
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general, the populations of the various energy levels will he deter-
mined by radiative processes as well as electronic collisional pro-
cesses.

We can write the local energy balance for the free electrons

under the application of an electric field E as
dN

—% [N (e tV )] = cﬂ*:z-g‘i-zivi 'a?i - Ry R R (1)
The rate of change per unit volume of the energy of the free electrons
as measured relative to the ground electronic state of the seed atom
is written on the left hand side of eqn. (1), where the ionization po-
tential of the potassium atom is given by Vo and is 4.34 ev. This
must equal the net rate of energy input per unit volume to the free
electrons given by the terms onthe righthand side of eqn. (1). The
rate of energy input per unit volume to the free electrons'by acceler-
ation in the electric field is given by O'EZ . Electrons lose energy by
elastic collisions at a rate per unit volume given by & . Elcctrons
transfer their kinetic energy into the creation of excited states in the
seed atom at the net rate T Vi(dN.l/dt) per unit volume, provided
thecre are no radiative losses from the system. Here, Vi is the en-
ergy, as measured from the ground state, of the ith energy level
with population Ni . For all systems of finite size, net radiative
losses do occur, and so some of the energy transferred from the
free electrons due to inelastic‘ collisions which would otherwise ap-
pear as an increase in the density of excited and ionized states is

instead lost from the system as radiation. This radiative loss can

i

o

be either that due to free-bound transitions, Rf-—b , i.e., the local
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rate of energy loss per unit volume where the energy of direct radi-
ative recombination is transferred from the volume element, or that

i
due to bound-bound transitions, R b ? which is the local rate of

b

energy loss per unit volume when the energy of radiative transitions
between bound states escapes the volume elerﬁent. For very dense,
hot plasmas, energy may also be lost from the free electrons by
free-free transitions (Bremsstrahlung), resulting in the escape of
photons from the plasma volume. The rate of energy loss per unit
volume by this means is designated f{f..f and is quite unimportant for
plasma systems considered here (see Appendix B ), and will be ne-
glected in this analysis. |

Equation (1) can be re-written to obtain a perhaps clearer

interpretation of the terms as

de N dN,
e [ e i o 2
N, = ={[- etV - 2V, ). R}+or®d . (2)

The quantity inside the curly brackets represents the instantaneous
net rate that energy is transferred either to or from the free elec-
trons per unit volume due to inelastic collisional processes. Note
that when d/dt is positive, as during the ionizational process, the
quantity confined to the square brackets represents the net rate of
energy loss per unit volume from the free electrons due to collision-
al excitations and ionizations if there were no radiative losses from
the systn_em. During recombination the quantity in square brackets is
positive, designating the rate of energy input to the free electrons by
collisional recombination and de-excitation, when radiativc losses

can be neglected.
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When radiative losses are important, we must thus subtract
the net local rate of radiative energy loss per unit volume to obtain
the net rate of energy loss or gain by the free electrons as a result
of inelastic electronic collisional processes (given in the curly brack-
ets). For the conditions of these experiments, free-bound transitions
are also negligible compared to the bound-~bound transitions, as is
justified in Appendix B , and thus R will be taken to represent the
total rate per unit volume at which energy leaves the system due to
bound~bound transitions only unless otherwise stated., If the electron
energy can be regarded as guasi-steady, then Ne(dee/dt) is a small
term compared to the others; also, under some conditions {(see Sec~
tion V ), the populations of most of the excited states can be regarded
as quasi-steady and then the corresponding Vi(dNi/dt) terms are also
negligible.

Another quasi-steady state occurs whenall the d/dt terms are
zero, and then the temperature of the whole system increases rela-
tively slowly as the energy is transferred to the heavy species (see
Section V-B ). For this ''steady-state' case, we have

2 2

oFE :J/c=§]+1°{s, (3)

The remainder of this section will be devoted to the discussion of the
terms in equation (3), which gives the local electron energy balance
of a two-temperature plasma under the influence of a steady electric
field after the initial ionization relaxation transients have vanished.
Note that the quantities such as electron density, electrical

conductivity, etc., which occur in the energy balance equations can
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also be interpreted as volume-averaged guantities to describe the be-
havior of the experimentally measurable volume-averaged plasma
properties, provided that non-uniformities near plasma boundaries
are not so large that the characterization of the plasma in terms of
equations dealing with average quantities has no meaning. Further

discussionof this is given in Section IlI-D.

B. Electron Density

The plasmas of interest throughout this study can be consid-
ered to possess electron densities and excited state populations which
are determined primarily by electronic collisional processes as well
as spontaneous radiative transitions. The validity of this statement
is discussed in Appendix C , and evidence of an exception to this is
given in Section VII-A. The complete specification of the populations
of the various excited states, as well as the density of free electrons
under these conditions, is given for a plasma with an instantaneous
electron temperature, Te, by the solution of an infinite set of rate

(4),

equations of the form

dN 0 o) (o's} o0
- vy N_A ~-N v A +N ¥ (N_C_ =-NC_ )
dt m mn n nm e m mn  n nm
m#n m#n m#n

(4)
where dNn/dt is the net local rate of change per unit volume of the
number of atoms in an arbitrary state, n, with n =1 describing the
ground state and 1 =n< 0. Ne is the density of free electrons.

. The rate coefficients Cn

and C for electronic collision pro-
m mn

cesses are those for the processes

Kn+e‘__.__ Km+e
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in the forward and reverse directions, respectively. We can include
transitions between the continuous energy states of the free electrons
to or from the bound states by electronic collision with the processes
Kn+e-: K++e_ te

with forward rate coefficient Cn, o

Radiative processes included in (4) are

Km - Kn + h\)mn

where the rate constant in the forward direction is the Einstein coef~
ficient, Amn » for spontaneous emission of radiation in amount h\)mn
for a transition from state m to state n. For resonance lines, in
particular, the reverse reaction i_s not smalil, as the probability of
re-absorption of radiation in the plasma can be large in the dense
plasmas considered here. These reabsorption effects are.included in
a formal way in eqn. (4), by considering the summation in the first
term of the right hand side to include values of m for m < n and in
the second term to include values of m > n and thus NnAnm is the
local rate of transitions (reabsorptions) inverse to the local forward
rate of emissions, NmAmn . When the effect of reabsorption is
large, then forward and backward radiative rates approximately
balance, and then the populations of the various states are governed
by electronic collisional processes only.

Implicit in this set of equations is the assumption that the
free electron energy distribution is Maxwellian. The conditions

under which this approximation is valid are considered briefly in

Appendix C.
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In general, one should also include the radiative processes
K+:’—‘) Kot hve,
But these processes are relatively unimportant for the plasmas dis-
cussed here, as is explained in Section V-A, and Appendix B.

We have included only volume effects in eqn. (4). This is
valid when the rates of diffusion of the various excited and ionized
atoms to the plasma boundaries can be neglected compared to volume
de-excitation and recombination rates. It is shown in Appendix C.
that diffusion losses probably have no important effect on the dense
plasmas considered here except possibly very near the walls. See
also Section III-F.

It is assumed, as discussed in Appendix C, that electron
densities will generally be high enough to permit the neglect of atom-
atom processes of the forms

X+ Km: Kn + X
and

X+ K= K +e  +X .
Further, the concentrations of the dimer form of potassium can be
considered so small at the gas temperatures of interest here that one
can neglect processes involving the dimer form such as the dissoci-

ative reaction

K+K =K, +e ,

see Section V-A  and Appendix C.
For the steady-state case, the equations (4) reduce to an in-

finite set of algebraic equations which can be solved in principle
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when the rate coefficients and effective local radiative transition
probabilities are known. This infinite set can in general be reduced
to a finite sel, since for sufficiently high electron densities the popu-
lations of the higher states will be determined essentially by elec-
tronic collisional processes as discussed in Appendix C . For these
states, the population of a given state, n, is given in terms of the
electron density and electron temperature by the condition of colli-
sional equilibrium at the electron temperature. The condition is ex-

pressed by Saha equations of the form

g 2 3/2 +E /KT,

n h
Nn g 8. (Z'Irrn kT © Ne ’ (5)
e®ion e e

where En is the binding energy of the state n with degeneracy g, "
g and 8;on 2T the degeneraciesof the free electrons and the ions,
respectively.

The guestion of whether or not this condition extends down to
a given low-lying state depends critically on the electron density as
well as on the re-absorption of radiation within the plasma. This
question has been considered in some detail by several authors(l’ 4-1)
and is complicated somewhat due to a lack of information regarding
the magnitudes of the various rate coefficients. However, one can
make reasonable estimates of the critical electron density above
which a given plasma can be regarded as possessing state popula-
tions given essentially by the condition of electronic collisional
equilibrium. As is shown in Appendix C , for the plasmas consid-
ered here, collisional equilibrium between all electronic energy

levels probably exists for electron densities above 1014/c1’n3 .
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If we now consider the case where electronic collisional equi-
librium extends down to the ground state, we can calculate electron
densities in terms of electron temperatures. For the plasmas con-
sidered here, only potassium is appreciably ionized and is thus the
only contributing species. For potassium, for the electron tempera-
ture range considered here*, we can write

2 Z'rrmekTe 3/2 . -4, 34/1<Te
N = (—S2) @@ e : (6)
h
Here, Nk is the number density of neutral potassium existing at the
electron temperature Te ; that is, Nk = Nko - Ne , Where Nko is the

total number density of potassium atoms, both neutral and ionized.

When T_ is less than 3000°K, then N,

= Nko ’

In summary, this brief discussion of the determination of ex-
cited state populations and free electron densities in transient and
steady plasmas illustrates some of the difficulties that occur under
arbitrary plasma conditions when combined collisional and radiative
effects determine the instantaneous values of given population levels.
The determination of these populations requires a detailed description
of radiative transition probabilities, spectral absorption character-
istics, the various collisional rate coefficients, etc., even to begin

to solve the infinite set of simultaneous rate equations. Further, the

electron temperature is not independent, but depends on the electron

Equation (6) will not be valid for quite high electron temperatures
(kT = 0. 4ev) since higher order terms in the electronic partition
funtions for K and Kt have been omitted, assuming their ratio of
partition functions to be the ratio of their ground state degeneracies.
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density through the detailed local energy balance. If these difficulties
were not enough, often,for laboratory plasmas, the effects of diffu-
sion to thc walls of the plasma container and radiative losses from
the plasma boundaries canbe solarge that one cannot characterize the
plasma accurately by uniform properties,and the local formulation of
the rate equation and energy balance becomes extremely difficult.
Fortunately,for the high density plasmas considered here, the
problem can be drastically simplified and yet give meaningful re-

(1,7, 11)

sults. Several authors have considered the description of

plasmas similar to those considered here in terms of simplified
physical plasma models, The work of BenDaniel and Tamor( 1)
showed that the use of grossly simplified energy level structures en-
abled the qualitative discussion of essential features regarding the
density of free electrons in nonequilibrium plasmas with :substantial
radiative losses. The development of the classical inelastic cross

(8 )

section expressions of Gryzinski enabled a complete quantitative

theoretical formulation of the problem valid over a wide range of
conditions in plasmas of hydrogenic species by Bates, et al. (4,9)
Careful experiments have established the validity of these calcula-
tions and demonstrated the usefulness of various simplifications in
treating the problem of non-hydrogenic plasrnas(()’ 7, 10, 12).

The next section will give a brief description of the electrical
conductivity expressions used‘in this study, and then plasma energy-
transfer processes will be discussed. This will enable an approxi-

mate theoretical description of the steady state and transient plas-

mas considered here.



-21-

C. Electrical Conductivity

The method used to calculate values of the scalar electrical
conductivity for comparison with the experimental results is dis-
cussed in this section. Theoretical description of the transport pro-
cesses occurring in a slightly ionized gas is complex, and only a
brief outline can be given here. Calculations of electrical conductiv~
ity in an ionized gas reduce to calculations of effects resulting from
perturbations of the electronic velocity distribution function under
-the influence of externally-applied electric fields.

Two expansion techniques have been used to determine the
electrical conductivity in terms of the electron distribution function
and the effects of binary collisions. The first, based on the Enskog

procedure, was applied by Chapman and Cowling(13 ).

The second, a
somewhat more rapidly converging procedure based on the expansion
of the distribution function in spherical harmonics, was discussed by
Allis( 14). This latter technique leads quite directly to integral re-
lations which easily allow the inclusion of cross sections with arbi-
trary energy dependences. This result is particularly important for
the atomic species considered here because of the pronounced de-
pendence of the cross sections on quantum cifccts.

The desired scalar conductivity expression is obtained with

(14)

minor manipulation from eqn. (31.9) of Allis .  The result for

elastic collisions between electrons and neulral atoms is

00

41 e2 dfo cz
oo = (-3 5 j o [ZnQ ]dc' (7)
e 0 nnmn
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It has been assumed that the heavy species of the plasma have an
isotropic distribution. Also, the Lorentz gas approximation is used,
i. e., the mass of the electron is assumed negligible compared to
that of the heavy particles, and also the influences of electron-elec-
tron interactions upon the electron distribution function are neglect-
cd. Here, fo is the first approximation to the electronic distribution
function, which is not necessarily the Maxwell distribution function.
However, as explained in Appendix C , the conditions for the attain-
ment of a Maxwellian distribution are probably satisfied for the pres-
ent experiments, and for this case,
3 2
) (8/m)2e "N

0.532 eZN
1 e

= A =
© 3kT m )2 T OO (kT m )27 nQ
[ e nnn [ e nnin

o

when the definition

n nnn
nnn

> -§
b - [ e K (9)
| TaaGr
T nQ g Fa'ntal)
. 2
is used, and & = %mec /kTe. Note that the averaged value of the re-
ciprocal sum of the momentum-~transfer cross sections appearing
here is not the simple average over the velocity distribution used by
15

several other authors ). From the point of view of the present
analysis, the latter average is incorrect, and, for gases
such as potassium or argon, the averaged cross-sectional values
change appreciably with the average used.

We can consider equation (8) for the case of collision cross

sections which are independent of electron speed and compare the

resulting conductivity expression with the equivalent result of Chap~
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man and Cowling. Utilizing the Chapman~-Enskog procedure with use
of a second approximation to.the electronic distribution function and

also using the Lorentz gas approximation, they derive an expres-

(16)

sion identical to the result given here, for this case.

(17) (18)

Spitzer and Chapman and Cowling have shown that the
effects of electron-electron interactions cannot be neglected as the
plasma approaches the fully ionized state. To illustrate this, we can

obtain a first approximation to the conductivity of a fully ionized gas

by using the Coulomb cross section given by(19)
N 2 ¥ [ 9kt
QC = 21 2> in ———T (10)
m_¢ 8’n‘Nee

in the electrical conductivity expression for a Lorentz gas of eqn.
( 8 ). Spitzer has shown that the resulting expression must be re-
duced by a factor Yg = o 582 to account for the effects of electron-
electron interactions on the distribution function. The resulting

conductivity is

8(2)"/ 2, )? 2y 9(kT )’ -
o = where A =7 11
° 173 / Zmel /'?'ezai';m/\‘2 81{Nee

Difficulties arise in the calculation of electrical conductivity
in a plasma where both close encounters and distant encounters in-
teract simultaneously to determine the resultant conductivity. In
principle, the distribution function expansion techniques can give the
desired | conductivity when the interaction cross sections are known
and when the effects of electron-electron interactions are included.

In practice, this has been difficult, and only restricted formulations
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valid for certain cross-sectional energy dependences have been con-
sidered( ZO). To this author's knowledge, no completely satisfactory
formulation has been established which allows the calculation of
electrical conductivities for arbitrary cross-sectional energy de-
pendences and which consistently retains the proper effect of elec-
tron-electron interactions.

Faced with this difficulty, it was found useful to make the con-

ventional approximation that,in this combined region of both close

and distant encounters, the resultant conductivity may be expressed

as(15)

1/o = 1/gc+ l/os . (12)

This approximation appears to be fairly good for the range of experi-
mental conditions explored here, as will be demonstrated in Section
VII-A .,

The remainder of this section will deal with a description of
the electron energy losses due to elastic and inelastic collisions with
the atomic species, The inelastic losses will be considered for only
the steady-state case in this section, and attention will be given to

inelastic electronic energy losses in transient plasmas in Section V.

D. Elastic Collision Energy Losses

The rate of energy loss from the free electrons by elastic en-
counters with atomic species, both neutral and ionized, can be ex-
pressed in terms of the momentum transfer cross sections occurring

(19)

in the conductivity expressions. Petschek and Byron have given
a formulation for this rate of energy loss. They consider the

conservation of energy and momentum in a single binary classical
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collision with a particular scattering angle in the center-~of-mass sys-
tem, and then obtain the total elastic energyloss rate per unitvolume by
summing over all collisions with the use of the velocity distribution
functions for the electrons and the heavy species. They assume that
the atomic species have an isotropic distribution and ‘that me/ma<<1‘_

If, in addition, we assume that the electron distribution function
is Maxwellian to the first approximation, then the rate of ecnergy loss
per unit volume from the electron component to the atomic species

m is

_ 8 e —
Q= 3 (e —GHJPT N (13)

where

< |
I
Z

1

. (14)

©
_ {g}g eSat
cQ f
m
0
Here, Qm(g) is the momentum transfer cross section for elastic
electronic collisions with species m . If the species m is an ion,

then Qm(g) is the Coulomb cross section given to a good approxima-

tion, as in eqn. (10), by

(&) (———-g-ez ) [———Tg(kTe)j} (15)
Q = 27 in 15
¢ ZkTe 81rNee
m c
when £ = 3 _TET— .
e

Summing over all species, we obtain the total rate of elastic

energy loss per unit volume:

m

5o 8 e - IRV}
a = Zm 3 m (ee ea)hevm : (16)

o

IF'or the argon-potassium plasma, the masses of argon and potassium

are nearly equal and are represented by m_ to give
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5=§—r—n—e-(€ -¢_ )N 5y (16
3 m e e ®Ym ? a)

W

or, for this case, in terms of the conductivity expressions which

were presented in equations (8) and (10) of Section III-C.

3

. m e“N Y ¥ NQ
= e [t (BB s T Ly gy
S S n ' ntn C

E. Steady~State Radiation Losses

The net effect of inelastic electronic collisions as an energy
loss mechanism from the free electrons can be accounted for at the
steady state by calculating the total local radiative energy loss from
the plasma due to free-free, free-bound, and bound-bound transi-
tions, as discussed at the beglinning of this section. This is valid
only when the populations of the excited states and the conj:inuum
are determined essentially by radiative and electronic collisional
processes. Detailed results, and a discussion and interpretation of
the many assumptions made in accounting for these inelastic energy
losses, are included in Appendix B ; however, brief mention of the
principal assumptions will be made here.

The populations of the excited states of potassium were as-
sumed to be in thermal equilibrium at the electron temperature. All
densities and temperatures were assumed uniform throughout the
plasma volume. The contributions to the total radiant energy loss
due to free-free and free-bound transitions were calculated to be
negligible compared to that of the bound~bound transitions. The ge-
ometrical shape of the plasma and the use of the mean heam length

concept in estimating radiation losses is discussed in Appendix B.
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The spectral line widths for the plasmas considered here are
primarily fixed by dispersion broadening due to Lorentz and quadratic
Stark effects, as well as by Doppler broadening. Broadening due to
quadratic Stark effects was originally calculated by the approximate

(21)

impact theory formula given by Margenau , but recently

(22)

Griem has calculated Stark broadening parameters for potassi-
um in a more exact fashion, and nse was therefore made of his cal-
culations. The differences in calculated total radiation from the
plasma between the two methods turned out to be negligible. Line
widths due to Doppler and Lorentz broadening were computed by
conventional formulas. The effective half-widths for dispersion
broadening were assumed to be the sums of the Lorentz and Stark
half-widths. Transition probabilities were taken from many
sources( 23 ), Experimental data exist for the lines of'primary
importance and agree quite well with theoretical values found by the
method of Bates and Da.mga.ard( 24).

The method of calculation of line radiancies utilized the well-
known "curves of growth' valid for the case of combined Doppler and
dispcrsion broadening effects, as outlined by Penncr( 25)u Calcula-
tions of total radiancies were carried out for transitions between the
lower states of potassium. This included about 75 lines due to s-p,
p-d , and d-f tramsitions, and for 2200 = Te < 3500°K and O.“ 002 =
n.K/nAS 0. 008 . These calculations were performed at gas tem-
peratures of 1500 and ZOOOOK, and for helium-potassium and argon-
potassium systems. These calculalions were exlensive enough Lo

demonstrate that the contribution from the omitted higher spectral
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transitions is completely negligible for these conditions. It should
be pointed out that over this temperature range, roughly 70 per cent
of the total radiation could be accounted for by the resonance tran-
sitions from the 4p level of potassium. Further, the primary source
of line broadening was that due to collisions by neutral argon. The
calculation details are presented in Appendix B , along with the cal-

culated results.

F. Nonuniformities in Plasma Properties

The theoretical description used throughout this study has
been developed with the assumption that all plasma properties are
uniform throughout the plasma volume. Insome region very near the
plasma boundaries, nonuniformities will be large because of gradients
in the translational gas temperature, the diffusion of electrons and
ions to the walls, and the radiative transport of energy from the
plasma. The validity of a theoretical treatment based upon uniform
properties depends on how accurately one can characterize a given
plasma property in terms of its volume average or bulk value, which
one measures experimentally,

We should note here that the mean free paths for the various
interactions between plasma species are all much less than a charac-
teristic plasma dimension and that diffusion losses to the walls are
much less than measured volume recombination rates. Further,
over the theoretically described experimental region, the populations
of the various excited states are determined essentially by electronic

collisional processes rather than radiative processes, and that even
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in those ranges where radiative depopulation may be important, the
effective average mean free path for a substantial fraction of the
radiation leaving the plasma is much less than plasma dimensions (see
Appendices B, C). Thus it is reasonable to treat the plasma proper-
ties as varying in a continuous manner with local properties given in
terms of a local cncrgy balance. Appendix C gives estimates of the
effects of nonuniformities based upon experimental translational gas
temperature measurements and approximate local energy balance
calculations. These calculations indicate that the characterization

of plasma properties by the bulk value should be valid and that local
values of electron and translational atom tempe ratures are within 10
per cent of the bulk values over nearly all of the cross-sectional

area. Thus the approach used throughout this study has been to in-
terpret the quantities, such as electric field, conductivity, electron
density, etc., appearing in the equations to be bulk values, not local
values. The energy balance expressions can then be interpreted to
give volume averaged rates of change.

Some additional comment should be made concerning the influ-
ence of nonuniformities upon the radiative loss calculations. These
calculations have been intended to apply to plasma conditions where
the electronic collisional processes determine the populations of the
excited states and where the influence of radiative transitions can be
neglected in this regard. Thué the primary sources of nonuniform-
ity will not be radiative depopulation, but instead, gradients in trans-
lational temperature, as well as electron and ion diffusionto the walls

will determine these nonuniformities. This results in a major
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simplification in the radiative transfer calculation; for when radia-
tive depopulation influences can be neglected, one can perform a
uniform property calculation of the radialive loss with the same de-
gree of confidence that one has in relating a uniform electron tem-
perature calculation to a bulk electron temperature measurement,
for example.

An additional simplification has been employed in the radia-
tive transfer calculation. The encrgy balance derived in this section
applies locally in the plasma,and the radiative loss term R is the
local rate of loss of energy per unit volume from the plasma. ZFor
the purpose of this analysis, the calculation of the detailed radiation
from each local plasma element is not relevant, since we intend to
characterize all experimental results by a bulk measurerpent of a
given quantity and relate this experimental value to a theoretically
calculated uniform quantity. Thus, it is perfectly consistent to es-
timate the total radiative loss from the plasma valume assiming uni-
form properties and then divide by the plasma volume to obtain a
volume-averaged value of R to employ in the electron energy bal-
ance.

A final comment on the radiative loss term should be made,
The general approach used here is applicable to systems where both
clcctronic collisional processes and radiative processes determine
excited state populations. That is, the radiative loss calculation
would still be useful in estimating net electronic inelastic-collision
energy loss rates in steady-state plasmas. However, when electron

densities are low enough so that radiative processes become im-
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portant in fixing energy level populations, then appreciable radiative
depopulation and appreciable radial nonuniformity of excited state
populations may result. A specification of the populations of these
excited states would require a detailed knowledge of the electronic
collisional rate processes which couple with the radiative processes
to determine the steady-state populations. An estimation of the local
radiative loss term then becomes extremely difficult to make, and
the approximations that have been useful in this analysis are no
longer valid. Further discussion of the radiation calculation and

approximations are given in Appendix B,
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IV. STEADY STATE DESCRIPTION OF A PLASMA
UNDER THE INFLUENCE OF A CONSTANT ELECTRIC FIELD

A, The Steady-State Two-Temperature Plasma Model

This section will recapitulate the preceding discussion and
interpret the findings in terms of a physical plasma model valid for
the steady state condition described by eqn. (3), when initial ioniza-
tion transients have terminated.

Under certain conditions, energy inputs to the free electrons
in the plasma can cause the energy of the electrons to significantly
exceed the translational energies of the atomic species. The reason
for this is that a large portion of the energy input to the free elec-
trons may be lost by elastic collisions with the neutral and ionized
atomic species. The rate of energy transfer by clastic collisions
with a given atomic species is approximately proportional to the
ratio of the electronic mass to that of the given atomic species mul-
tiplied by the average diffecrence in energy between the electrons and
the heavy species. Thus, for a sufficiently large elastic energy loss
rate, the very small values of the mass ratio will mean that an ap-
precciable translational cncrgy difference must exist between the elec-
trons and the atomic species.

Under conditions in which electron-electron interactions are
sufficient to ensure the existe:qce of a Maxwellian distribution of elec-
tron energies, as discussed in Appendix C, then it is meaningful to
speak of an electron temperature as well as an atomic translational
temperature., Thus, in this condition, we have a two-temperature

plasma with the electrons at a temperature elevated above the trans-
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lational temperature of the heavy species. The concept of a two-
temperature plasma was applied to electrondiffusionthroughgases
some time ago, e.g. ref. 26. However, application of this model tothe
present problem was brought to the author's attentionby the work of
Ke rrebrock(27), who further assumed thationizational equilibrium at
the electron temperature would exist in these seeded plasmas. Other

(1, 28-30)

authors have also motivated this study by their work con-

cerning the description of two-temperature plasmas. Kerrebrock(46)
first conjectured that radiation losses mightbe important in the elec-
tronic energy balance at low currents.

A two~-temperature model describing the properties of aplasma
in the steady state after the initial ionizational relaxationfollowing the
application of a steady electric field has beenemployed to interpretthe
experimental results presented here. This steady-state model assumes
electronic collisional processes are sufficient toensure thermal equi-
libriumbetween the free electrons and the bound states of potassium
and that the electron temperature defining this condition is given in
terms of anelectronic energybalance including bothelastic and inelas~
tic energy loss mechanisms from the free electrons, as has been stated.

Several details of the modelused here should be emphasized,
as these factors were found to be essential in properly describing the
experimental results. The elastic and inelasticlosses are properly
treated independently as two distinct physical processes. The ine-
lastic losses can be determined for the steady state by a detailed
plasma radiative loss calculation, as described in Section III-E, and

this study will show that this calculation does appear to adequately
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describe experimental plasma behavior over the range of validity of
the calculations, This formulation employs no adjustable parame-~
ters; the elastic energy losses are formulated by expressing the var-
ious electron - heavy species interactions in terms of integrals over
the electronic velocity distribution in terms of the fundamental mo-
mentum transfer cross sections of the various atomic species, as
discussed in Section III-D. Electron-ion interactions, as well as
electron-atom interactions, are treated in this elastic collision ener=
gy loss formulation.

Finally, the electrical conductivity entering into this formu-
lation is also described in terms of integral expressions over the
electronic velocity distribution function and reciprocal sums of the
various cross sections. The resultant conductivity for the case of
combined close and distant encounters is not exact, but t};e conven-
tional reciprocal sum rule is felt to give a reasonable approximation
to the conductivity under these conditions.

The remainder of this section will deal with a description of
the calculation methods used to calculate the properties of the steady-

state plasmas considered here.

B. Steady-State Calculations of Plasma Parameters

If we consider the steady-state condition described by equation
(3);, we can determine the eleciron temperature when Lhe composition
and temperature of the atomic species is known along with the relation
between electron temperature and density given by equation (6), sub-

ject, of course, to the assumptions and justifications that have been

discussed. In practice, itis more convenient to pick an electron
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temperature and solve for Ne from equation (6), 0 from equation
(12), determine lois (see SectionIII-E), and finally solve for J and E
from equations (3) and (17). In all calculations of interest here, the
quasi-steady state can be assumed to have been established in times
short compared with the time in which appreciable changes have oc-
curred in Ta (see Section V-B). Hence, to a very good approxima-
tion, Ta is the initial temperature of the atomic species.

‘The integral expressions for electrical conductivity and elas-
tic collision losses due to close encounters were evaluated numeri-
cally using the total scattering cross-section values of Ramsauer and

Kollath(sl) (32)

for argon, and those of Brode for potassium. The
cross sections used are shown as a function of energy in Figure 1.
Unfortunately, these data give the total scattering cross section,
whereas the momentum transfer cross section is required. Howev-
er, in the range of electron energies of interest here, there is no
pronounced forward or backward scattering, and there is probably
less than a 10 per cent difference between the two cross sections(33).
The cross sections for helium in the range of interest do not
show nearly as pronounced a variation with electron energy as is the
case in argon and potassium, and in this case it was possible to use
a mean value for the momentum transfer cross section. In making
the calculations, a mean value of 5. 1><10"16 cm2 of the momentum
transfer cross section for helium was used in agreement with the
work of Gould and Brown( 34) and that of Normand as discussed in ref.

35)

34, Ramsauer and Kollath( obtained total cross-section values

about 15 per cent higher than the total cross sections of Normand, as
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shown in ref. 36. These values would give an average momentum
transfer cross section of about 6)(10—16 cmz, and thus theoretical
calculations were also performed with this value.

Values of the electrical conductivity and other parameters
entering into its determination are given in Table I for the argon-
potassium system for a wide range of electron temperatures, a po-
tassium concentration, n.K/n_A= . 004, and a translational atomic
temperature, Ta. = ZOOOOK. Several results are of interest. First,
consider the elastic collision energy loss term fi. Close encounter
interactions dominate at the lower electron temperatures, but for
higher electron temperatures, and hence higher degrees of ioniza-
tion, the distant Coulomb encounters give the largest contribution
to the total elastic collision energy loss rate. A similar situation
exists with regard to the electrical conductivity, that is, at Te o
3100°K » the contributions to the electrical conductivity due to the
close and distant encounters are about equal; but for higher electron
temperatures, the Spitzer term dominates the conductivity expres-
sion.

Secondly, the radiation loss is small compared to the elastic
collision losses when the current density is above 4 amp/crn2 (Te e
Z.SC)OOK)° For current densities below 1 amp/crnz, the radiation loss
is dominant; and for much smaller currents, the assumptions made
in the two-temperature model probably fail (see Section VII-A) .
Third, for the conditions studied here, the calculated values for
close encounter conductivity obtained with the integral expression of

equation ( 9 ) could be closely reproduced by the use of energy inde-
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pendent cross sections of magnitude Qa: 0.70x10" cm2 for argon
and Qk = 4:00><1()"16 cmZ for potassium. However, the averaged
cross sections that appear in the elastic energy loss terms of equa-
tion (16) had a stronger dependence on electron energy, and mean
values could not be considered to give valid approximations to the
integrated results.

For reference, theoretical values of electrical conductivity
as a function of current density {for various seed concentrations in
the potassium-argon system are presented in Figures 2 and 3 for the
case where inelastic losses are neglected. The influence of inelastic
losses on these curves will be shown in Figures 12 to 20, when the
experimental results are presented in Section VII-A. Also shown are
tabulated values of the equilibrium electrical conductivity (i. e., when
Te = Ta)'

Referring to the curves of Figures 2 and 3, we observe an in-
teresting result. Note that a reduction in seed concentration, while
keeping the current density constant, tends to increase the electron
temperature and hence increase the electron density and electrical
conduetivity. This is of some practical importance, economically
speaking, as one would desire MHD operation with minimum concen-
trations of alkali vapor in the working fluid, This result reflects the
fact that,for these nonequilibrium plasmas, changes in the seed con-
centration at a fixed current density or fixed applied field strength
result in significant changes in the electron temperature as required
by the electronic energy balance when a large portion of the energy

input to the electrons is lost by elastic collisions. Quantitatively, one
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can try to determine if a critical value of seed concentration exists
such that the conductivity is maximized when either the current den-
sity or electric field is kept constant., Calculations (Appendix D)
show that as the seed concentration is reduced, for eifher constant
current or constant field, that the electron density steadily increases
with the increase in temperature and the seed approaches a fully ion-
ized state. Further lowering of the seed concentration would then
tend to reduce the electron density, provided the electron tempera-
ture is still not sufficient to produce significant ionization of the car-
rier gas. The surprising result is that the seed concentration can be
reduced to extremely low values in these nonequilibrium plasmas and
still obtain an increase in electrical conductivity for a given J or E.
This is a completely different result from the results of an optimiza-
tion of seed concentration assuming that gas and electron tempe ra-
tures are equal and constant in value, as would occur in an equilibri-
um plasma, as discussed by Pincha.k(37). For the equilibrium case,
an optimum value exists at relatively large values of seed concentra-
tion for the argon-potassium plasma. This is not the case for the
nonequilibrium plasmas considered here, as stated above.

Practical difficulties may define some other criterion which
fixes a minimum value on the seed coricentration, however. Sheind-
lin, et al. (38) report a constricted, arc-like discharge occurring as
the seed approaches the fully ionized state due to an unstable condi-
tion occurring from ionization of the carrier gas. Relatively large
seed concentrations may also be necessary to provide a sufficiently

(39)

large electron emission from cathode surfaces .
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More discussion of the theoretical results and their relation
to observed experimental behavior will be given with the experiment-

al results presented in Section VII-A.
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V. THEORETICAL DESCRIPTION OF PLASMA RELAXATION
PROCESSES IN RESPONSE TO STEP CHANGES IN

APPLIED ELECTRIC FIELD STRENGTH

The foregoing discussion has been directed primarily towards
a plasma description in terms of a two-temperature model at the
steady-state conditions existing at the end of the ionization transient
following the application of an electric field to the plasma. This sec-
tion will be devoted to a description of transient plasma behavior in
terms of a similar simplified plasma model. The discussion will
deal with both the recombination relaxation following an abrupt de-
crease in electric field as well as ionizational transients following
step increases in electric field strength.

In order to analyze the transient behavior of a plasma, one
must have a detailed knowledge of the reaction mechanisms and the
various rate coefficients involved. Until recently, this knowledge
was not extensive enough to allow a theoretical discussion of these
transient processes except in a very crude, qualitative manner.
Fortunately, with the recent development of the classical cross-
section expressions of C}ryzinski(8 ), it has been possible to formu-
latc cxprcasions for the rate coefficients for the electronic collision-
al processes occurring in high density plasmas similar to the ones
studied here. These rate expressions have led to theoretical formu-
lations of recombination and ionization processes in plasmas whose

properties are determined by electronic collisional processes as

well as radiative processes. Historically, the development has been
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directed primarily towards the understanding of the recombination
processes for which experimental data have been accumulated. Rela-
tively little attention has been given to the reverse processes of ioni-
zation. The discussion here will begin with an analysis of the re-
combination process, and this formulation will allow consideration of
a theory for ionization. These results will be quite useful in discus-

sing the experimental work performed in this study.

A. Recombination

Extensive theoretical recombination formulations have been
performed utilizing a model which includes recombination to excited
levels by electron-electron-ion collisions, electronic collisionally-
induced transitions between excited levels, as well as the radiative
transitions between bound states. Careful experimental work has es-
tablished remarkably good agreement between experimental results
and theory for such differing atomic species as hydrogen, helium, and
cesium(4’ 6,7, 40).,1’1 addition, detailed theoretical calculations have
been performed giving recombinations rates for argon and potassi-
um( 1 l).

There is no need to discuss herc the dctails of the theoretical
calculations performed by these several authors and others, but the
physical model for the recombination process deserves some com-
ment with regard to the principal assumptions and approximations
used in order to relate experiment and theory. A short, informative
discussion of these rate processes is given in ref. (41).

As mentioned in Section II , the electron temperature in high

density plasmas quickly reaches a quasi-steady value given by an in-
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stantaneous energy balance on the free electrons. A similar, and in
fact directly coupled, phenomenon exists with regard to the popula-
tion densities of highly excited states in the recombining plasma.
The detailed classical formulation of electronic inelastic collisions
indicates that the probability of a collisionally-induced transition be-
tween two neighboring atomic levels is inversely proportional to the
square of the energy gap separating them. Thus, the number densi-
ties of those states most closely spaced adjust rapidly with the
changes in electron temperature. In the recombining plasma, this
means that the populations of those upper states nearesi the continu-
um tend to come into a mutual quasi-steady collisional equilibrium
with the free electrons, and, in addition, closely spaced lower levels
reach a mutual quasi-steady equilibrium in times that are small
compared to the time scale for changes in the populations of the free
electrons and the ground state., This fact has resulted in an enor-
mous simplification in the solution of the coupled rate equations de-
scribing the rate of change of the number density of the free elec-
trons as well as the population of the infinite number of excited lev-
els (see Section III-B).The result has been the reduction of an infinite
set of coupled differential equations to a finite set of algebraic equa-
tions describing the populations of the various states and an equation
describing the rate of change of the population of the free electrons
and the ground state. Further requirements for this simplification,
including that the population of a given level be much less than the
free electron density in order for that level to be regarded as having

A quasi-steady population, are discussed in detail by Bates, et al. (4)
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The important physical result is that the upper levels and the
free electrons tend to be in a quasi-steady mutual collisional (Saha)
equilibrium, while the quasi-steady populations of the lower levels
must in general be described by including the effects of radiative
transitions between levels. DBates, et al. have performed detailed
calculations for hydrogen and helium using this method, and the re-
snlting rates and population densities have been confirmed experi-

mentally by several authors(()’ 1 12).

Byron, et al. (10,11)

have shown that good results can be ob-
tained with fairly simple calculations by treating the collisional re-
combination process as a chain of reactions in which the net rate of
recombination can be described in terms of the slowest step in the
chain. The physical picture consists of a reservoir of upper excited
states in quasi-steady collisional equilibrium with the free electrons
above a critical energy gap across which recombining atoms
must pass to reach the ground state. The critical energy gap will be
the one of all possible energy gaps across which the total de-excita-
tion rate is a minimum. A minimum occurs since the probability of
de~-excitation of a given level will increase with increasing principal
quantum number of the level due to more closely spaced gaps, while
the populations of the various levels decrease with increasing prin-
cipal quantum number. In addition, the total probability of radiative
decay of a given level decreases with increasing quantum number.
The Byron formulation has the powerful advantage of being

easily applied to atoms with arbitrary energy level structures which

are not necessarily hydrogenic. This calculation technique has been
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used here to obtain recombination rales [or potassium in the range
of interest of these experiments which occur at slightly higher elec-

tron temperatures than the maximum temperatures in thke published

(11)

results of Byron, et al. As justified in ref., 11, the rate of

crossings in the upward direction across an energy gap U located
above a level of binding energy Ek and coming from all initial ener-

gy levels with binding energies Ei (Ei z E to all possible final

W) s
bound energy states as well as the continuum can be written as
U+Ei—Ek

dN | _ i _ - i e ) e
G| Trar| TENNee ———— (1 tTIETE )
u 1 1 1

and writing

ngi e (Ei—Ek)/ (kTe )

2

dN | _ Ny -U/KT
HE— = Ne —é—-e CUOZ
u k i (U+Ei~Ek)

B.g. 2KT,
> (1+ 77z i‘-"‘Ek) (18)

whe re Bi = Bi{Ei/(Ei—Ek-i-U)} is the slope of the linear portion of

the Gryzinski cross section , as given in Figure 2, ref. (1l), o, =

-14

6. 56x10 cmz, and ¢ is the mean thermal speed of electrons,

'\/(SkTe)/'rrm‘; . Nk and gy are the number density and degeneracy,
respectively, of the energy level with binding energy Ek (the sub-
script k used here corresponds to the subscript 1 used in refer-
ence (11.))., Ne and 'l'e are the free electron density and tempera-~

ture, respectively,

The summation is to be taken over all energy levels below
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the gap (Ei = Ek) and avoids the necessity of assuming the levels be-
low the gap to be continuous as is done in equation (2 ), ref. (11),
At equilibrium, the total rate of crossings of the gap in the
upward direction must balance the total rate of crossings in the
downward direction. Also at equilibrium N{;/Nk = (gLe'U/kTe)/gk
where N, and gy are the number density and degeneracy, respec-

tively, of the energy level with binding energy Ek-U located imme-

diately above the gap. Thus, at equilibriurn

(N

dN 4 equll { }

E I Ao (1 + ——— (19)
dt d g}J (U+E E ( U+E E )

where N& equil is given by

/2
( ) e+E)L/1<'I‘6N 2
}; g glo Z'rrm kT e 7

as in eqn. (5).
The minimum value of the total rate of downward crossings,

[ » found by calculation from cquation (19) for each energy gap

d min
can be related to the recombination rate., At this point, some diffi-
culties are encountered. Equation (19) gives the total rate of cros-
sings of the gap in the downward direction at collisional (Saha) equl-
librium. However, to find the recombination rate to the ground state,
one must subtract from this calculated rate such downward crossings
between bound states above and below which are the result of atoms
that are de-excited to a lower level, but instead of being eventually
further de-excited to the ground state are again re-excited to a level

above the gap. .An additional complication is the fact that the actual

recombination rate may be somewhat less than the total de-excitation
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rate calculated at equilibrium, since N, may not in general be equal

to its equilibrium value, N

1 equil”
10, 11 ) i
Byron, et al.( )have investigated these effects and have
dN dN
found that dte =y -JF! where y lies between 1/4 and 1. The lat-

d min
ter value applies when the minimum is very pronounced, as at very

high temperatures, and decreases to 1/4 if the minimum is not well
defined, as at lower temperatures. For the temperature range of
these experiments, vy 1/3.

Calculations of E—l\—i were performed for the low-lying levels

d min

of potassium to establish that for electron temperatures between
2000°K and SOOOOK, the minimum de-~excitation rate occurs for the
gap lying below the lumped 6s and 4d levels and above the 5p level.
Resulting values of the recombination rate coefficient, —:—1—3- iial\;e— s
calculated with y = 1/3 for 2000° < T, < 3000°K are shljxe;vn in Fig-
ure 25. The recombination rate coefficient calculated at 2000°K a-
grees well with the value at 2000°K inref. 11. Also shown in Figure
25 are the values for cesium as calculated in a more exact fashion

(40). Note that the

with an extensive computer program by Dugan
calculated rates for cesium and potassium are nearly equal, which
would be expected judging from the similarity of their energy level
structures.

At no point in the foregoing calculations have the effects of
radiative transitions upon the recombination rate appeared explicitly.
Such radiative transitions can cause non-equilibrium populations in

the levels immediately above the gap. This effect should be consid-

ered in addition to the non-equilibrium effects resulting from the fact
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that quasi-equilibrium may not have been established because of the
relatively long times required for this condition to be established in
low-lying states. The factor y could be interpreted to include all
non-equilibrium effects, including radiative depopulation; however,
one must still include the possibility of direct radiative recombina-

tion when calculating the total rate of recombination. The radiative

(42)

recombination rate for hydrogenic atoms can be written as
3/4

~

a, = 2. 7X10_l3/(kTe) cm3/sec, and the radiative recombination

rate for potassium should not be substantially different. Thus, at

-13 3
cm” /sec.

T = ZBOOOK, kKT =~0.215ev, and we find ¢ = 9x10
e e T
1 dNe
Measured values of g = - — I
N dt
the order of 10"10 cm3/sece, and hence, direct radiative recombina-

from these experiments are of

tion appears to be negligible,

The effects of diffusion of ions to the walls as well’ as recom-
bination by the dissociation reaction K + K &—= K2+ + e are as-
sumed negligible for the densities and temperatures of these experi-
ments. KEstimates of the mobility of K+ in K and K+ in A, the former
based on that for Cs+ in Cs(%:)” 44i)ndica.te diffusion losses to be small
compared to measured recombination rates. The very small con-
centrations of the molecular ions at these temperatures and seed
concentrations make dissociative recombination improbable. Har-
ris(45 )has reached similar conclusions based on his calculations and
measurements in cesium for conditions of temperatures and densities
approximating those encountered here. Finally, it should be men-

tioned that the inert gas plays no appreciable role in the ionization and

recombination processes studied here due to its relatively high ioni-
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zation potential and the relative inefficiency of atom-atom excitations
and ionizations. See Appendix C for further discussion of these ap-
proximations.

Energy Balance for Recombination. In order to analyze the

recombination data, one must have some means of determining the
electron temperature during the relaxation process. The electron
temperature and electron density are not independent quantities since
an energy balance on the free electrons defines their instantaneous
temperature for a given instantaneous electron density, as has been
discussed in Section IlLI-A. During the initial steady state before the
drop in electric field has been initiated, the electron temperature is
defined by a balance between energy input from the electric field and
energy loss due to elastic collisions, as well as inelastic collisions,
as has been discussed in Section IV-A.

After the abrupt reduction of the electric field, the electron
energy loss terms temporarily exceed inputs to the free electrons
and cause the electron temperature to decrease. As the electron
temperature falls, the rates of recombination and de-excitation ex~
ceed those of ionization and excitation. For the electron densities of
interest here, the electrons can exchange energy with the heavy spe-
cies by elastic and inelastic collisions in times much shorter than
those associated with changes in the population of the free electrons.
This results in the rapid establishment of a quasi-steady condition in
which the instantaneous electron temperature is given by an energy
balance. The important energy inputs are a result of electronic col~-

lisional recombinations and de-excitations and the acceleration of
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electrons by the small remaining applied field. The important energy
losses are due to electronic excitations and ionizations, and to elastic
collisions with the neutral and ionized heavy species.

The quasi-stcady cnergy balance is given in Scction III-A as

~~ 0 ~ ()
d o 2 dNe d 4 o
Ne dt = ok +{[—(€e+vo)—d—f— - vai t :‘ - R}- ﬁ (20)
i

where the various terms are defined as in equation ( 2 ). If the popu-
lations of the excited states are also quasi-steady in addition to the

electron energy, as has been assumed in the recombination model

dN,

—_—
dt

neglects the possihility of radiative recombination, as has been justi-

discussed in the last section, then the Vi ~ 0 . This equation
fied in the preceding discussion, and R represents the total rate per
unit volume at which radiation from bound-bound transitiens is lost
from the system (see Section III-A),

The above considerations give the electron temperature in
terms of measurable experimental quantities. This data reduction
procedure is presenied below for completeness. It should be noted
that currently available experimental techniques for directly meas-
uring electron temperatures in a transient plasma typically do not
exhibit the good accuracy desirable for recombination coefficient de-
terminations. This circumstance is a justification for the somewhat
indirect calculation procedure that has been employed here in deter-
mining the electron temperature during the recombination process.

Data Reduction. The directly measured quantities during the

relaxation period immediately following the abrupt reduction in field
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strength are the electric field and current density as well as the rel-
ative populations of the various transitions in potassium which were
observed spectroscopically. From these quantities, we compute the
electrical conductivity as a function of time and the number densities
in the upper states of the observed transitions., The latter are ob-
tained from the measured relative changes in population and from the
measured initial conditions.

In order to determine the electron density and electron tem-
perature, one must solve the equation for the quasi-steady energy
balance on the free electrons given in equation (20) simultaneously
with the expression for the non-equilibrium electrical conductivity
as given in equation (12).

The calculation was carried out numerically using an itera-
tive scheme. The first step was to obtain an initial estirr;a‘ce of the
value for the electron density from the measured instantaneous val-
ue of the conductivity. In making this calculation, it was found that
a good first approximation could be obtained by using the steady
state relationship between the non-equilibrium conductivity and the
electron density, Given this estimate for the electron density and
the measured values of the relative populations of the excited states,
it is possible to solve the quasi-steady electron energy balance equa-
tion for the electron temperature. This value for the electron tem-
perature. is then used to obtain a more accurate value for the elec-
tron density from the conductivity expression, and the process is
continued until suitable convergence is achieved. Usually, one or

two iterations are gufficient for the accnracy degired in thege cal-
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culations. The various terms in the quasi-steady energy balance
equation must be evaluated from the experimental data. The evalu-

ation of these terms is discussed in Section VII-C.

B. Ionization

The analysis of the ionization process following a step in-
crease in electric field strength can be performed with a simplified
physical model, as was done for the recombination process treated
above.

We again consider the physical plasma model valid after
guasi-steady conditions have been established in the relaxing plasma.
In this condition, the upper levels above a critical energy gap again
tend to be in a quasi-~steady, mutual {(Saha) equilibrium with the free
electrons defined as in equation ( 5 ). 'LThe various lower levels be-
low the critical gap, however, rapidly reach a quasi-steady condition
in which the populations of these various low-lying levels tend to be
in mutual electronic collisional equilibrium with the ground state
population at the instantaneous electron temperature when radiative
depopulation effects can be ignored. This condition is defined by the
relation
g; _Vi/kTe

= — e

N,
k.
Ny g1

where Vi is the excitation energy of the i level with respect to the
ground state, and Ni and Nl are the number densities of the ith
state and the ground state, respectively. The respective degenera-

cies of these states are g; and g - Thus we have essentially two

quasi-steady "equilibrium" conditions maintained separately due to
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their isolation caused by the slow rate of excitation across the criti-
cal gap.

The differences between these two population distributions
should be emphasized for clarity. Upon abrupt application of the
electric field, the electron temperature rises rapidly and the low-
lying states are populated relatively rapidly by electronic collisions
to establish thermal equilibrium between themselves and the ground
state at the instantaneous electron temperature. Simultaneously,
the closely~-spaced high energy levels located near the continuum
tend to be in a mutual collisional equilibrium with the free electrons
at the instantaneous electron temperature,as defined in terms of the
instantaneous electron density (not necessarily the electron density
corresponding to complete thermal equilibrium at the instantaneous
electron temperature). Transitions across the critical gap occur on
a relatively longer time scale and the total rate of ionization is lim-
ited by this critical rate of upward crossings of the critical gap. At
the end of the ionizational transient the populations of the excited
states and the density of the free electrons tend to be in complete
thermal equilibrium at the final electron temperature, provided ra-
diative depopulation effects can be ignored.

Using the calculations of Section V-A, we find from equation
(18) that when the population of the energy level immediately below
the critical gap is essentially given by thc condition of collisional
equilibrium with the ground state, then the total rate of crossings
in the upward directionacross an energy gap U is given in terms of

the population of the ground state by
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UV _-E
N, TTRT B.g. 2k T
1~1
7 (1
)

dN | _ 1 e o~ e
' N — e co % +—I-T“E_‘_E—FE;>(21)

dt ey g o _
u 1 i (U+Ei Ek

where N1 and g, are the number density and degeneracy of the
ground state, respectively. From the discussion of the preceding

section, the total rate of ionization is given by

L _._._..dNe = X ilil (22)
N dt TN dt .
< < u min
dN . .. . . .
where —d—t—l is the minimum rate of excitation across the crit-
u min

ical gap. Here, vy is interpreted to account for non-equilibrium ef-
fects and the subtraction of such upward crossings between bound
states across the critical gap which are the result of atoms that are
excited to a higher level, but instead of being then further excited and
finally ionized, are again de-excited to a level below the gap. The
factor y will again be regarded as having the approximate value 1/3
for the conditions of these experiments.

Combined Ionization and Recombination. Near the end of the

relaxation transients, both ionization and recombination processes
are important, and it is useful to have an expression for the rate of
change of electron density for this case. The foregoing expressions
for ionization and recombination rates can be combined to give the

following result for the net rate of change of electron density.

U+V_-E
.o k 2
dN_ N, KT N | B.g.
= =yN (Lo ' l—(")cO‘Z——-———'——-é——-———
dt e Neq °; (U+Ei-Ek)Z
2KT
¢+ grems)|- (23)
i~k

where the right hand side is evaluated for the critical gap.
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Note that the relative importance of recombinational processes rela-
tive to ionizational processes is given by the ratio (Ne/Neq)2 where
Neq is the electron density corresponding to collisional equilibrium
conditions at the instantaneous electron temperature. The ioniza-
tional transient can be analyzed with consideration of only the forward
rate when (Ne /Neq)2<< 1; the recombinational transient can be ana-
lyzed by considering only the recombination rate when (Ne/Neq)2>> 1.
These considerations will be useful in analyzing the data presented
in this work., Note that during an ionizational transient that even
when the electron density has increased to (1 - 1/e) of its final value,
thatthe net rate ofionizationis still 60 per cent of the forward rate,

For completeness, and to illustrate the magnitude of the rates
involved, electronic collisional ionization profiles have been calcu-
lated for various constant electron temperatures in the ra’nge 2200 =
Te < 3500°K for a potassium concentration of . 004 and Ta = ZOOOOK,
and are given in Figure 4. Figure 5 gives the ionization rate,

dN
T\IL —-ﬁ » as a function of electron temperature (see discussion below
e
eqn. (21)). Calculations of more direct interest for the experiments
discussed here are presented in the following section.

Discussion of the Ionization Process. Before presenting the

experimental data, a brief discussion of the transient plasma is use-
ful.

The formulation of the ionizational transient as given shows
that for the dense, electron-collision dominated plasmas considered
here, that ionization occurs by a multi-step process. It is inaccurate

to regard ionization as occurring in one step in which an electron
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collides with an atom in its ground state and thereby immediately
ionizes the atom. The Gryzinski classical cross-section expres-
sions used here show that the probability of a collisionally~induced
transition between two neighboring atomic energy levels is inversely
proportional to the square of the energy gap separating them, thus
making multi-step collisional processes much more probable than
single-step processes. When a well-defined critical gap occurs
which limits the overall rate of ionization, the correct activation
energy for the ionization process is essentially the energy difference
between the energy level immediately above the critical gap and the
ground state. Neglect of this consideration can lead to large errors
in the calculation of ionization rates,

As an example, for conditions of these experiments, 2000 <
Te < 3000°K, the energy level lying immediately above the critical
gap is . 94 ev below the continuum, and thus the effective activation

energy is 3. 40 ev instead of 4,34 ev. At T = 30000K, or . 258 ev,
dN ©
1 e
Ne dt
than one would calculate using only a single~step process. For higher

the multi-step ionization rate, , 1s about 40 times faster

electron temperatures, the difference can be much larger, and at

OK), the effective

high enough electron temperatures (Te Z 5000
activation energy is reduced to the excitation energy of the first ex-
cited state {(1.61 ev).

Some further comment should be made about the phenomena
occurring during ionization in the plasmas discussed here which have

been described in terms of a sequence of events following an abrupt

application of electric field to the plasma. First, the electrons are

\
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assumed to heat to some elevated temperature limited by elastic and
inelastic collision losses from the electrons. The second phase is
one in which transient inelastic rate processes occur and the popula-
tion levels increase during an ionizational relaxation period. The
final phase is established when the ionizational transient is termi-
nated and the net changes in population levels are essentially zero.
In this condition, the plasma is in a steady state with most of the
energy input to the electrons being transferred into the translational
energy of the heavy species.

This picture is verified by an analvysis of the various terms

in the electronic energy balance when radiative losses and the

dN,
% Vi —a-t—l— can be neglected. Equation (2) can be rearranged to give
m
g 2 _ € , a 8 e -
N E e Wt e tam (el B vy (24)
e e a m -

We consider the potassium-argon system and analyze this equation
to obtain several time constants.

First, assume that all the energy initially goes into heating
the electron gas., Thal ls, examine the rate of change of electron
energy before its quasi-steady value defined by the balance between
electron energy input and energy loss terms has been achieved.
Then the first and third terms on the right hand side of equation (24)
can be ignored, and the simplified equation shows that the time re-
quired to double the electron thermal energy is found to be about
1/10 microsecond for an electric field of 5 volts/cm and is shorter
for higher fields.

This initial temperature rise is limited by the elastic and in~
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elastic electronenergy loss terms which increase rapidly as the elec-
tron temperature increases. We now ask how long it takes the elec-
tron energy to become established in a quasi-steady fashion assuming
that ionization is negligible. Then the first term on the right side of
eqn. (24) can be ignored, and the simplified equation can be integrated,
assuming that changes of electron energy are not too large (Aee ~
O{ga} ). The relaxation time for the establishment of the new electron
m

temperature is found to be given by an average value of 1/(—2——1;1-9 };%—};m)’

and is less than 3 microseconds for the conditions of these experi-
m

ments. Now since —— EZ! =8 e {Ae ¥V | for this case, then for
Ne ¢ 3 m,_ e’ ‘mi
Aee~0{ea}, the relaxation time may be roughly stated to be equal to
N e:}:
an average value of —— where ¢*~0{c_} .
oEZ e

Similarly, assume that all the available energy after the step
application of the constant E field goes into the ionization process.
The second and third terms on the right side of (24)are neglected, and

the resulting integration indicates that the relaxation time (nowde-

ANe Aee
fined as the time required for ZYN;— , instead of Ao as above, to

reach 1 - —:—i—) is proportional to an gve rage value of e(f'l\IeVO/CIEZ). For
fields of the order of 3 to 10 v/cm, the relaxation time was found to
be in the range of 6 to 12 times the initial value of this quantity, given
by NeoVo/UoEZ . For a field stre.hgt_h of 5 v/cm, a relaxation time of
about 20 microseconds is obtained.

Note that ~—N2- and hence the rate of energy inputper electron(i. e.,

2 e
—Ng%— if e;e<< Vo) does not change markedly except towards the end of
e o

the relaxation, when electron-ion interactions may be important.

Finally, consider the case thatthe electron densityis approx-
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imately constant and the whole gas is slowly heating up. Then the
energy balance for the atomic speciesleadsto the resultthatfor a 10
per cent change in atomic species translational energy, atime of about
300 microseconds is ‘reqﬁired for a field of 5 v/cm.

These calculations suggest the following picture of the tran-
sient process. During the first few microseconds, the electrons ab-
sorb an appreciable fraction of the power and reach an elevated tem-
perature. This phase ends when the rate of change of the energy of
the free electrons is no longer large compared with other terms in
the energy balance., After this initial rise, electron temperatures
are determined by a quasi-steady energy balance between the power
input to the electrons and the rate of energy loss from the electrons

[ P
ue Lo

a oth inelastic and elastic collisions. During this phase, the
ionizational relaxation occurs and the net rate of ionization depends
upon the instantaneous electron temperature and density as related
through the quasi-steady energy balance.

The discussion of characteristic times shows that under con-
ditions when Aee ~0 {ea},then the ionizational relaxation process has
a characteristic time which is very roughly Vo/ee times longer than
the characteristic time for the initial electron temperature relaxa-
tion*° At the end of the ionizational transient, recombination pro-
cesses are important,and the net power input into the ionizational

process is no longer large as the net rate of change of the electron

density (and electron temperature as coupled through the quasi-

The simplified discussion here is qualitative; energy inputs into
he creation of excited state populations, and radiative losses have

Oa 7o pul
1 1gnorca.

[x2

on
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steadyv energy balance) becomes small. After this initial transient
period, the temperature of the whole system slowly increases.

The above qualitative discussion indicates that the rate of
ionization is the limiting factor in determining the length of the ion-
izational transient period for the electron temperatures of interest
here. This discussion can be considered in a more quantitative way
by performing approximatc calculations of the changes in electron
temperature and density during the ionization process by utilization
of the rate expression of equation (23), along with a simplified quasi-
steady electronic energy balance. If we can neglect radiative losses
and the energy inputs into the creation of excited state populations as

a first approximation, then the quasi-steady energy balance becomes

2 dN o
cE _ 1 e Q
N— = Votedi o Ty - (25)
e e e
dN.

The omission of the T Vi —(—ﬁ-l— and R terms will not change
the results qualitatively and should be valid provided these terms are

in fact negligible compared to the loss terms on the right hand side

dN.
i

dt

steady state has been established (see Section V-A, and discussion

of eqn. (25). The % Vi terms should be small after the quasi~

in reference 4 of the conditions under which this approximation is

valid). The radiative loss term should be negligible for large scale

systems, but may be important under some conditions in very small

laboratory systems. The effects of radiative loss would be to reduce

the electron temperature and ionization rate at a given field strength.
Calculations of the type described have been performed with

egns. (23) and (25) for typical experimental conditions in the argon-
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potassinm plasma assuming the application of various constant elec-
tric field strengths, and the results are given in Figure 6. Note that
the electron temperature shown in Figure 6 hasa quasi-steady value
which is substantially elevated above the gas temperature throughout
the entire ionization process. The electron density increases about
two orders of magnitude, for average field strengths, while the elec-
tron temperature remains nearly constant, After the electron density
has increased to about 63 per cent of its final increase, the electron
temperature increases about 10 per cent further. During this phase,
the electron density more closely approaches equilibrium at the in-
stantaneous electrontemperature, and finally, atthe end of this phase,
the final electron density has the equilibrium value at the final elec-
tron temperature. These results show that, according to this analysis,
the rate of relaxation is in fact limited by the ionization rate at the in-
stantaneous electron temperature for the conditions discussed here.
This result is contrary to the simple assumptions made by Ker-

rebrock(46’ 47)

in attempting to calculate ionization relaxation times as-
suming that forward and backward rates are essentially balanced, and
thus that the electron density always corresponds to the equilibrium
value for a given instantaneous electron temperature. Under these

conditions, the level of ionization would increase as the electron tem-

perature increases, with the rate-limiting process being the rate of in-

crease of the electron temperature in response to the increasing energy
input to the electrons.
According to the analysis presented here, however, the assump-~

tion of collisional equilibrium during the ionizational relaxation is
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clearly invalid. Instead, as discussed here, the electron temperature
very rapidly adjusts itself such that eqn. (25)is satisfied instantane-
ously during the ionizational relaxation. The electron temperature and
ionization rate are specified instantaneously (eqns. {23)and (25)), and
the rate-limiting process during the relaxation is the rate of ionization

at the instantaneous electron temperature and not the rate of increase

of electron tempe rature.

Equation (25) defines wh at the instantaneous electron tempera-
ture and ionization rate must be for a given instantaneous power input
to the free electrons. Only in this sense may one state that the rate of
ionization is determined by the rate of energy input to the free elec-

(48)

trons , and this is the basis for the correlation used in Section VII-

D, Figure 30. Note that in eqn. (25), for high enough field strengths,

5 VO+€e dNe 1 dNe ~ o EZ
-I\T‘; <<—-N.—e—— = andﬁ—e- v :—v-(-)- —Nz if €e<< VO. Thus, for this

case, the rates of ionization and energy input per electron are simply
related rcgardless of the details of the ionization mechanism. Hence,
the fact that eqn. (13) of ref. (47)agrees with experiment in this limit

(as does the analysis given here) does not confirm the validity of the

°

analysis of ref. 46. In fact, for lower field strengths (where 1\? can
not be neglected), experimental data will be presented (Figure 3%)which
show acceptable agreement with the theory given here, whereas eqn.
(13) of ref. 47 gives a very poor estimate of actual relaxation times.
Experimental data are given in Section VII-D which show that
the electron temp erature does increase in the manner explained by the

analysis given here over a wide range of experimental conditions, and

that observed relaxationtimes correlate well with the theory given here.
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V. EXPERIMENTAL APPARATUS AND TECHNIQUES

The basic elements of the experimental apparatus are illus-
trated schematically in Figures 7 to 11 , and a detailed descrip-
tion of apparatus and techniques is given in Appendix A . Figures
7 and 8 depict apparatus used to supply a seeded plasma of uni-
form properties to a test area. An arc-jet heater is used to heat
the larger portion of an argon or helium carrier gas flow. This
main flow is then combined with a smaller, secondary flow of argon
or helium which has been passed through a potassium boiler with a
minimum residence time of 2 sec, and is saturated with potassium
vapor. JThe concentration'of potassium in the combined flow is fixed
by controlling the boiler temperature and secondary gas flow rate.
The combined flow then passes through a mixing chamber-with a
length-to-diameter radio of 16 in which the flow is equilibrated to a
fairly uniform, homogeneous ''seeded plasma' before entering the
test section. After leaving the test section, the flow is exhausted at
onc atmosphere into an exhaust duct systeni.

The power input to the arc jet could be continuously adjusted
to give desired gas temperatures at the test section in the range
from 1250 to 2250°K. The total pressure in the plasma was always
maintained at one atmosphere. Velocities in the test section were
typically about 8800 cm/sec, corresponding to a Mach number of
about 0. 10. Potassium concentrations were varied between 0.1 and
1. 0 mole per cent of the total flow. More detailed information about

the flow properties is given in Appendix A,
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A typical test section is shown in Figure 9 . Electrons are
emitted thermionically from a spiral tungsten cathode immersed in
the flow at the downstream end of the cylindrical test chamber and
flow axially to a cylindrical stainless-sieel anode Linbedded in the
boron nitride insulating wall. Typical dimensions in inches are
given in Figure 9 . Thin tungsten-wire voltage probes were located
as shown to measure the electric field in the plasma column. It was
established that the electric field was constant along the duct by in-
serting as many as six probes into the flow, as is discussed in Ap-
pendix A.

A simpler test section configuration was found adequate for
the study of ionizational relaxation processes and the determination
of quasi-steady properties at the end of the ionizational relaxation
period. Figure 10 shows a schematic diagram of this test section.
In addition, much longer test sections were tried with various probe
configurations, and diameters ranging from . 430" to . 500", All
test sections gave similar results, and thus the shorl, simple test
section in Figure 10 was adequate for ionization processes.

For recombination , however, the observed rela:%ations
lasted somewhat longer than did the ionization relaxations, and thus
use was made of the downstream set of probes in a long test section
like that shown in Figure 9 to obtain longer test times,

The insulating cylinder used as the test section wall was
made of boron nitride, and it was thermally shielded (shield not

shown in Figs. 9, 10) so that the inner wall temperature was above



73

CYL!INDRICAL .040" DIA.
S. 8. ANODE - TUNGSTEN
PROBES
7 7 1
MIXING U - [ 2 BORON
CHAMBER \ NITRIDE
;! SHIELD
|
FLow |[ N W6y
IRECTIO . \\ // ' - _
R S R RS R R R MR
\ 15 4
BORON NITRIDEA \—s.s. SLEEVE  SINGLE LOOP SPIRAL\
TUNGSTEN CATHODE
0.060" DIA.,
SIDE VIEW

ARGON INLET :

[_‘ ) |
L_ 3
4«RT2 WINDOW
,Jé THICK
END VIEW

FIG. 9 SCHEMATIC DIAGRAM OF TEST SECTION



NOILD3S 1S31L 40 WNWVHOVIA DILVINIHODS Ol 914

P NOILD3S 1S3L
NO G3ILVD0T 'Vid 090°0

JAOHLVD N3ILSONNL 3gnit .
vdIdS d0071 3T19NIS /MD_N_._._Z NOHO8 A/MDOZ( 1331S DIHANITIAD

- Ve 2
. . DS : . ) e
3 NP
H” .
e V%@ 4# NOIL1D3d10
AL - - ~ —— -
a131HS
3QI¥LIN . - ¥3IGWVHD
NoHog ..m\_ A e h 8 ONIXIN

S3908d 39VLITI0A



-7 5=
1250°K. The two sets of ports shown in Figures 7 and 9 were
used in making spectral intensity measurements. The upstream set
was equipped with a cell which could be purged with an auxiliary flow
vl argon gas., This prevented the condensation of potassium Vapoi* on
the quartz windows as well as the effusion of a plasma plume from
the ports. Without this special cell arrangement, a cloud of cool
potassium vapor was formed which led to undesirable absorption ef-
fects upon the spectrometric measurements. The auxiliary argon
flow rate used to purge the ports was kept below 1% per cent of the
total flow rate of the plasma and had no observable effects on meas-
ured values of the conductivity. The downstream set of ports was
used exclusively for relative light intensity comparisons during tran-
sient periods, as is discussed in Appendix A,

A schematic diagram of the electric circuit used for the vari-
ous experiments is shown in Figure 11. This diagram shows the cir-
cuits employed to perform experiments in any one of three possible
fashions. First, a constant electric field could be applied between
the discharge electrodes to obtain a constant current discharge in
the test plasma. This steady discharge could then be abruptly inter-
rupted by closing the upper mercury switch and thus reducing the
electric field to either a very low value or to zero. Finally, by us-
ing only the lower portion of the circuit in Figure 11, it was possible
to establish a step function increase in electric field between the dis-
charge electrodes from an initially zero value to any desired final

value up to several volts/cm. In this manner, the circuit of Figure
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llenabled the study of plasma behay ither un 1 1
steady electric field or during the relaxation periods immediately
following either the abrupt increase or reduction in electric field.

The schematic physical arrangement of the photomultiplier
apparatus and the spectroscope used to make spectroscopic meas-
urements of plasma characteristics is given in Figure 7 . Photo-
multiplier tubes and optical filters were selected to isolate various
regions of the spectrum containing three principal transitions be-
tween low-lying states of potassium, as well as the sodium-D tran-
gition which was observable because of the addition of a trace of
sodium to the total flow. The photomultiplier tubes were cooled to
dry-ice temperatures toeliminate thermal noise from the tube out-
puts, and condensation in the optical system was prevented by purg-
ing with dry, high-purity nitrogen.

The electrical circuitry associated with the photomultiplier
measurements was conventional. For transient observations, the
rise time for pulses observed with the photomultiplier tubes was less
than a microsecond. In order to make precise light-intensity meas-
urements for steady-state discharges, it was found necessary to usc
an electrical filter to smooth the high~frequency, random character-
istics of the photomultiplier output.

The optical equipment was arranged so that it was possible to
make as many as three simultaneous spectral observations. By ro-
tating the light path to the photomultipliers out of the line of sight of
the spcctroscope, it was also possible to use the same port to make

steady-state sodium line reversal temperature measurements, De-
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tails on the optical system and associated circuitry, as well as a
discussion of calibration procedures, are included in Appendix A,

Measurements of gas temperature were made either with
thermocouples or fine tungsten wires immersed in the flow. Meas-
urements of total discharge current in the test section were made by
measuring the potential drop across the very small (~.007 Q) re-
sistor shown in Fig‘ure 11. Alternatively, in the steady-state case,
currents could be measured with a conventional ammeter placed in
thecircuit. The potentials of the various probes, and occasionally
that of the anode, were measured with respect to the cathode. All
transient measurements and most steady-state measurements were
recorded by photographing an oscilloscope display of the various
probe potentials, the voltage drop across the currcnt mc asuring re-
sistor, and the photomultiplier outputs as a function of time.

The electrical conductivity was determined by measurements
of the total current and voltage gradicnts in the plasma column. The
floating potential difference between the thin tungsten wire probes
placed at known locations in the plasma column gave the average
electrical field strength in the column. For these experiments, the
potential differences between the probes were typically of the order
of 5 volts, and thus any possible differences in floating sheath poten-
tials for the probes were mnegligible. The average currcnt density
flowing axially through the cylindrical plasma column was obtained
by dividing the measured total current by the total cross-sectional

area of the duct. The average electrical conductivity is then given by

o = (I/Aﬂav/u , (26)
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where AV isg the floating probe potential difference, { is the probe
separaﬁon, I is the measured total current, and A is the cross-
sectional area of the duct.

A final comment on the experimental pulse technique used
here should be made. The pulse technique allows the measurement
of electrical conductivity immediately following the ionizational tran-
sient period and thus eliminates gas heating cffccts for the data to be
presented here. For very high current densities (~100 a.mp/cmz),
the effects of gas heating on conductivity could be observed. This is
shown in the sketch below. For very high current densities, the
electrical conductivity continues to slowly increase immediately after
the initial ionizational transient period. The conductivity eventually
flattens out and remains steady for times longer than those correw-
sponding to the transit times for the flow through the test section.
This type of behavior was most pronounced for the helium-potas sium
plasma, no doubt due to the relatively large elastic energy lo‘ss rate

for these plasmas, as discussed in Section VII-A.

A
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Electrical conductivity, O

Time, t
T Residence
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VII. EXPERIMENTAL RESULTS

A. Steady-State Electrical Conductivity

Measurements of the electrical conductivity of argon-potas-
sium and helium-potassium seeded plasmas were made over a wide
range of variation of experimental parameters. These conductivity
values were determined from measurements of voltage gradients and
total currents in the plasma column as described in the preceding
section. The measurements were made immediately following the
initial ionizational relaxation period after a step application of elec~
tric field. Since the ionizational relaxation was completed in times
much shorter than the characteristic times for both the appreciable
increase in the translational temperature of the heavy species and
the flow of plasma through the test section, the plasma could be re-
garded as stationary with a constant translational heavy-species
temperature fixed by initial conditions.

Consider first the conductivity me asurements made‘ in the
argon-potassium system. Seed concentrations for measurements in
argon-potassium plasmas were defined by the ratio, nK/nA , Speci-
fied fo_r the initial plasma conditions with zero applied field. The
s.eed concentration was varied between . 001 and . 008, that is, the
potassium seeding ranged from about .l to 1 mole per cent of the
flow. Initial gas temperatures, Ta , were varied between 1250 and
2000°K. Measurements of Ta are discussed in Appendix A, . The
accuracy of the gas temperature measurement depends on the accura-

cy of the measuring technique as well as the characterization of the
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gas temperature by a bulk value averaged over the cross-sectional
area of the duct. Values of Ta at about 1500°K are probably accu-
rate to within + 40°K, and those at 2000°K to about + 100°K. An ex-
perimentally determined gas temperature profile is included in Ap-
pendix A , see Figure 33. The total gas pressure was maintained
at 1 atmosphere. Measurements were made over a wide range of
current densities extending from about . 02 to 90 amps/cmz, with
a.pplgted field strengths from about 1 to 12 v/cm.

Figures 12 to 15 show typical experimental results for the
argon-potassium seeded plasma, where the measured electrical con-
ductivity is plotted as a function of the current density. Note that
over the extensive range of current densitigs that the electrical con-
ductivity increases one hundred fold, a substantial increase of much
interest in connection with MHD power generating devices. The data
are plotted along with theoretical curves as calculated in the manner
discussed in Section IV-B. Note that the agreement between experi-
ment and theory is quite good at the very high current densities. In
this region, electron-ion interactions are predominant in determining
the elastic energy losses as well as the electrical conductivity; this
good agreement indicates that the use of the Spitzer conductivity ex-
pression and the inclusion of the electron-ion energy exchange in the
theoretical calculations appears to be substantially correct.

For lower current densities, down to a few tenths amp/cmz,
the data fall somewhat below theoretically calculated curves which
treat only the elastic collision energy loss mechanisms from the

electrons to the neutral and ionized heavy species and neglects ine-
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lastic energy losses completely. The inclusion of inelastic losses by
the estimation of the steady-state radiative energy losses from the
plasma has been considered for the lower theoretical curve witheach
set of data. The data are in excellent agreement with this complete
theory down to very low current densities,\ about 0.2 and 0, 4 amp/
crnZ for the 1500 and 2000°K gas temperatures, respectively,

The electron temperature elevation above the translational
temperature of the heavy species becomes very large for high cur-
rent densities; at 80 amps/cmz, the electron temperature is larger
by about a factor of 2. As the electron temperature is increased,
the radiative losses increase very roughly as Te4 , but the elastic
energy loss, eqn. {16), is a very strong function of electron temper-
ature since the electron density increases approximately as
exp{-4. 34/2kTe}, and thus the ratio of elastic to inelastic energy
losses increases rapidly with increasing current density. Thus,' ra-
diation is the dominant loss mechanism in the low current range,
e.g., for T = 2000°K, nK/nA =, 004, the inelastic energy loss is
comparable to the elastic energy loss at about a current density of

2 amps/cmz.

Low Current Density Data

The typical data shownin Figure 16 illustrate that for very
low current densities, below about .3 amp/cmz, that the experi-
mental values break away rather sharply from the theoretical curve
which includes the radiative loss term in the electronic energy bal-

ance. The conductivity data show a smooth transition from this cur-
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rent density down to the lowest currents investigated (¥ .02 amp/
sz) and appear to level off at these lowest currents to a conductivi-
ty value approximately corresponding to the translational tempera-
ture of the gas, Ta = 2000 + 100°K for this case. Plausible explana-
tions for this behavior may be connected with the energy balance for
the first few excited states which account for the majority of the radi-
ant energy loss. For high electron densities, electron-atom inter-
actions are sufficient to maintain these states in thermal equilibrium
with the free electrons. However, as the electron density falls, the
frequency of electronic collisional de-excitation of these levels will
no longer be large compared with the net radiative de-excitation rate,
and the populations of these states will not be in thermal equilibrium
with the free electrons. Under these conditions, the calculated val-
ues of radiant energy loss given here will be too large. See also
Section III-F.

A second and perhaps more important effect is that there is
an essentially constant rate of excitation of these low-lying states by
atom~atom interactions. Hence, at low enough electron density, the
atom-atom interaction will become the dominant excitation mechan-
iesm and the papnlation levels of the excited states will tend to ap-
proach thermal equilibrium at the translational temperature of the
heavy species.

Both of these processes would mean that the calculated ine-
lastic energy loss from the free electrons, as estimated by the radi-
ative transfer calculations, has been over-estimated; the measured

values would thus be expected to be larger than calculatcd values, as
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is demonstrated in Figure 16 A more complete discussion of this
very low current region and of these two effects is given in Appen-
dix C. |

The measurements of conductivity for Ta. = 2000 + 100°K and
Ta = 1500 + 4OOK,shown in Figures 12to 15, were terminated at
about 0.4 and 0, 2 a.mp/cmz, respectively., Measured values of con-
ductivity below these current densities tended to remain almost con-
stant with decreasing current (not shown in the figures). In most
cases, the constant value was considerably above the equilibrium
value of the conductivity, corresponding to the translational temper-~
ature of the gas. Similar anomalous behavior was also reported by

(46)

Kerrebrock at very low current densities, This behavior was
invesligated for the apparatus used in this study, and was found to be
the result of a thin, poorly-conducting film which builds up on the
walls of the test section and which apparently shunts the voltage
probes. This film appears to the eye to be a shiny surface which
covers the entire test section wall. If tests are carried out with new
boron nitride test sections before this film appears, low currentden-
sity measurements such as those shown in Figure 16 can be made.
This "dry' wall data of Figure 16 corresponds to the range .025< J
< 0.40 amp/cmz. When the wall was slightly conducting, the plateau
conductivity was about 0. 2 mho/cm, extending below about 0. 4
amp/cm-Z, In contrast, the conductivities shown in Figure 16 de-
crease in a smooth way toward the equilibrium value. The data

shown in Figure 16 are thought to be correct, and the correct behav-

ior for the earlier experimental work of Figures 12 to 15 should be
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qualitatively similar in this low current region.

Low Current Instabilities. The low current results also

throw some light on a practical problem. A curve has been drawn
through the data points of Figure 16 and is shown as the solid curve
in Figure 17b . Figure 17a shows the variation in electric field
strength represented by this data. Examination of Figure 17a indi-
cates that the field strength increases monotonically with current
density,but that between 0.4 and 1.5 a.mp/cm‘2 the field strength is
almost constant at about 2 v/cm. In this region, the current density
and conductivity are very sensitive to small changes in field strength.
Similar unstable regions were observed at other potassium concen-
trations and for temperatures in the argon-potassium plasmas. Un-
der some conditions, this unstable region can extend over a fairly
large current density range. This is illustrated by the data of Fig-
ure 18, taken in argon-potassium with Ta. = 1250°K and nK/nA =

. 002, which show an unstable region extending from about . 2 amp/
crn‘2 to 2.5 a.rnp/cmz (between arrowheads)., However, the helium-
potassium data discussed below (Figure 20) had only a very small re-
gion of apparent instability in the neighborhood of 1 amp/cmz.

In the unstable range, d(%nc)/d((;nl) is approximately unity, and
consequently the field strength is almost constant. However, if the
radiation correction had been _larger, as it would be in a smaller ap-
paratus, the value of d(tno)/d(4nJ) would increase above unity ,and
consequently the field strength would have a local maximum in this
region. This type of behavior is illustrated by the dashed curves of

Figures 17Ta and b. These curves roughly would correspond to a
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system of about one half the diameter of the plasma studied here,
which would exhibit a larger radiative loss effect. Such a maximum
in the local field strength is indeed cbserved by Kerrebrock and

(46)

Hoffman , who worked in an apparatus with a diameter about 60
per cent of that used in the present experiments. If the foregoing
explanation is correct, this maximum is a result of the more im-~
portant radiation loss in their smaller system and will not exist in a
larger device in which radiation effects will be much less important.

The experhﬁenta.l observations of this work were done by a
pulsed application of an essentially constant field strength, as has
been discussed in Section VI, in order to record conductivity values
immediately following the ionizational transient to eliminate unde-
sirable gas heating effécts, For this type of experiment, the meas-
urements of current density clearly show the unstable region. The
current density was generally observed to undergo an unstable tran-
sition from initially low current values to hiéhcr valucs at csscntial-
ly cons>tant field strengths, or in response to small fluctuations in
field strength. For current densities above and below these unstable
regions, the current density was steady at a constaht value immedi-
ately following the ionizational transient and did not show the subse-
quent unstable behavior that was characteristic of the unstable re-
giomns.

The measurements of Kerrebrock and Hoffman were per-
formed at current densities below about 10 amp/cm2 in a steady-
state system utilizing an external ballast resistor _in their electric

circuit. This type of experiment would not reveal the instability
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except as a region where the observed conductivity - current density
characteristic had a slope d{ino)/d{inJ) 21,

As a final comment on the various current density regions,
note that Figure 17b illustrates the current density regions over
which the various phenomenological effects occur, under typical con-
ditions in the argon-potassium system. For example, at a current
density of 20 a.mp/cmz, the Coulomb interactions become comparable
to the close encounter interactions; above this current density, the
Coulomb effects dominate, etc.

Additional Unstable Behavior. An interesting phenomenon
(30, 38)

has been reported by other authors in connection with simi-
lar experiments both in argon-potassium and helium-cesium plas-
mas. Two modes of current conduction have been obscrved. The
first of these is encountered at low current densities, and under this
condition the plasma emits a uniform diffuse glow from the entire
volume. However, al a higher current density, a transition is ob-
served to a second mode of conduction in which the discharge con-
stricts to a relatively narrow, arc—like discharge. The critical
value of the current apparently depends on the temperature of the
plasma and the seed concentration. The author has never observed
the second type of behavior in his experiments. Visual observation
indicates that the discharge always gives rise to a diffuse, uniform
glow which fills the entire cross section of the duct and which in-
creases in intensity with current density.

This unstable behavior is probably that associated with com-~

plete ionization of the seed mentioned in Section IV-Band also dis-
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| cussed by Kerrebrock( 46),

Figure 19 shows a difficulty encountered when the seed con-
centration was reduced to very low values. These data are for the
argon-potassium system with Ta = ZOOOOK, nK/nA_ =.,001. As dis-
cussed by ]E"inchak(37 ), the large thermionically-emitted cathode
currents which one achieves in seeded plasmas of this type are due
to the reduction in surface work function caused by the absorption of
potassium atoms on the tungsten cathode surface. When the potassi-
um seed concentration is reduced sufficiently, a substantial reduction
in surface emission occurs, which is illustrated by the fact that
data in Figure 19 only extend up to about 12 a:.mp/cm2 for nK/nA =
.001. These data were obtained after several attempts; usually only
current densitieg in the neighborhood of 1 - 5 a.mp/cmz wcre obtain-
able at this concentration. Attempts to obtain data for concentrations
lower than . 001 failed due to insufficient surface emission.

Helium-TPotassium Data. Electrical conductivity measure-

ments were also made in the helium-potassium system at 2000 +
100°K and 0. 32 mole per cent (nK/mHe = ,0032) and are presented in
Figure 20. The data are compared with the calculated curves which
were discussed in Section IV-B.

The purpose of changing the carrier gas from argon to helium
was to provide a sensitive check on the steady-state theoretical for-
mulation by using a gas with amarkedly different mass and electron-
atom momentum transfer cross section. The mass of helium is one
tenth as large as that of argon, and thus the corresponding electron-

ic elastic collision energy loss term (eqn. (16)) is increased a factor
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of ten due to this fact. Further, the momentum transfer cross sec-
tion is roughly about eight times as large for helium as for argon in
the energy range of interest here, and does not exhibit the pronounced
Ramsauer minimum that is observed for argon. These factors in-
crease the elastic energy transfer rate substantially. Also, the
larger cross section for helium produces a corresponding reduction
in electrical conductivity (eqn. (8 )). These factors produce the
large differences between the two plasma systems illustrated in Fig-
ure 20. The electrical conductivity for a given current densily is
reduced considerably for the helium-potassium system compared to
the argon-potassium case. Thus, the electric field necessary for a
given current density is increased substantially for the helium-
potassium case, the field strengths ranging here from about 7 to 25
v/ecm. Note that the agreement between calculated curves and the
measured values is good down to the 0. 4 a.mp/cm2 low current limit
shown here. Again, as in the argon-potassium case, the conductivity
values showed the anomalous plateau behavior extending from 0. 4
amp/cm2 down to . 08 amp/cmz, the lowest current densities inves-
tigated (data not shown in Figure 20). This is probably again due to
the existence of a shunting film on the test section walls, as was dis-
cussed above.

The relative radiation correction for the helium-potassium
system is fnuch smaller than that for the argon-potassium system.
For example, at 1 amp/cmz, the radiation correction produces a re-

duction in conductivity in the helium- and argon-potassium systems

of about 5 per cent and over 30 per cent, respectively. This differ~
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ence is produced by the increase in elastic energy transfer between
electrons and neutrals resulting from the greatly increased momen-
tum transfer cross section and the reduced atomic weight of helium
as comparcd with argon, as is the case for the large decrease in

conductivity discussed above.

Summary of Steady-State Conductivity Measurements

Let us now summarize the experimental and theoretical {find-
ings for the steady-state measurements of electrical conductivity.
The agreement between experimentally measured values of the elec-
trical conductivity as a function of current density with calculated
values based upon the two-temperature model presented here is ex-
cellent over a wide range of experimental parameters and experi-
mental conditions.

The dependence of the measured electrical conductivity upon
changes in seed concentration, gas temperature, current density,
electric field strength, and carrier gas characteristics has been that
predicted by theory, and appears correct quantitatively as well as
qualitatively. The measurements have been made under conditions
where either electron-atom interactions or electron-ion interactions,
or both, are important in defining the electron energy loss mechan-
isms as well as the electrical conductivity.

This good agreement between experiment and theory extends
over the range of current densities from about 0. 4 a.rhp/cmz up to
about 90 amp/cm.z. In this region, the electron densities predicted

by theory are high enough that the key assumption of electronic col-
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lisional equilibrium is probably valid; for lower electron densities,
radiative depopulation effects and atom-atom excitation mechanisms
appear to be important (see Appendix.'c ). Further, energy losses
from the free electrons due to inelastic collisim s have been shown
to be an important effect for the small scale experiments discussed
here. This effect has been included in the theoretical formulation
by properly treating elastic and inelastic processes separately in
a formulation which depends only on fundamental atomic properties
and employs no adjustable parameters.

Given this good agreement, we have a demonstration of the
utility of this formulation in calculating nonequilibrium electrical
conductivities for practical engineering systverns utilizing these
dense seeded plasmas. The theory used here should be equally val-
id for any other monatomic gas - alkali vapor plasma under similar
conditions. The existence of the potentially large enhancement in
ionization caused by electronic collisional processes has been con-
clusively demonstrated experimentally over the wide range of ex-
perimental conditions covered here. Note that, for example, the
electrical conductivity at 10 ar:np/crn2 in the potassium-argon sys-
tem for Ta = 1500°K s nK/nA = .002 (see Figures 2 and 12), is
about 2500 times the value one would calculate for equilibrium at the
gas temperature.

A more critical examination is needed, however, to establish
the validity of the key assumption in the theoretical formulation, i.e.,
that the populations of free and bound states are given by the condi-

tion of thermal equilibrium maintained by electronic collisional pro-
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cesses and hence defined by the electron temperature. As indicated
in Appendix C , this assumption appears justified theoretically, but
the foregoing experimental results do not provide a sensitive check

upon this fundamental assumption.

This fact may be illustrated by considering the eﬂects upon
the measured electrical conductivity versus current density charac-
teristic if the clectron density were somewhat lower than that cor-
responding to equilibrium of the electron temperature. Physically,
this is the situation that would exist if radiative depopulation effects
were important( 1 ), To get a rough indication of this effect, con-
sider an example. Suppose the electron density corresponding to a
given electron temperature were lower by a factor of two than that
predicted by the equilibrium relation of eqn. ( 6 ); then ask what the
experimentally measurable electrical conductivity - current density
relationship would be over the whole range of current densities. The
results of this calculation for a typical case with Ta = 2000°K,
nK/nA =, 004, in the argon-potassium syste'm are shown in Figure
‘21 . The solid curve corresponds to thermal equilibrium at the
electron temperature. The dashed curve is the result if the actual
electron density were only one half that corresponding to equilibrium
at the electron temperature. Note that no measurable difference in
the conductivity - current density characteristic is obtained. The
reason for this is that for the lower current densities, where close
encounters dominate, both the current density and the electrical con-
ductivity are nearly directly proportional to the electron density.

Further, at higher currents where Coulomb encounters dominate,
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the electrical conductivity is a much less sensitive function of elec-
tron density, and thus changes in density still result in a shift falling
essentially along the somewhat less steeply sloping equilibrium
curve.

Note, however, that a reduction in electron density for a
given electron temperature results in a higher electron temperature
for a given current density. For example, in Figure 21, at 20
amps /cmZ, a measurement of electron temperature would be too
high by about 300°K if the actual electron density were only one half
of the equilibrium value. Thus, a sensitive check on the theoretical
formulation would be the experimental measurement of the electron
temperature. Further, if the physical model is correct, the popula-
tions of the various excited states in the seed atom and the number
density of the free electrons must correspond to electronic collision-

al equilibrium at the electron temperature.

B. Electron Temperature Measurements

The above discussion suggests that a precise verification of
the model requires a more direct measure of electron temperature
or density. In this section, a description is given of the experiments
used to obtain a measure of the electron temperature with the direct
measurement of populations of various excited states in potassium and
sodium. Following this, the results of recombination measurements
will be presented which additionally provide an estimate of the free
electron density.

Two spectroscopic techniques were used to determine popu-
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lation temperatures of electronic states of neutral sodium and po-
tassium atoms. In order to obtain the electron temperature from
these data, it is necessary to show that these states are in thermal
equilibrium with the electron gas. Calculations for the argon-
potassium system of the total probability of electronic collisional
de-excitation and also the total probability of radiative decay (see
Appendix C ), including the effects of absorption, were made for
the low-lying levels of potassium up to and including the 4F level at

an electron temperature of 2600°K and an electron dens ity of about

14 3
10" "/ecm™. The results showed that the ratio of probability of radiative

decay to that of collisional de-excitationby electrons is of the order of
1:100 for these states. Hence it seems reasonable to expect that for
this electron density,thelower excited states and the electron gas are in
equilibrium. For higher excited states, equilibrium is even more
likely. Note that for a current density of 2 amp/cmz, the calculated
value of electron density in the plasma undef study is greater than
1014n For current densities below 2 amp/cmz, the electron density
drops off, and calculations indicate that the equilibrium assumption
becomes questionable for current densities around 3 a.mp/cmz. In
summary, it appears to be reasonable to assume that thermal equi-
librium does exist between the electronic excited states and the

‘s 2
electron gas when current densities above 2 amp/cm” or electron

. 14 . . ..
densities above 10 are used. Hence, in this range, it is also

" The population temperature of an observed state density in a not
necessarily equilibrium system is defined as the temperature one
would associate with an equilibrium system possessing this same
state density value.
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reasonable to equate population tempe ratures and electron tempera-
tures. |
Previous attempts have been made by the author and

(8, 30, 46, 48, 49)

othecrs to obtain spcctroscopic mcasurcments of cx-
cited state populations in seeded plasmas to determine the electron
temperature. These early results did show a substantial electron
temperature increase, and provided a qualitative check on the two-
temperature theory, but did not possess the quantitative accuracy de~
sirable for a precise check on the theory. The data presented in this
section do provide this essential quantitative check.

The difficulties in the. author's early spectroscopic measure-
ments, reported in reference 48, were traced to the existence of un-
desirable selfi-absorption effects which caused measured population
temperatures to appear about 10 per cent lower than those predicted
by theory. These effects were eliminated by purging the viewing
ports,as discussed in Section IV and Appendix A.

The data prescnted in this section have been recently report-
ed( 50).Onth'1s same date, the results of similar measurements in
argon-potassium plasmas (using a potassium line reversal technique)
were reported by Brederlow, et al. ( 51), which also substantiate the
quantitative conclusions which can be drawn from the following dis-
cussion.

The first spectroscopic technique used to determine a popula-

tion temperature was the sodium line reversal, or SLR, method

which utilizes the 3p -~ 3s transitions of neutralsodium. This tech-
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nigue is well known, e, g. reference 52, and provides an absolute
measure of the population of the 3p level, and hence an absolute
measure of the population temperature. However, since the light
source used in the experiments was a tungsten ribbon lamp, the
measured values were limited to temperatures below about 2950°K,

The second technique was a relative method based on the
use of the change in light intensity resulting f{rom a given transition
in response to a change in the applied electric field. The intensities
of the 3p — 3s tranmsitions of neutral sodium, and the 4p — 4s and
5p - 4s transition of neutral potassium were measured before and
after an electric field was applied to the plasma.

Since the intensity of a transition is proportional to the pop-
ulation density of the upper state, one can determine the population
temperature of the upper state by measuring this intensity. The
absolute intensity observed depends in detail on absorption of the
plasma and the apparatus used to measure the intensity. However,
relative changes in intensity can be used to infer relative changes in
population temperature, provided the absorption of the line does not
change.

For the conditions of the present test, the line spreading is

due to Stark and collision broadening as well as Doppler broadening.
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However, calculted values of the Stark broadening are negligibie
compared to the other two effects, and thus changes in electron den-
sity should have no effect on absorption. In addition, resonance
lines were employed, and thus slight changes in number density of
atoms in the ground state have a negligible effect for the conditions
discussed here. Consequently, the absorption does not change as a
function of current or electron density. In the absence of changes in

absorption, the intensity ratio for a given line can be written as

I{T,} AE, AE,
2 = exp|e—mt - ____1_] 217)
T T PIXT] T RT,]

Here, I is the intensity of the ith transition, T is the temperature,
k is Boltzmann's constant, and AEi is the energy difference of the

i transition. The subscript 1 refers to conditions when the elec-
tric field is zero, and 2 to conditions when a field is applied. This

equation can be solved for the temperature ratio to give:

T, KT, L,

B 2 2
T 1 -z 0 (1) - (28)
2 1 1

Equation ( 28) was used to oBtain temperatures from intensity
data for the 3p - 3s transition in neutral sodium. The measurements
were made up to temperatures of about 3OOOOK, and for these calcu-
lations the value used for Tl was obtained from the SLR measure~
ments. These data and that obtained from the SLR technique are
shown as the solid points in Figure 22. The two sets of data agree
reasonably well in the region between 6 and 8 amp/crnz, where they
overlap. This indicates that the relative method and the use of equa-

tion ( 28) is consistent with the SLR method and gives confidence in
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the relative method as it is used here.

In addition to the sodium measurements, data were obtained
with two transitions in potassium. However, ‘in order to use equa-
tion { 28) with this data, it is necessary to determine the values of
the temperatures in the zero field case. This is a non-trivial prob-
lem, because radiation losses keep the various excited states out of
thermal equilibrium and because no absolute technique such as the
SLR method was readily a,va.ila,bleﬁ< The method used to obtain the
initial temperatures was as follows. Relative intensity data were
obtained simultaneously for the 3p - 3s sodium transition and the
4p - 4s potassium transition. The value of ’I‘1 for the potassium
transition was picked to minimize the squared deviations between TZ
values calculatcd from cquation ( 28) for the two transitions. (This
calculation is based on the assumption that the various lines will be
in thermal equilibrium when the electron density is high.) In an-
other set of experiments, simultanecous measurements of the 4p - 4s
and 5p - 4s potassium transition intensities were made. The value
of Tl for the 5p - 4s was picked to minimize the squared deviations
between the two sels of data.

The zero field temperatures calculated by this technique for
an 1800°K temperature of the 3p - 3s sodium transition were 1790°K
for the 4p = 4s potassium transition and 1865°K for the 5p — 4s po-

tassium transition.

Use of these values of zero field population temperatures for

POy
s

Reference 51 reports successful use of a potassium line reversal
technique.
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the two potassium lines gives the values of population temperature
shown in Figure 22 as the open points. The data agree very well
with each other and with the values obtained from the sodium data
for the whole range of current densities investigated. This good
agreement indicates that the equilibrium assumption made in inter-
preting the intensity data is justified.

In Figure 22, brackets have been placed on some of the SLR
data and on some of the potassium data to indicate the maximum er-
rors. The maximum uncertainty in the SLR data is about + 40°K,
and this uncertainty is due to errors in technique and drift in oper-
ating conditions for the arc-jet heater. The larger uncertainty for
relative measurements reflects this + 40°K maximum uncertainty in
the zero~lield SLR temperature J.'or. these dala.

The 10°K difference between the initial population tempera-
tures for the Na,I 3p - 3s and KI 4p — 4s transitions is not significant
within the accuracy of the techniques. The close agreement in théese
temperatures would be expected due to the sinﬁlarity between the
corresponding energy levels in the two atoms. The higher initial
temperature obtained for the 5p = 4s KI transition is significant,
since detection of a 65° difference is within the capabilities of the
technique. This difference indicates a lack of thermal equilibrium in
the zero field case, and suggests that the electron temperature is
somewhat higher than the '"temperature' of the lowest excited state
(if electronic collisional processes are still dominant over atom-
atom processes). Note that these measurements indicate the tem-

peratures corresponding to these low-lying states are about 200°K
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(4p - 4s) and 135°K (5p — 4s) below the mean translational gas tem-
perature of 2000 + 100°K.

The solid curve shown in Figure 22 represents the calculated
value of electron temperature for the experimental conditions used in
these experiments. Although the data are somewhat scattered, they
clearly fall along the curve, and hence are in excellent agreement
with the calculated values. As was pointed out earlier, there is good
reason to expect that for currents of 2 a,rnp/cnn2 or higher, all of the
excited states studied were in equilibrium with the electron gas.
Hence, the comparison of measured and calculated temperaturcs,
shown in Figure 22, does constitute a check on the electron tempera-
ture calculation. It is evident that the calculation gives a satisfactory
estimate of electron temperature except at very low current densi-

ties.

C. Recombination Rate Measurements

This section deals with measurements which were made of
electron-electron~-ion recombination rates and with their comparison
with values calculated from a model utilizing the classical inelastic
collision cross-section expressions of Gryzin‘s.ki(s).

The apparatus and electric circuit used to me asure recom-
bination rates are shown in Figures 7, 9, and 11. The measure-
ment technique consisted of first establishing a steady initial dis-~
charge in the argon~potassium plasma. The field strength was then
abruptly reduced to a very low value, and during the relaxation peri-

od immediately following the reduction of the electric field, meas-

urements were nma de of the electrical conductivity and the relative
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populations of several of the excited states of potassium. From
these measurements, it is possible to deduce electron densities,
temperatures, and recombination rates.

The range of current densities used in the initial discharge
was between 2 and 17 amp/cmz, which corresponds to field strengths
of about 2.5 and 5 v/cm and to initial electron densities of about 1.5
and 8X1014/cm3, A very small electric field was maintained during
the relaxation period so that the plasma conductivity could be moni-
tored. The final field strengths used were between 0.3 to 0.8 v/cm.

A typical set of experimental data is reproduced in Figure23.
Here, light intensity data from two consecutive tests are presented
as a function of time. Also shown on the figure are the probe voltag-
es used in obtaining the conductivity values and the values of the
electron density calculated from the conductivity values. Figure 24
shows additional typical electron density variations. The transient
in the applied field dies out within two microseconds and the probe
voltage difference remains essentially constant thereafter.

Light intensity data are shown for the 5p - 4s and 4p = 4s
transitions in KI . The 5p - 4s light intensity initially decays slight-
ly more rapidly than the electron density, and the 4p — 4s light in-
tensity, reaching a relatively low value by about 20 usecs, then
changes more slowly thereafter. A similar behavior was noted for
the non-resonance 6s — 4p transitions of KI (not shown). Interpreta-
tion of data for the latter transition must include consideration of the

effect on absorption due to changes in the populations of the 4p level

with time.
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Note in Figure 23 that the measurements of the decay of the
light intensities have been made for nearly identical initial conditions,
but for final conditions both with and without a small applied electric
field. The values for the 4p = 4s transitions appear slightly dis-
placed in the vertical direction. This reflects the small random
fluctuation in initial light intensity commonly observed and is of no
importance in interpreting the results. Ihe important thing to note
is that the relative changes in population for the 4p and 5p levels ap-
pear to be nearly identical with or without an applied field. The ef~
fect on the decay rates due fo the presence of the small field (0. 39
v/cm for this case) is negligible and shows that the relatively small
energy input to the free electrons by this field during the relaxation
process probably has no important effect on the free-electron re-
combination rate.

Also note the initial lag in the decay of the first excited state
population {4p — 4s light intensity) which is probably due to the initial
downward cascading from higher states to the 4p level, as will be
discussed later in this section.

Data Reduction. The data reduction procedure used to anal-

yze the recombination data was discussed in Section V-A,and more
details will be given here.

Detailed calculations of the radiant energy losses from bound
states of potassium at steady state for the argon-potassium system
have been performed and are discussed in Appendix B . These cal-
culations show that about 70 per cent of the total radiation loss is ac-

counted for by the 4p - 4s transition in KI for temperatures of 2000
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to 3000°K. Thus, in the quasi-steady relaxation case, the measure-
ment of the relative population of the 4p state in time allows a calcu-
lation of the radiation loss from the 4p state, since the initial steady-
state intensity and radiation loss are known. The remaining, less
than 30 per cent, of the radiation loss can he determined if the gen-
eral behavior of the relaxation of the various higher contributing
transitions is known. This is afforded by the observation of the 5p-
4s transition.

Calculation of the contributions of the various terms to the
sum, ZVi(dNi/dt) , show that the only term of appreciable magnitude
is that of the 4p level, whose variation in population has been deter-
mined as stated above, This fact is due to the relatively large popu-
lations of the 4p level. Finally, calculation of GEZ is done directly
from the instantaneous experimental data. In this manner, instan-
taneous values of all the terms in equation (20}, except that for Q,
are calculated directly from the experimental data, and thus equation
(20) can be used to determine the variation of O with time during the
relaxation period. The first approximation to the instantaneous elec-
tron temperature can be obtained from values of ¢ by use of equa-
tion (16a).

The results of calculations for the intermediate set of data
given in Figure 24 are shown'in Table II on the following page.
Here, the various terms in equation (20) are evaluated for a number
of times during the relaxation period. The last three rows of the

table give the final values for the electron density and temperature,
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and the recombination coefficient, o = (—l/Nez)dNe/dt . Values of
the collisional recombination rate coefficient, (- 1/Ne3)dNe/dt , are
shown in Figure 25as a function of the electron temperature, The
data taken from the table appear as the solid circles, and other data
obtained from a number of different tests are also included in this
figure.

Discussion. The values of the recombination coefficient cal-
culated for times greater than 20 microseconds after the beginning
of the relaxation are shown as the dark data points in Figure 25.
These data are in fair agreement with points (open circles) calcu-
lated from the theory described in Section V-B, although they are
scattered by about 60 per cent for the range investigated.

The agreement is at least as good as one would expect when
considering the possible uncertainty in the estimated values of the
electron temperatures and those uncertainties connected with the
theory. In particular, note that the theoretical rates are directly
proportional to the constant y, which could easily be 50 per cent
higher or lower than the value used here. The theory is probably
good to within a factor of 2, judging by the agreement of experiment-
al measurements in cesium with calculated valuesgllg)ld the classical
cross sections used are thought to be valid to within about a factor of
2 '('53,). The principal uncertainties in the estimated electron temper-
atures are the result of possible errors in the gas tempe ratures as
well as errors in the electron energy balance. These possible er-
rors give a probable uncertainty in the data themselves of about a

factor of 2.
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The half-filled data points of Figure 25 are those calculated
for times as close to the time origin as possible, and in reducing
this data it has been assumed that the electron temperature is at its
initial value. Though these data would not be expected to show good
agreement with the calculated values, since the quasi-steady popula-
tions did not have time to develop, it can be seen that fair agree-
ment is obtained., At the other end of the temperature scale lie data
obtained some 100 microseconds after the initiation of the relaxation
process. Here, the electron temperatures are close enough to the
gas temperatures to reduce substantially the uncertainties in elec-
tron temperature. Thus, the data for temperatures in the 1900 to
2300°K range are probably relatively more accurate.

Note that the 60 per cent scatter in the collisional recombina-
tion rate coefficients about the theoretical values would only corre-
spond to a 30 per cent variation in electron density, even if all the
scatter were due to errors in calculated electron density, Given
this good agrcement between experiment and theory, one can con-
clude that the electron densities as given by the two-temperature
model are reasonable estimates of the actual plasma electron densi-
ties. Further, the recombinalion rates e asured here [or potassi-
um appear to be in good agreement with present electron-electron-
ion recombination rate theory.

The results given in Table II illustrate a difficulty encount-
ered in determining the electron temperature with the quasi-steady

energy balance as written in equation ( 20). The calculations have
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been performed starting backward from 140 microseconds after the
voltage decrease was initiated, and seem to give reasonable electron
temperatures until about 20 microseconds. From this point back to
the time origin, the calculated electron temperatures appear to be
unreasonably high, and as the origin is approached closely, the cal~-
culated values exceed the me asured initial temperature of 3000°K
for this example. Thus, it appears that a true quasi-steady condi-
tion does not exist until after times of about 20 microseconds and
that the population levels take at least this much time to distribute
themselves in a true quasi-steady fashion.

3
2

a valid estinm te of the rate of energy input to the free electrons dur-

Thus the term -(V_+ kTe)dNe /dt is probably too high to be
ing this early phase, since most of the electrons will recombine first
into the uppermost levels, and then these levels must be further col-
lisionally de-excited to the ground state. Hence, the average rate of
energy transfer to the free electrons in this phase would be more
adequately defined in terms of an expression of the form

- (E* +%kTe )dNe /dt , where the term in the parentheses represents
the average energy released to the free electrons for each electron
recombination into the higher states. The value of E* would be ap-
proximately equal to the binding energy of the level immediately
above the critical gap if de-excitation to lower levels by electronic
collisions is negligible. It is interesting to solve for the electron
temperature during this short period at the beginning of the relaxa-
tion process by simply equating this expression to the elastic energy

,(10).

logss term () If E% is chosen to be 0.94 ev, as calculated for
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the range of electron temperatures between 2000 and BOOOOK, then
calculated electron temperatures, Te* , fall somewhat lower than
before, as shown in rows 8 and 10 in Table II. These tempera-
tures look about right, since the steady-state value befoi‘e relaxation
is about 3000°K. This may be regarded as somewhat fortuitous,
since it is not obvious that the remaining terms in the energy balance
will exactly cancel under these conditions.

Finally, some speculative evidence that a quasi-steady state
is not reached until about 20 microseconds is given by the light in-
tensity data given in Figure 23, The 5p - 4s transition decays
quite rapidly at first, but reaches a low value by about 20 micro-
seconds and decays slowly thereafter. The initia.i rapid decay
would be expected in response to the initial drop in electron density,
and the relatively slow variation indicates that after 20 microsec-
onds the quasi-steady state may have been reached. The population
of the 4p state does not begin to decay rapidly until after times
ranging from 4 to 10 microseconds for various initial conditions.
This indicates the relatively long times necessary for the 4p state to
reach a quasi-steady state condition. This behavior is consistent
with the fact that for these experiments, populations of the first ex-
cited state are not small compared to the density of free electrons,
and that calculated de-excitation rates for these low-lying levels are

not much faster than the rate of de-excitation across the critical gap.



D. Ionization Rate Measurements

This section discusses experimental measuremen.ts made
during the ionizational relaxation period which occurs in response to
the step function application of an essentially constant electric field
to the plasma. ZElectrical conductivities and light intensity data
were recorded during this transient as discussed in Section IV.
Typical sets of observations are shown in Figures 26 to 28. Figure
26 A shows a typical set of electrical measurements as a function of
time during the ionizational transient period obtained in a test section
of the type shown in Figure 9 . The upper trace gives the anode po-
tential measured with respect to the cathode potential represented by
the lower trace. Also shown are the potentials of the two downstream
probes, also measured with respect to the cathode. The difference
in floating potential of these two probe traces divided by their sepa-
ration distance gives the electric field E . The total current trace
rises sharply during ionization and then flattens out at the end of the
transient. The zero reference for the current trace coincides with
the lower trace givingthe cathode potential. The average current
density is given by dividing the total discharge current by the cross-
sectional area of the duct. Figures 26 B and C, 27 A and B, and
28 A, B, C, D show additional sets of data showing the behavior of
various spectral transitions in potassium as a function of time,

For all these data, the total discharge voltage is applied at
the time origin and remains approximately constant for the duration
of the test. After a short initial transient, the probe potential dif-

ference rcmains essentially constant. The probe traces illustrate a
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| difficulty encountered in attempting to analyze the data. Ideally, one
would hope that the probe potential difference would be constant dur-
ing the entire ionizational transient period. Actually, it is generally
larger toward the beginning and decreases somewhat as the end of
the transient period is reached. Thus, in analyzing the data, the
ionizational transient has been characterized in terms of an average
E value during the transient. This is somewhat unsatisfactory for a
quantitative analysis, and this fact must be considered in trying to
analyze the data. ZFor this reason, the emphasis of this discussion
will be primarily upon the qualitative features of the ionizational pro-
cess. It is believed that the variations in probe potential as measured
with respect to the cathode are the result of transient changes in the
nature of the discharge near the electrodes, but the varying probe
potential difference has notbeen .s atisfactorily explained, or eliminated,

Note that the light intensity corresponding to the 4p - 4s tran-
sitions in potassium exhibits a marked qualitatively different transient
behavior from that of the current density. The light intensity of this
resonance transition can be interpreted as corresponding to the rela-
tive changes in population density of the 4p state in time. The dis-~
tinctive feature of these data is the rapid initial rise of the 4p - 4s
radiation to a plateau value and then, after a delay, the relatively
slower increase in intensity as the end of the ionizational transient is
completed. | This behavior is even more appatrent at Tower field
strengths, as is shown in Figures 28 A, B . The intensity of the 6s -
4p transitions (nonresonance) shows a delay until after the plateau for

the 4p - 4s trangitions occurs and then scems to rise in a manner
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gyuite similar to that of the current density. The light intensity of the
resonance 5p - 4s transitions seems to follow the rise in current
density very closely.

The behavior of the 4p — 4s light intensity data (cf. Figures
26 to 28) indicates that the population densities of low-lying states do
increase very rapidly to elevated quasi-steady values in times short
compared to those associated with the changes in clcctron dcnsity as
indicated by the changes in conductivity. Further, as shown in Sec-
tion VII-C, when electron densities are high enough, one can relate
relative changes in light intensity from resonance transitions to rela-
tive changes in electron temperature. These relations will be valid
over the latter portions of the ionizational transient; for example, the

D ran
“

=31

..
o]

terpreted in this manner back from the end of the transient up to the
plateau region. An analysis of the typical data shown in Figure 28B
shows that the electron tempcraturce at the plateau is within 10 per
cent of its final value, i.e., at the plateau Teg 2920°K and Te finalg
3150°K. Thus the behavior of the 4p ~ 4s light intensity data indi-
cates that the clcctron temperature must rise very rapidly to a rela-
tively high value and then flatten out, or perhaps decrease for a time,
then finally increase relatively more slowly as the ionizational transi-
ent is completed. This is just the typc of behavior one would expect
from the theoretical considerations of Section V-B (see Figure 6).
These data thus give experimental justification for the theoretical

formulation of the ionizational transient given in Section V-B, That

is, the populations of low-lying states do increase very rapidly in re-
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sponse to a substantial initial electron temperature elevation, andthat
this increase in electron temperature and population density occurs
much more rapidly than does the increase in current density, and
hence electron density. The conclusion from this is that the ioniza-
‘tional relaxation period proceeds at a rate limited by the rate of ion-
ization and not the rate of increase of electron temperature.
Examination of the 5p-4p resonance transitions show that the
population density increases at a rate more nearly that of the rate of
increase of the free electron density. The excitation energy of the 5p
state is 3. 06 ev and is located slightly below the calculated critical
gap discussed in Section V-B. This state would be expected to show
a rate of increase equal to or faster than that of the free electrons
due to the existence of this critical gap. It also should populate at a
rate somewhat slower than that of the 4p state due to the large energy
separation between the 5p and 4p states. The data of Figures 26 to 28
show this behavior. However, the initial differences in rates of popu-~
lation of the 4p and 5p states are large enough that the assumption of
guasi-equilibrium of all the levels below the critical gap with respect
to the ground state may not be valid over the initial portion of the
transient. The lag in the 6s-4p light intensity data until the plateau
for the 4p state has been breached.partially reflects the fact that the 6s
- 4p transitions are non-resonance transitions, and thus the radiation
escaping the plasma changes with the relatively large changes in the
density of atoms in the 4p state, the emitted radiation tending to in-
crease as the number density of absorbers increases.

Typical measurements of electrical conductivity as a function
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of time, for various average applied electric field strengths, are
shown in Figure 29. These data are for the argon-potassium system
with T_= 2000°K and nK/nA= . 004. It is clear from this figure thatas
the field strength is increased, the steady state values of electrical
conductivity increase and the time required to reach these values de-
creases. The information most directly obtained from these data is
the relaxation time, T reqnired for the change in electrical conduc-
tivity (O’-—CO) to reach (1 ——é—) of the final value (Gmax—oo). In analyzing
the data, it is convenient to give the results as a function of a charac~

N V

teristic time for the process, Te = —E-é—z—-o— . Note that -,—l_—l—- is just the
initial rate of energy input, per eleggron, to the free elecctrons when
e, << VO, as mentioned on page 63, and that energy balance considera-
tions (see Section V-B, pp. 66-68) suggest this quantity is an appro-
priate one with which to correlate observed relaxation times.

Values of T, are given in Figure 30 for a range of values of po-
tassium concentration and as a function of the characteristic time,
(NeOVO/OOEZ) S The data lie roughly along a straight line through
the origin with a slope of about 8. For the experimental conditions
used here, a field of 4 v/cm and nK/nA= 0. 0042 gives a character-
istic time of about 30 ysec. Higher fields correspond to much shorter
times, and, for strengths as high as 10 v/cm, the relaxation time is
less than 10 ysec. It is evident, then, that relaxation times for field

strengths of interest will be in the range of tens of microseconds or

less.
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For a given ficld strength, the characteristic time changes by
ab out a factor of 3 over the range of potassium concentrations cov-
ered by the experiments. The good correlation of the data of Figure
30 suggests tha;.t the dependence on potassium concentration is cor-
rectly accounted for by use of the characteristic times as the vari-
able.

Defore discussing the theoretically calculated curve appcar-
ing in Figure 30, let us briefly consider the data in terms of the
qualitative discussion below equation ( 24) of Section V-B. Recall
that this discussion indicated that the ionization rate could be approx-
imately estimated from energy balance considerations. Note that,
for large fields, measured values of relaxation times are almost
identical with the theoretical values found in the preceding section
when the assumption was made that all available power went into
ionization. Both depend linearly on Te? and both are about 8 times
larger. Thus, it appears that most of the power input from the
electric field to the free electrons goes into the ionization process
for field strengths above about 4 v/cm.

For field strengths less than 4 v/cm, the experimentally de-
termined relaxation time s are larger than those predicted from the
assumption that all the power goes into ionization, and it is evidenf
that, for these low fields, elastic energy and radiation losses are
important sinks for power during the ionization period.

The small values found for the relaxation times imply that no
transient conductivity problems will be .encounte-red at the entrance

of an electric generator using a seeded plasma. For example, with
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a field strength of 3 v/cm, the relaxation length for a flow with a
Mach one inlet speed, ny/n, = 0.0028, and T_ = 2000°K, is about 4
cm. Normal fringing of the electric field should obscure the pres-
ence of such a relaxation length and make its effects negligible.

Comparison of Measured lonization Rates with Theory. Equa-

tion (23) contains an expression for the rate of ionization in terms of
the instantaneous electron temperature and density. Equation (25)
gives the approximate simplified clectronic energy balance which en-
ables one to relate the instantaneous electron temperature and density
subject to the assumptions discussed in Section V-B.,

The above considerations enablethe determination of Te =
Te{Ne} and thus Neg{Ne} . Therefore, all the quantities in eqn. (23}
can be put in terms of the instantaneous electron density, and the re-
sulting equation can, in principle, be integrated numerically to de-
termine Ne as a function of time.

If we consider the electric field to be characterized by an av-
erage value during the ionizational transient, then we can use the
constant E results shown in Figure 6 . Note that for this case the
electron temperature is so nearly constant during the first 63 per
cent of the ionizational transient that we can consider the ionizational
processtoc occur ata constant average Te to get a rough estimate of
the ionizational relaxation times.

The re’sults shown in Figure 4 show the ionizational profiles

£ +1.
for the constant T

That is, integrating equation (23) for constant T, gives
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where y is defined as T -EEE- given from eqn. (22) and is constant
e
for a constant T . N_ is defined as N {T }, and is also
e e e . e
f equil

constant for this simple case. Equation { 29) has been used to cal-
culate the results showﬁ in Figure 30,

Thus we can roughly estimate the relaxation time for the
constant E case. For example, from Figure 6 , we see that for
E =3.0v/cm that Te = 2770°K. Now, from Figure 4 , we see that
63 per cent of the change in Ne' occurs in T, T 47 microseconds. For
E = 3,0 volts, To = 7.6 microseconds. In this manner, the theoreti-
cal curve shown with the data of Figure 30 was estimated,

Note that the agreement between the theory and the data shown
in Figure 30 is surprisingly good. The agreement is probably much
better than one would expect in view of the approximations that have
been made. Expression ( 22) is probably valid to within a factor of 2,
as was the case for the theoretical recombination rates (Sections V-
B, VII-C). The most serious difficulties are probably those connected
with the important simplifying a.s'sumptions that have been made to re-
late experiment and theory:

(_a. ) ET const = E $> Te = const = Te s

b.) RT0,
dN, _

dt 0.

(c.) quasi-steady lower state populations; ¥ V.

Also, as in the recombination case, errors in electron temperature
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estimates cause significant errors in relaxation rate estimates.

Figure 31 shows a roughly approximate theoretical curve
compared with the badly scattered data points for the helium-potassi-
um plasma that were observed in this study over a small range of the
characteristic time To Note that the agreement between experiment
and theory here is not nearly as good as for the argon-potassium case.
An important difference exists in the experimental conditions under
which the two sets of data were obtained. The average transit time
for the flow through the test section for the argon-potassium case was
typically about 400 microseconds, but for the helium-potassium case
it was only about 150 microseconds. For this reason, little confidence
can be placed in data with T, longer than 50 microseconds for the
helium-potassium ca.se. The refore, no data points [or longer - P &P
pear in this figure,(54)

A portion of the scatter on both sets of data probably reflects
the uncertainty in assigning an average E wvalue to the ionizational
transient period. No great quantitative confidence should be placed in
the data,as experimental errors could be + 50 per cent for individual
points for the argon-potassium case, and probably much higher for the
helium-potassium data.

Discussion. The approximate ionization rate theory discussed
here explains, at leastin a qua.lita.tive way, some important phenome-
na which have been observed in the ionizational transients in high-
pressure gas discharges. As pointed out in reference 55, observed
ionizational transients have generally been one or two orders of mag-

nitude faster than conventional calculations based upon one-step ioni-
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zation mechanisms would indicate. 'L'his fact has been verified by
the experimental results presented here (see also reference 48). The
theory discussed here shows that the effective activation energy for
the ionizational process is approximately the energy difference sepa-
rating the state immediately above the critical gap from the ground
state.

Some additional interesting information concerning this point
was found by the author in the early stages of this study. In an at-
tempt to understand the ionizational transient, a correlation between
observed initial ionization rates was made with the electron tempera-
ture occurring at the end of the ionizational transient. This was done
in the following manner. An estimate of 'Ely_ %%

ent data was made near the time origin of the transient period. Then,
dN

to a good approximation,— _clg_[ > L = |
g PP ' T qT . Ne It

estimate of the initial rates of ionization. Then, not knowing the de-

for various transi=-

» which then gave an

tails of the electron temperature variation, it was hoped that the ac-
tual electron temperatures.couldbe roughly characterized as some
constant fraction of the final electron temperatures at the end of the -

ionizational transients which could be determined from the measure-
ldo
o dt
o}
ll(kTe ) then gave a straight line whose slope could be defined in
{
terms of an "activation energy' which turned out -to be very nearly

ment of the final electrical conductivities. Aplotof log versus

3.5+ .20 ev for a wide range of seed concentrations. In view of the
foregoing theoretical discussion, this result is not surprising, since
equation (23) gives an effective activation energy of 3.4 ev, and as

indicated in Figure 6 , the electron temperature predicted by theory
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does in fact remain at about 90 per cent of the final value over
most of the transient for a wide range of field strengths.

The qualitative behavior of the light intensity from the 4p-4s
transition, as discussed here, indicates that the electron temperature
does rise qualitatively in a fashion predicted by the theory. Further,
the reasonable agreement between the experimentally measured re-
laxation times for the argon-potassium system and the simplified
theory gives a very rough quantitative chcck on the theory. This
agreement is not felt to be as significant as the agreement between
measured recombination rates and theory because of the somewhat
greater difficulty in comparing the ionizational experiments to theo-
ry due to the experimental difficulties in achieving a constant E
field as well as the various approximations in the theory.

A precise gquantitative check on the ionization rate theory
must await the performance of careful experiments done under ac-
curately controlled conditions where either the electron temperature
or applied electric fields are maintained strictly constant in time.

Finally, the theory and data presented here indicate that the
ionization rate does determine the relaxation times for conditions of
practical interest in connection with MHD devices. The theory dis-
cussed here appears to be a reasonable one to apply to the calcula-

tion of ionizational transients in large scale MHD devices.
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V. SUMMARY

It is useful to summarize here the principal conclusions and
results of this study in relation to previous work in the field. As
mentioned in introduction, the two-fold purpose of this woric has
been to contribute both useful engineering data and calculation meth-
ods concerning the determination of the electrical conductivity and
ionizational relaxation characteristics of seeded plasmas, and also
to gain an insight into the important physical processes describing
the behavior of such plaémas. This work has considered the descrip-
tion of both steady and transient plasmas under the action of applied
electric fields.

Consider first the study of the steady-state plasma. This
careful and detailed experimental investigation has provided exten~
sive measurements of nonequilibrium electrical conductivity over a
wide range of parametric variations. The electrical conductivity,
and the influence upon it by variations in gas temperatures, seed
concentrations, atomic cross sections, current densities, electric
field strengths, and energy loss processes have been investigated
here and found to be accurately and simply described theoretically,
over a wide range of conditions of engineering interest, in terms of
a simple physical model. Experimental measurements of electron
temperatures have provided the first conclusive and quantitative
verification of the validity of this physical model and the key assump-
tions in the theoretical formulation.

The careful experimental work performed in this study has

led to important modifications of the existing theory. It was found
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essential to include inelastic as well as elastic electronic collisional
energy losses in the theoretical formulation to accurately describe
the measured experimental résults. This revised formulation ac-
curately reflects the physical differences between these two.pro-
cesses in terms of fundamental atomic properties and employs no
adjustable parameters., The consideration of the detailed energy de-
pendence of the atomic cross sections and the inclusion of both
electron-ion and electron-atom interactions has been essential in
describing the experimental results. Phenomena occurring at very
low current densities have been inve stigate.d, and identified and
qualitatively described in terms of their probable physical origins.

Experimental meas-urernents of transient electronic ioniza~
tional and recombinational relaxation characteristics have been per-
formed for potassium seeded plasmas. Use has been made of exist-
ing theoretical formulations of electronic inelastic collisional rate
processes to describe the experimental observations of this study in
terms of simple physical models. This simple description has been
demonstrated here to be reasonably accurate and useful for the deter-
mination of the ionization and recombination relaxation processes of
impor‘tance in MHD power generation.

The electronic recombination rate coefficients measured for
potassium in this study show good agreement with the theoretical
formulation, as had previously been demonstrated by measurements
in cesium, hydrogen, and helium. The simple ionizational relaxa-
tion formulation employed here adequately explains the observed re-

laxation characteristics and ionization rates, and demonstrates that
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the rate of ionization determines the inlet relaxation length in prac-
tical MHD devices, and shows that these rates are probably rapid

enough to cause no practical difficulty in this regard,
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APPENDIX A
This section includes a detailed description of the experi-
mental apparatus and experimental techﬁiques utilized throughout
this study. Each major portion of the apparaius and the technigques

employed in its use will be discussed individually.

i

Arc~Jet Heater

Figure 8 gives a schematic diagram of the arc-jet heater,
The primary flow of argon or helium gas is injected tangentially
through sonic orifices to produce a spiralling flow about the anode.
This flow then produces vortex stabilization of the arc, which heats
the flow and which extends hetween cathade and anade as shown. Op-
eration is bégun by establishing the desired gas flow rate, then ap-
plying a potential across the anode and cathode and temporarily
shorting them with a very fine copper wire to initiate the arc. It
was experimentally determined that the arc ran more efficiently and
stably with the downstream electrode chosen as the cathode( 31 ).

All metal surfaces of the achjet heater were made of copper,
and suitable cooling was effected by numerous water jacket passages.
A 3/16" thick quartz insulator was placed between the cathode and
the mixing chamber to ensure that the arc was confined to strike only
on the water~-cooled copper cathode. It was found necessary to re-
cess the exposed fa.cek of the cathode in the manner shown to ensure
only ver-y small rates of erosion of the cathode surface. The re-

cessed surface allowed operation of about 2 hours before the exposed

cathode surfaces showed any significant erosion. Upon operating for
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longer periods of time with a given cathode, the surfaces would
finally show signs of erosion; the centermost portion would erode
away, and then deterioration of the cathode surface proceeded
somewhat more rapidly. By carefully changing cathodes at appro-
priate intervals, it was possible to eliminate copper contamination of
the flow almost entirely.

Electrical power to the arc jet was provided by a remotely-
located, conventional motor-generator set. This unit could supply
D. C. voltages of up to 270 volts at power levels ranging from about
1 to 10 kw as neceded for these experiments. The volt-ampere char-
acteristics of the arc could be controlled by the suitable choice of
air-cooled ballast resistors in the arc heater circuit.

The power input to the al;c could be varied continuously by ad-
justing a rheostat placed in the field coil circuit of the motor genera-
tor set used to supply D. C. power to the arc. Typical operating con-
ditions with argon and with helium are given below;

Mean Gas Tem-

Primary Arc Arc perature at
Gas Flow Rate Voltage Current Test Section
argon 2,23 gm/sec 72 volts 68 amps 2000°K
helium .6 gm/sec 172 volts 58 amps 2000°K

The primary argon or helium flow was measured with a calibrated
tapered—tu’b'e, rotating metal-flow flowrator (Fischer and Porter
series le 2700) with a maximum error of about 3 per cent.

Arc initiation was difficult to achieve in pure helium and

generally required an applied total arc voltage of at least 260 volts.
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Difficulties were also encountered in achieving a stable arc when
starting the arc on pure helium. For these reasons it was found de-
sirable to start the arc in a pure argon flow and then progressively
reduce the argon flow while gradually increasing the helium flow and
simultaneously increasing the power input to the arc. In this man-
ner, it was possible to achieve a pure helium flow with a stable arc

at the approximate operating conditions listed above.

Potassium Bath and Secondary Gas Flow

Potassium vapor was entrained in a small secondary flow of
either argon or helium by bubbling the flow up through 1 to 24 1bs. of
liquid potassium al 793°K in the bottom of a stainless-steel cylinder
of 4" I. D. and 16' height, as illustrated schematically in Figure 8
The space above the liquid potassium was maintained at a total pres-
sure of slightly over one atmosphere and contained a partial pressure
of potassium vapor of about . 054 atmosphere, which corresponds to
vapor pressure equilibrium at the liquid temperature. The second-
ary flow has a calculated minimum residence time of 2 seconds in
the potassium bath and is thus thoroughly mixed with potassium va-
por in this region before being combined with the primary flow.
Measurements of the potassium concentrations entrained in the sec-
ondary argon flow were performed to establish the degree of en-
trainment of the potassium vapor in the secondary flow. This was
done by condensation of the potassium vapor from a known guantity
of the secondary flow and dissolving this vapor in distilled water.

A titration was then performed to determine the quantity of dissolved
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potassium that was recovered from the secondary flow sample.

These measurements showed that the seed concentration of
the flow passing through the potassium bath was within at least 90
per cent of the value calculated éssuming the flow to be completely
saturated with the equilibrium potassium concentration. Hence all
calculations of potassium concentration in these experiments were
based on the assumption that the secondary gas flow was saturated
with the potassium vapor in an amount corresponding to the equilib-
rium concentration of potassium vapor above the liquid potassium at
7930K; and therefore, the maximum error in these calculated potas-
sium concentrations in the secondary flow is taken to be less than
10 per cent.

Small amounts of sodium were also placed in the bath along
with the potassium. The vapor pressure for sodium is low enough
compared to that of potassium at 793°K to cause no significant error
in the calculated potassium concentrations in the flow and, in addi-
tion, the small amounts of sodium introduced into the total flow were
not enough to cause any measurable changes in any of the plasma
properties.,

All portions of the potassium bath except a thin copper seal-
ing gasket were made of stainless steel. The entire bath was wrap-
ped externally with electrical heating tapes and was thermally in-
sulated to ensure a fairly uniform wall temperature. In addition,
stainless steel tubing wrapped with separate electrical heating tapes

ensured that the potassium vapor in the secondary flow did not con-
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dense before being mixed with the primary flow. Two stainless steel
shielded thermocouples extended into the liquid potassium and the
output of one of these was used to activate an automatic temperature
regulator (Brown Instruments) controlling the power to the heating
tapes. The temperature of the potassium bath was also continuously
monitored from the thermocouple readings with a millivolt meter
(Hewlett-Packard model 425A).

Flow rates in the secondary gas flow were determined with
floating-ball type flowrators (Fischer and Porter '""Tri-Flat" series).
which were precisely calibrated for both argon and helium by meas-
uring volume flow rates at operating pressures and temperatures
utilizing a simple water displacement technique, as recommended by
the manufacturer. The maximum error in secondary flow settings
was about 3 per cent for all seed concentrations employed in these
experiments.

The entire secondary flow system,including the potassium
bath, was kept filled with argon or hclium at all times, including
periods between runs, during which the system was kept at 5 psig in
either argon or helium. These precautions prevented any possible

contamination of the system by atmospheric gases.

Mixing Chamber

The mixing chamber used for flow equilibration is illustrated
schematically in Figure 8 . The purpose in utilizing this chamber
was to allow time for the secondary flow to hecome thoronghly mixed

with the hotter primary flow, to allow sufficient time for the relaxa-
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tion of initial electron temperatures and electron concentrations pro-
duced in the primary flow by the arc, and to allow time for ioniza-
tion levels of the potassium seed to be increased to their steady value
in the mixed flow. The objective was to obtain a uniform, homogene-
ous, seeded plasma at the test section with a uniform heavy-particle
temperature {(except very near the walls) and electron temperatures
and densities corresponding closely to the gas temperature (exactly
equal to the gas temperature except for the influence of radiation loss
from the plasma).

The average residence time for the flow in the mixing chamber
was typically about 2 milliseconds for these experiments. Measure-
ments of ionization relaxation times for potassium done in connection
with these studies, as described in Section VII-D , indicate 2 milli-
seconds to be quite adequate to ensure full ionization relaxation of
the potassium seed. Similarly, recombination rates in argon at

(11)

these temperatures are sufficiently fast to allow full relaxation
of any high electron-ion concentrations built up in the arc region in
times of less than one millisecond. The time for electron tempera-
ture equilibration due to elastic collisions with the heavy species is
easily faster than 10_5 seconds. Finally, characteristic diffusion
times of potassium in argon are sufficientto give complete mixing of
the flows in the 2 milliseconds provided.

It should be noted that all portions of the inlet manifold ex~
posed to the flow operated with a visible red-orange glow, and in
fact, during helium runs the inlet manifold had to be cooled with an

external auxiliary air flow to prevent the manifold from burning up.
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Thus, there were no problems encountered with potassium conden-
sation anywhere in the system. Further evidence of this fact was the
observation that upon termination of the potassiumflow, the electri-
cal conductivity in the test section dropped essentially to zero in a
few seconds.

Cooling for the stainless-steel mixing chamber walls was
provided by an external air flow. The air flow was then cooled by
heat exchange to a water flow in copper tubing surrounding the air
flow as is illustrated in Figure 8.

Measurement of the rise in temperature of the cooling water
used to cool the arc jet and the mixing chamber was provided by a
series connection of 16 chromel-alumel thermocouples. This was
done only to obtain a gross check on operating conditions. Attempts
to determine mean gas temperatures by an enthalpy balance on the
system were not accurate enough to give more than a crude upper
bound on gas temperatures, since it was impossible to recover all

heat losses from the sysiem with the cooling water.,

Gas Temperature Measurement

Two techniques were found to give results of sufficient accu-
racy for the experiments performed. For gas temperatures near
15000K, chromel-alumel thermocouples of . 005! diamecter were em-
ploved to determine gas temperatures. In this range, a radiation
correction of about 50°K was added to the measured wire tempera-
tures to obtain the gas temperature. The thermocouple arrangement

is shown in Figure 32. It was found that a . 005" diameter tungsten
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THERMOCOUPLE

FIG.32 GAS TEMPERATURE MEASURING DEVICES
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wire could be utilized to bbtain gas temperatures in this range with
an accuracy comparable to that obtained with the the rmocouples.
For this case, a.single tungsten wire stretched between supports like
those shown at the bottom of Figure 32 was utilized.

A conventional optical pyrometer (l.eeds and Northrup model
8622-C} was used to measure the brightness temperature of the tung-
sten wires at 65004, Emissivity values for tungsten are known as a

(52) and enabled calcula-~

function of temperature for this wavelength
tion of the true wire temperature. Radiation corrections could then
be made to obtain the gas temperature.

For higher temperatures,near ZOOOOK, use wae made of the
tungsten wire technique. For these higher temperatures, the magni-
tude of the radiation correction made the accuracy of its determina-
tion of some concern. In order to reduce uncertainties in this cor-
rection, the temperatures of a graded series of wires of diameters
ranging from . 012" down to . 003" were measured. These measure-
ments were found to give a linear plot of the logarithm of wire diam-
eter as a function of wire temperature., This plot was extrapolated
to . 001" diameter thickness and a radiation correction of about 40°K
was then calculated for this diameter. It was then possible to relate
the temperature of the various sized wires to the gas temperature.
Thus, to determine the gas temperature for a given run, it was only
necessary to know the temperature of a tungsten wire of convenient

size (about . 005" diameter) from which the gas temperature could be

determined.
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The specification of the gas temperature was actually more
complicated than this, however, because the gas temperature was not
constant across the test section, but dropped off to about 1250 -
1300°K at the wall. In order to determine the gas temperature pro-
file, measurements were made with a fine network of . 006" diameter
tungsten wires as shown in Figure 32. Readings of wire tempera-
tures of the various wires were made af the intersection of each wire
with the vertical plane containing the centerline of the duct. The as-
sociated gas temperature at each point in the flow was then deter-
mined as described above. A typical gas temperature profile is
shown in Figure 33. The gas temperature, Ta , as referred to
throughout this work, was then taken to be the bulk or average tem-
perature obtained by averaging over the cross-sectional area of the
duct. That is,

1

[ g e
- = 2 ETH(E)E ,
T
G, 5J

where £ = r/R ; r is the radial coordinate, and R is the radius of
the duct; T,. is the temperature determined at the centerline of the

“©

duct; TB is the bulk temperature = Ta ; and T*(E) = %—El where T(§)
is the temperature determined at the position § . The%ulk tempera-
ture, Ta , is shown in Figure 33 for this typical profile.

Finally, a further approximate test was made in order to
roughlyl cheék the tungsten-wire temperature readings. Very thin

platinum wires (. 005" diameter) were placed in the flow and were ob-

served to melt at about their melting point of 2047°K as ascertained
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by estimating the platinum wire temperature based upon simultane-
ously measured temperatures for tungsten wires..
The above methods gave estimates of average gas tempera-
tures which were probably accurate to within + 30 to 40°K at 1500°K

and + 100°K at 2000°K.

Spectroscopic Apparatus and Measurements

The optical system was designed to provide, first of all, so-
dium line reversal, or SLR, measurements of the population of the
3p state in neutral sodium, NaI . Secondly, it provided relative
population measurements of various low-lying states of neutral po-
tassium, KI , in addition to relativc measurcments of populations of
the 3p state in NaI . A schematic diagram of the optical system has
been shown in Figure 7 . The entire optical system was mounted on
a specially designed optical bench which allowed three degrees of
freedom motion and precise adjustment of the optical system. The
SLR measurements will be discussed first, and then detailed infor-
mation on the relative measurements will be given.

The SLR measuring apparatus was conventional, and the gen-
eral technique is fully described in ref. 52, The principal compo-
nents used here were the tollowing: two double convex lenses of
3.75 cm diameter and 20 cm focal length, a Gaertner 474-AV spec-
troscope, and a General Electric type 18A tungsten ribbon lamp.
Variablé electrical power was supplied to the lamp with a Variac
transformer unit, and lamp voltages were measured with a Simpson

model 29 A, C. voltmeter.
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Figure 9 shows the special test cell which allowed argon
purging of the viewing ports and thus prevented the formation of a
cloud of cool potassium vapor which would cause undesirable ab-
sorption effects. It was found that the auxiliary flow needed to
eliminate these absorption effects was less than 1% per cent of the
total flow . This auxiliary flow produced no measurable effects upon
experimentally measured conductivity values.

Ags the auxiliary flow was increased from zero to about one
per cent of the total flow, the measured SLR temperature steadily
increased. Increasing the auxiliary flow from about 1 per cent up to
as large as 5 per cent of the total flow produced no further change in
the measured SLR temperature, thus indicating that the cool absorb-
ing layer had been effectively eliminated.

The port closest to the lamp was of 3/32" diameter, and the
port nearest the spectroscope was 1/16" diameter. The optical sys-
tem was precisely aligned so that light passing through the first port
completely and uniformly filled the second port. The center of focus
betWeen the two lenses was precisely located at the centerline of the
test section. The light beam emerging from this hole then complete-
ly filled an iris-type aperture placed immediately in front of the lens
closest to the spectroscope, as is illustrated in Figure 7 . The
beam was then focussed accurately to cover the slit of the spectro-
scope.

The SLR lamp was calibrated by reading its brightness tem-
perature at 6500 A with a precision optical pyrometer placed so as to

view the lamp through the test section from a point between that side
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of the test section closest to the spectroscope and the lens immedi-
ately in front of the spectroscope. During this calibration, the
quartz window covering the port on this side of the test section was
removed to ensure that the brightness of the lamp as read by the py-
rometer would correspond to the intensity used as a comparison with
the intensity of the sodium transition. The brightness temperature
at 6500 A was corrected to the brightness temperature at 5893 A with
the standard calculation outlined in ref. 52 . Thus, the brightness
temperature at 5893 A was determined as a function of the lamp
voltage to obtain a calibration curve for SLR measurements.

It should be mentioned that calibration curves as obtained with
the above calibration procedure were not significantly different from
those obtained by a simpler approximate procedure, as outlined in
ref. 52, in which direct readings of the brightness temperature of
the tungsten filament are corrected for reflection losses at the sur-
faces of the lens nearest the lamp to determine the brightness tem-
perature as seen at the center of focus in the plasma.

The optical pyrometer used for these measurements (Leeds
and Northrup model 8622-C) had been calibrated by checking against
an NBS standard lamp.

A second set of optical apparatus was designed to measure
relative changes in light intensities from various transitions in the
lower states of potassium and sodium. The schematic diagram given
in Figure 7 shows the system of mirrors, filters, and phototubes
necessary to study these transitions experimentally. Photomultiplier

tubes and optical filters were selected to provide a means by which
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spectral bands containing the various transitions could be isolated
for individual study. Second-order interference filters were chosen
to give second-order transmittance bands with average half widths of
about 90 A centered at the particular transition of interest. Addition-
al Kodak Wratten filters were carefully chosen to exclude the first-
order transmittance bands. The phototubes were chosen to give
good response in the spectral region of interest, but to have negli-
gible response in the third- and higher order transmittance bands.

In addition, the spectral regions of investigation contained no tran-
sitions of significant intensity of any other species in the flow be-
sides the atom of interest. The tubes and filters used to monitor

each transition are shown in the following table:

Bausch and Lomb

2nd-Order Inter- Kodak Wratten RCA. Photo-
Transition ference Filter No. Filter Number tube Number
KI 4p - 4s 33-79-76 89B 7102
KI 5p = 4s 33-79-40 0 7102
KI 6s - 4p 33-78-69 29(F) 6655-A
Na,I 3p - 3s 33-79-58 22 7102

The photomultiplier tubes were electrostatically shielded by
placing them inside both brass and stainless steel liners, and all
electrical leads were carefully shielded and grounded. During oper-
ation, they were sealed off and immersed in a mixture of dry ice and
ethyl alcohol to cool the tubes below 200°K. These precautions e-
liminated spurious electrical pick-up and thermal noise from the

photomultiplier output signals. The entire photomultiplier tube -
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mirror system was completely purged with dry, high-purity nitrogen
which prevented all condensation in the optical system. Care was
taken to eliminate light leaks from external sources during the tests,

The light path for incoming light to the phototubes was adjust-
able and could be connected to either of the two pairs of observation
ports in the test section. When connected to the upstream port, the
light inlet was aligned snugly against the quartz window and light
leakage was prevented. When the inlet was connected snugly against
the downstream port, the light pipe contained a celluloid seal about
4 inches from the port which provided a region between port and seal
of dead gas space and eliminated the vapor plume which would have
been present at the inlet, had the seal not been present. This second
port arrangement was used exclusively for ionization and recombina-
tion transient measurements.

Precise light intensity comparisons could be ma de between
two steady-state discharge conditions by utilizing the photomultiplier
optical system and the upstream pair of ports. In order to measure
the ratio of intensities accurately, it was necessary to connect a .25
ufd capacitor between the oscilloscope input and ground, which
smoothed the high-frequency, random characteristic of the light in-
tensity trace from the phototubes. This provided relative light in~
tensity comparisons accurate to within 2 per cent., The averaging of
the random signal thus obtained could be checked by comparing
traces resulting from fairly high light intensities (and thus possess-
ing a fairly well-defined signal even without the filter), both with

and without the filter. The result was that the filter gave a good time
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average of the random signal.

The photomultiplier tube circuitry was conventional. The
measured light intensities were within the linear range of phototube
outputs (output current £ 1/10 bleeder current), and care was taken
to provide sufficient capacitive coupling with the final dynode stages
to ensure stabilization of dynode voltages. A Kepco model ABC
1500 M voltage~-regulated D. C. power supply was employed to oper-
ate the phototubes.

The unfiltered phototube circuitry used in transient measure-
ments showed a rise time of less than 1 microsecond in response to

light pulses.

Additional Measurement Techniques

Brief mention should be made of the manner in which basic
data were taken during these experiments. Transient ionization,
relaxation, and steady-state measurements will be discussed first,
followed by recombination relaxation measurements.

The lower portion of the circuit diagram in Figure 11, labeled
ionization circuit, was used to establish a step function increase in
the electric field between the discharge electrodes from an initially
zero value to any desired final value up to about 30 v/cm. This was
accomplished by charging a 4600 yfd electrolytic capacitor to any
desired initial voltage by means of a D. C. voltage supply obtained by
rectifying the output of a variable A, C. transformer with a silicon
trangistor, The charging was done by an external circuit. The ca-

pacitor was switched into the external circuit for charging and then
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switched completely out of the external circuit into the test circuit
before beginning the test. This switching arrangement prevented
ground-looping between the charging circuit and the test circuit.

The test discharge was then initiated by closing the lower
mercury switch shown in Figure 11 . Since the time constant for
discharge of the capacitor through the plasrﬁa was much longer than
test times of up to about 400 microseconds, a nearly perfectly con-
stant potential difference was applied between the discharge elec-
trodes. Minor initial difficulties with slightly underdamped voltage

(48)

pulses were eliminated by reducing circuit inductance and re-
sistance to very low values by using large no. 12 gauge copper wires
for the leads and keeping them as short as was physically possible.
All probe potentials, current measurement potential and pho-
tomultiplier output signals were recorded with a Tektronix type 551
dual-beam oscilloscope equipped with a type M, 4-trace amplifier
and a type D amplifier unit. Some preliminary experiments, with no
light intensity measurements, were performed with a Tektronix type
535 single-beam oscilloscope and type M pre-amplifier. Very short,
shielded leads for the voltage probe measurementis were connecled
with Tektronix type P6000 10X compensated probes, carefully ad-
justed to give accurate high-frequency response. The current meas-
urement circuitry had to be carefully shielded and grounded to re-
move external electrical noise, and the observed rise time for this
circuitry, as well as that of the voltage probes, was less than two

microseconds. The current measurement resistor and the oscillo-

scope amplifiers were periodically calibrated against the oscilloscope
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square-wave generator to check all measurements. Average oscil-
loscope readings were accurate to within 3 to 4 per cent, but with
careful calibration and photo measurements they could be made to
within 2 per cent.

For very low current density measurements, it was conveni-
ent to operate the discharge in a steady state fashion by using a bal-
last resistor and battery voltages from 2 to 12 v D. C. These meas-
urements were also recorded on the oscilloscope. Also, Simpson
model 29 panel meters were included in the steady-state circuitry
to afford qualitative observations of discharge characteristics over
the range of current densities from 0 to 40 amp/cm in a fashion sim-
ilar to that employed by Pinchak( 37) .

Recombination relaxation measurements were similar to
those performed during the ionization relaxation period. The upper
portion of the circuit shown in Figure 11 was utilized, and the re-
laxation was again initiated by closing a mercury switch. The mer-
cury switches used for these experiments were of the conventional
tilt-aclion type.

As an additional comment, some preliminary data were taken

with alundum test section walls( 48). Most all of the data reported

here were taken with boron nitride test sections. DBoron nitride was

found to have a much longer useful lifetime.
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APPENDIX B

Plasma Radiative Transfer Calculations

In formulating the quasi-steady electronic energy balance as
discussed in Section III, it was necessary to include energy losses
from the free electrons due to radiative energy transfer from the
plasma volume. Energy can be lost directly from the free electrons
due to photon emission by a free electron moving in the electric field
of an ion (Bremsstrahlung). Energy is also lost from the free elec-
trons as a result of inelastic collisions with the various heavy species.
That is, if bound 61' free states initially created by inelastic elec~
tronic collisions decay by the emission of radiation instead of by an
electronic collisional de-excitation or recombination, then a net
energy loss from the free electrons results. Thus, the total radiative
energy transfer at the boundaries of the plasma can be calculated to
estimate the magnitude of the rate of inelastic collisional energy loss
from the free electrons, when electronic collisional processes and
radiative transitions determine the populations of the various free
and bound states.

This Appendix gives the details of the plasma radiative trans-
fer calculation used to estimate the steady~-state rale of energy luss
from the free electrons due to inelastic collisions (see eqn. (3)).

An estimate of the total free-free emission rate (Brems-
strahlung) per unit volume from the plasma can be made with the

formula of Spitze r(56):

R..=1 435x10734 22TE,N N tts/em> (B-1)
fog = Lo 8N N,  watts/cm -
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With an electron temperature of 3500°K and an electron density of
2x10'°, we find R,_, ¥ . 034 watts/cm”,

The total rate of emission per unit volume due to free-bound
transitions is obtained by calculating the rate of radiative recombina-~-
tion to each bound level and multiplying by the energy difference be-
tween the free electrons and the bound level, and them summing over
all possible transitions. However, in order to get an upper bound on
the magnitude of this total rate, it is sufficient to multiply the total
radiative recombination rate to all bound states by the energy differ-
ence between the free electrons and the ground state. The total radi-
ative recombination rate coefficient for hydrogenic atoms can be

written as (see Section V-A)
dN

1
Cp = N‘ 7 Tdt
e

3/4

e

13/

= 2.7X10° (kTe) cm3/sec

and the rate coefficient for potassium should not be substantially dif-
ferent. Thus, an upper bound on the total ratc of cmission per unit
volume due to free-bound transitions is

s - 3 dN_ 2
Ry p ~ (VO+—2—kTe) | = VNTa . (B-2)

f dt o e r
I
With an electron temperature of 3500°K or . 302 ev, and an electron

15 < 3
b ~ L 9 watts/ecm™.

As will be shown in the following, the total rate per unit vol-

density of 2X10 /cm'3, we find R

ume of emission of radiation from bound-bound transitions in potas-
sium is quite large compared to the above estimates of free-free and
free-bound radiation rates, e.g., Rb b = 26 Wa.’cts/cm3 at Te =

IS/C 3

350001{, Ne = 2x10 m~. This condition of electron temperature
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and density is near the upper limit of conditions encountered in these
experiments, and for lower temperatures and densities the bound-
bound transitions dominate even more heavily. Thus, free-free and

free-bound transitions will be neglected in this analysis.

The remainder of this section will be devoted to the detailed

calculation of bound-bound radiation losses from the plasma volume,

as shown in Figure 34.

L12¢m 191cm | 1.91cm l J:27cm l.2d’Z cm
ia.
e ! " : N ." '.'. -.- .v s - -—v' .l' .. . i I_." PN
W\:ﬂF \\ —
) Va————
N e R ,“./. T
Discharge Region -
75cm
64 cm 191cm, 04 cm I Zg_cm
, ia.

Discharge Region _|
45cm

DISCHARGE CONFIGURATIONS

Figure 34,
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Geometrical Considerations

For this calculation, it is convenient to use the concept of a
mean beam length(57’ 58). The mean beam length is defined as the
radius of an equivalent hemispherical plasma body whose radiation to
a unit area at the center of its base is the same as the average radi-
ation tothe surface of the arbitrary plasma volume of interest. The
utility of the mean beam length concept is that it allows one to cal-
culate the total radiation from the arbitrary plasma volume of inter-
est as if the path length for radiation were a constant equal to the
mean beam length. Thus, once the mean beam length has been de-
termined, the geometrical portion of the problem is solved and the
remaining calculation depends only on the plasma properties. In
general, of course, the mean beam length will depend upon the de-~
tailed absorption of the plasma, but for the relatively broad lines of
primary importance, this dependence may be expressed quite simply
and the mean beam length is readily determined.

In practice, one calculates the ratio of the mean beam length
for the plasma volume of interest to the mean beam length for a
transparent gas of identical geometrical configuration. This ratio and
the relatively simple geometrical determination of the transparent
gas mean beam length then give the desired mean beam length for the
actual plasma volume.

The use of many probes inserted in plasma volumes with con-
figurations similar tothose shownin Figure 34 established that the
electric field was essentially constant throughout except in the region

very near the electrode surfaces. Visual observations revealed the
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discharge glow to be uniform and to completely fill the duct. Thus,
the assumption is made that the plasma volume is a cylinder of uni-
form properties extending in the region between the discharge elec~
trodes. From Figure 34 we see that one could calculate the net ra-
diation leaving the cylindrical region between the probes allowing for
the fact that radiation from the ends can enter this volume., Alterna-
tively, since the discharge region is uniform, one could regard the
entire plasma between the discharge electrodes as the volume of in-
terest and calculate the total radiative loss from this entire volume.
Calculations have been performed in both ways and lead Lo equivalent
results; however, only the latter method will be discussed here, since
the use of the mean beam length concept is the most straightforward
in this case.

The walls can be regarded as essentially transparent for all
radiation leaving the plasma, since the wall temperatures are about
1200°K, whereas the population temperatures of the excited states
are typically 2500°K or more.

As will be justified in the following, the lines which give the
largest contribution to the total bound-bound emission rate have pro-
files whose Widthé are determined primarily by collision broadening.
Olfe(59) shows that for an infinite circular cylinder of plasma with

widely separated, collision-broadened lines,

. T
L [re/a]®
o - [r(7/4)] = .94z (B-3)

Here, I' denotes the gamma function, and L/L° is the ratio of the

mean beam length of the plasma of interest to the mean beam length
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of a transparent gas. This result should also be approximately cor-
rect for the finite cylinders of interest here, since L/LO is quite in-

(58 ). Note

sensitive to the length- to-diameter ratio of the cylinder
also in this context that references 57, 58 indicate that an empirical
rule that has been found useful under arbitrary conditions of absorp-
tion is L/L° =, 85,

It can be shown that when the me an beam length refers to ra-
diation to the entire surface area A of the plasma volume, V , that

L° is given by L° = 4V/A (59). Thus, to a very close approximation,

the mean beam length for the cylindrical plasma of interest here is

given by
~ V _ 3.6d2
L =3.6x = Zg5ar - (B-4)
Typical mean beam lengths for the plasma configurations used

here were about 1. 04 cm.

Line Broadening Calculations

Line broadening for the plasmas of interest here is due pri-
marily to Lorentz {collision), Doppler, and Stark broadening effects,
listed in order of decreasing importance. The natural widths of the
lines are quite small compared to these added broadening effects.
The calculation of the (half) half-widths for each of these broadening

terms will be discussed in the following.

Lorentz (Collision) Broadening

The classical theory of collisional damping provides a de-
scription of the broadening of a spectral line caused by changes in

the characteristics of the emitted radiation when the emitting atom
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experiences an elastic collision with another (neutral) atom during the

time of emission., The (half) half-width for this collisional broaden-

ing may be expressed as(éo)
_ 1 2 2
bC = —Z--C-:- N'V > - (B”E)

Here, N' is the number density of perturbing atoms, ¢ denotes the
. 2 . . . . .

speed of light, ¢ 1is the cross section for broadening collisions

(optical cross section), and V is the mean speed of the perturbing

particles relative to the emitting atom given by kinetic theory to be

vV = a
W

where |y is the reduced mass of the emitting atom - perturbing
atom system.

More exact theories describing the interaction process are
available, but the simple classical theory will be suifficient for the
calculations performed here, and further, the presently available
experimental data have been correlated in terms of the "optical col-
lision cross section' defined in eqn. {B-5). The chief difficulty with
the use of the classical collisional broadening theory leading to equa-
tion (B-5) is that pronounced asymmetrical shifts of the line profiles,
not predicted by the simple classical theory, occur at high densities.
Though these shifts are not important at the densities of plasmas
studied here, most of the collisional broadening data have been taken
at fairly high densities where the asymmetry is large, causing the
determiﬁation of effective half-widths to be rather difficult and inac-
curate.

For the experimental conditions here, the principal source of
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collsional broadening is that due to perturbations by the argon or
helium atoms, since the amount of potassium seed never exceeded
1 per cent of the total flow.

Values of the optical cross section as defined by egn. (B-5)
have been determined experimentally for alkali emitters perturbed by
various foreign gases. Several measurements of potassium line
broadening by nitrogen exist, but little is known about broadening by
argon and helium(61—63). The broadening of sodium lines by nitro-
gen, helium, and argon has been measured by several authors,
These data are rather incomplete, and the data taken by various in-
vestigators differ somewhat. With these difficulties, it was possible
to estimate approximate values of optical cross sections for the po-
tassium lines of chief importance broadened by argon and helium,
Values of cz thus obtained are shown in Table B-I. These values
are based on the available measurements of potassium line broaden-
ing in nitrogen, argon, and helium, as well as the fact that the rela-
tive variation in the broadening of potassium lines by nitrogen, ar-
gon, and helium should be similar to that measured for sodium lines.
The values of 02 thus obtained are thought to be accurate to within
about 40 per cent. Also shown in Table B-I are values of the absorp-
tion oscillator strength (dimensionless) for a few important lines of

(22, 64, 65)

potassium These values have been calculated with the

Coulomb approximation to the transition integral as formulated by

(24)

Bates and Damgaard , and show excellent agreement with the

available experimental data.
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TARBRLFE B-I

Absorption Oscillator Strengths for a Few Important

Transitions in Potassium

Designation Absorption Oscillator Optical Cross Section,
lsczwter ufpter Stren th(./l&, o4, 65) 0& (A’)& (61,62, 63)
are state e AR "He-K
£-u Ponkeiiibovdnd
4s %5, - 4p “P? . 66
2 2 > 2 150 64
1s “Sy - 4p “P3 .33
2 2
4p %PS - 55 %8, 17
, & , 2 200 85
4p “P3 - 5s “S: .17
2 2
4p %P9 - 3d “Ds 85
2 2
4p %P9 - 3d °Ds .70 200 85
2 2
4p °P§ - 3d °Da 08
2 2
3q 2D g - 4f “F° .76 290 125
{5} (%]
a2 2

Doppler Broadening

The Doppler broadening of a spectral line due to the random

thermal motion of the emitting atom is expressed in terms ot a (half)

half-width given by2>)
1 ZkTa’&nZ
Pq T e Vm, (B-6)

Here, ) is the wavelength of the spectral transition of interest.



-172-

Stark Broadening

The theories describing Stark broadening due to interactions
between the emitting atom and the electric fields of plasma electrons
and ions are fairly elaborate. Interactions between the radiating at-
om and arbitrary perturbing atoms can be treated very generally
guantum-theoretically, the difference between what is referred to
here as Stark broadening and the '"collision' broadening discussed
above being essentially the Coulomb potential produced by charged
perturbers. There is no need to discuss these theoretical formula~
tions here, since only an estimate of the line width associated with
Stark broadening is needed.

Various approximate formulas for estimating these line
widths depending on various plasma conditions have been given by

(21). More recently, Griem(zz) has published the results

Margenau
of extensive Stark broadening calculations for many elements in-
cluding potassium.

The approximate impact theory formula for the (half) half-
widths for quadratic Stark broadening due to plasma electrons and
ions, given by Margenau for the conditions of electron temperatures

and densities of these experiments, is(ZI)

500 - 2/3_,1/6 0.28 ;15176
bS - 2mc Q4 Te [1 +-——7?)—M1 (T‘;) Ne , (B_?)

where (, is determined experimentally or given approximately by
a, ¥ 3x10” 17 g6 .

4 In these expressions, M denotes the molecular

weight (dimensionless) of the radiating atom, and g denotes the prin-

cipal quantum number of the upper state of the radiating atom which is
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assumed tao have a hydrogenic energy level structure. Te is in °K
and Ne is in cm-s.

Preliminary approximate calculations performed with eqn.
(B-7) gave somewhat larger estimates of line widths than those cal-
culated in detail by Griem for potassium. Calculated values of radi-
ative loss did not differ appreciably, however, since for these plas-
ma conditions the contribution of Stark broadening to the total broad-
ening is small. The calculated Stark broadening widths of Griem
show excellent agreement with experiment for radiation from cesi-
um(65). Since the energy level structure of potassium is quite sim-
ilar to that of cesium, the calculations for potassium are also prob-
ably very good. Thus, the calculated Stark broadening parameters
of Griem have been used in evaluating the experimental results.

Griem expresses the (half) half-widths for quadratic Stark
broadening in the form(zz)

bS = [1+ 1.750(1 -~ .757)]w, (B-8)

where ¢ is the broadening parameter due to the influence of ions,

w is the electron-impact (half) half-width, and r is the ratio of the
mean distance between ions to the Debye radius (see reference 22),
These parameters are tabulated for the transitions of primary im-

portance in potassium in reference 22.

Spectral Line Profiles
The above discussion indicates that the broadening of the
spectral lines of plasmas discussed here is primarily caused by dis~

persion broadening due to the Lorentz and quadratic Stark effects as
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well as Doppler broadening. The shape of the line profile for com-

bined dispersion and Doppler broadening effects has been considered

by Voigt(éé) and Rieche(67), and is also discussed by Penner(25).
The resultling spectral absorption coellicient has the .forrn(25)
(8 0]
P = ..E-\/,[’,n z2/m 2 & Md (B-9)
gl 7B J et
d Soo 2 TE-Y)
where 1
2
L - (bc'l-bs)(»f,n 2)
bd
W= L
£ = = 2 (n 2)? ,
a

and the integrated absorption, S, is given by

oe)
b 2 -hy
d K _ Te 20\ ~ Te
P|§|dg ~ mc N&f,{;-u<l T ¥ kTe ) " mc N%f{,—u

S =
(1n 2)z J
@© (B~10)

where fJ(,-u is the absorption oscillator strength (dimensionless). For
all transitions of importance, h\;/ﬁu >> kTe . The conventional prac-
tice of adding half-widths for dispersion broadening has been adopted.

The radiancy of a given spectral line, R; , can then be ex-

L

pressed in the form

1
R; (4n 2) (?o
—— -é— [l - exp(-P L)}df_ﬁ. s (B-11)
ZRwob ‘J lgl

od -0

where L is the mean beam length for radiation from the plasma vol-
ume of interest (e. g. (B-4)), as has been discussed. ng is the

blackbody radiaﬁcy per unit reciprocal wavelength interval at the line
center. Reference 68 contains a useful set of tables for the determi-

nation of this quantity (see Table III, page 79, reference 68). Penner
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discusses the evaluation of these integrals in detail and presents the

quantity on the left hand side of eqn. (B-2) as a function of

—B-S- tn 2/w L for various values of the line width parameter, a , of
d
eqn. (B-9). These curves are known as ''curves of growth' as em-

ployed by van der Held(ég).

Radiative Lioss Calculations

The total rate of energy loss from the plasma per unit volume
due to bound-~bound transitions is given by
) (B-12)

R = 7¥R
s .

<|»

L

i i
where the summation is taken over all bound-bound transitions. Here,
RL. is the line radiancy of the it transition, as given by egn. (B-11).
FOIJ: the electron tempe ratures of these experiments, the summation
converges quite rapidly, with the principal contributions given by
resonance transitions from the lowest lying states.

Equations (B-2) through (R-12) were used ta calculate the av-
erage radiant energy loss per unit volume from the plasmas as dis-
cussed in Sections III-E and F. Enough lines were considered to
establish the convergence of the summation in eqn. (B~12) and to be
certain that omitted higher transitions were negligible. That is, the
following emission series were conéidered: np - 4s, ns - 4p, nd - 5s,
np - 3d, nf = 3d, na = bp, nd - 5p, 4 - 4d, and 5d - 4f. Here, n was
ta.kén over all emission lines giving an appreciable contribution. Val-~
ues of n extending up to between 7 and 11 were usually sufficient in

this regard.

Calculation of the radiant energy losses per unit volume, RS ,
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due to bound-bound transitions was carried out as described above
for 2200 =< Te < 3500°K ;nd values of initial potaésium concentration
nK/nA =.002, .004, .006, and . 008, for Ta = 1500 and 2000°K for
_the argon-potassium system. These results were then simply ex-
tended by appropriate modification of the preceding equations to in-
clude the helium-potassium system. Typical results for the argon-
potassiurn system at Ta. = 2000°K arc shown in Figure 35, Also.
shown are the contributions to fls given by only the 4p — 4s transi-
tions for nK/nA = .004. Note that 70 per cent of the total radiation
loss is due to these transitions for the tempéra.ture range investi-
gated.

- Examination of a special case is of interest here. When the
line width parameter, a, is large, the spectral profile is essentially
determined by dispersion broadening effects. This condition holds
fairly accurately for the 4p — 4s resonance lines which account for
most of the radiation loss (see Figure 35)., When this is the case,

and when the plasma can be considered optically thick
SL

[ zﬂbc-l-bss) >>?r‘] » then RL/RwO = 2 SL(bc+bs) . Under these

conditions, the total rate of energy loss becomes ‘
A e : t A
R_ = ZEEERQJD \ﬂS(bC+bs)]i L. (B-13)

Thus, from eqn. (B-4), f{SN '\/A/V'N '\[I/L' , which shows that the

dependence of the calculated radiation loss is not particularly sensi-
tive to moderate changes in configuration of the plasma. This ex-
plains the fact that experimental results were insensitive to discharge

length variations in the range from 4.5 to 7.5 cm, and indicates that
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possible errors in the estimates of plasma geometry will not have
significant effects on the radiation calculations, as compared to the
possible errors in optical cross-sectioﬁ estimates, for example.
This result also shows that radiation losses from the plasma can be
very important in interpreting the results of these small-scale
laboratory experiments; but for large enough systems, radiation
losses can be reduced to the extent that they are negligible compared
to elastic collision losses.

The principal uncertainty in the calculated results is un-
doubtedly that due to the rather crude estimates of ,T,nrent;. hroaden-
ing half widths. The rather small uncertainties associated with the
oscillator strengths are of no concern, and the uncertainties associ-
ated with the mean beam length calculations are probably also not
critical. Fortunately, the calculated radiation will only depend ap-
proximately upon the square roots of these quantities. Thus, esti~
matcs of the above uncertainties give probable maximum uncertain-
ties in the radiation loss calculations of + 25 per cent. Note that
this uncertainty does not affect any of the major conclusions that
have been drawn in this work. For example, even when radiation
losses are quite large, as at very low currents, then JZ is approxi~
mately proportional to Of{s,and thus the uncertainties in the cal-
culated J values would only be about 13 per cent. This small un-
certainty is clearly unimportant on the log o versus log J plots, and
for conditions where radiation losses are equal to or less than elas-
tic collision losses, the uncertainty is even smaller,

As a final comment, after having completed these calcula-
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tions, the author learned of the results of some radiation calcula-
tions for an argon-cesium plasma performed by Lutz(70). These
calculations were done for a plasma enclosed by infinite parallel
Planes with a method that does not lend itself readily to more com-
plicated geometries. However, the mean beam length concept dis-
cussed here provides a simple means by which the calculated results
for an infinite plane geometry can be applied to more useful geomet-
rical configurations. The calculations of reference 70 assume dis-
persion broadening effects to be dominant, and so use of the mean
beam length concept reduces the entire calculation to the very simple
one defined by eqn. (B-13). For a transparent gas, the me an beam
length for the infinite parallel plane case is jus‘t L° = 2d, where d is

(57, 58). Olfe(sg) shows that

the separation distance between planes
for the parallel plane case, under these broadening conditions, that
L/Lo = 8/9. Thus, the radiation loss from a plasma with collision
broadened line profiles enclosed between infinite parallel planes can
be related to a similar plasma enclosed by boundaries of arbitrary
geometrical configurations in terms of the mean beam length for the

new geometry. For example, consider the finite cylindrical volumes

discussed in this work. Then

A w

R =
“cyl

V] cyl ® || plane

2

Lcyl d [A

where Lcyl. is the mean beam length of eqn, (B-4).
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APPENDIX C

Assumptions and Approximations

This appendix gives a brief discussion of some of the assump-~

tions and approximations that have been made in this work,

(1-3)

A. Maxwellian Distribution of Free Electron Energies

The free electrons can be regarded as having an essentially
Maxwellian distribution, for the conditions of these experiments, if
their mutual interactions are sufficiently frequent to "Maxwellianize!
the distribution by removing the effects of perturbations due to col-
lisions with the various atomic species. That is, the net probability
of mutual energy transfer between electrons must exceed the proba-
bility of energy loss to the atomic species by elastic and inelastic
electron-atom encounters. This condition will be satisfied, pro-
vided that the following approximate inequalities hold.

1. Elastic collision energy transfer to atomic species m .

8 111e
\ >> % =
Ye-e Tm_ “m'’

or

N_>> % mo_€ N o,
m m
: m e m

Here, Ve e is the average electron-electron collision frequency, Q’c
is the Coulomb cross section (see eqn. (10)), Qm is the momentum
transfer cross section for elastic electronic collisions with species

m (see below eqn. (14)). For conditions of these experiments, the
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inequality is satisfied for Ne > 1012 - 1013 cm_?’ .

2. Inelastic collision energy transfer to atomic species m .
When electronic collisional processes dominate in determining the
populations of the various energy levels (to be considered below),
then excitation and ionization rates approximately balance de-
excitation and recombination rates at the steady state. For this
case, ''depopulational or populational' effects on the tail of the dis-
tribution function are not important. During ionizational or recom-
binational relaxation, however, the tail of the distribution can be sig-
nificantly altered from the Maxwellian form if electron densities are
too low. I'or example, during the ionizational rclaxation for potas-
sium, the electron density must be high enough to satisfy the follow-
ing approximate inequality, as follows from the discussion given in
Section V.

Consider the effect on the distribution due to inelastic colli-

sions resulting in excitations across an arbitrary gap U. Then we

require
1 dN
> Tl
ve—eU> N dt IuU’
e U
— v 1 dN
N < VZ e Ul 5 Fl,
e U
or
| - 4
N dt . u
Ne >> —__e‘_"—‘““y"“" s
c R (U}

where QC{U} is the Coulomb cross section evaluated at energy U,
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Here, il\i] is the net rate of excitations across the arbitrary gap
dt . 'u

U
U. As mentioned in Section V, a quasi-steady condition is rapidly
dN | ~dN
reached such that w3 | . E-E-l 4 min

u
Consider the largest gap for potassium, 4p— 4s (1. 61 ev), at

the quasi-steady relaxational condition:

< &

N dt 'u min
N >> °
© cQ_{l.6lev]

For these experiments, this inequality is satisfied for Ne > 101Z -
1 -
10 3 cm 3 .

B. Electronic Collisional Equilibrium for Excited State Populations
(11)

in Potassium

The rate of de-excitation from the states just above an energy
gap U is given by eqn. (19) . For the lower lying gaps, most of the
de-excitations come from the level { , with number density N) and

degeneracy g, located immediately above the gap. Values of

L dN
N, dt la

v

for the various low-lying states of potassium are given be-
low as a function of electron density, and are valid for the electron
temperature range of interest here. Also shown are the approximate
reciprocal radiative lifetimes of these states(64).

Inspection of the Table C-~I reveals that for all levels above
the 5s level that for Ne z 101.4/cm3, the probability of collisional de-
excitation is always at least 100 times the probability of radiative
de-excitation. The 4p and 5s states actually have much longer ef-

fective lifetimes than those indicated in Table C-I, since reabs orp-

tion of emissions from these states is large. The radiative transfer
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calculations described in Appendix B indicate that for T~ 2500°K,

1014 3

N ~ , and J~ 1.5 amp/cmz, the ratio is about 50:1 in

o /cm

favor of electronic collisional de-excitation for the 4p state, and

3

over 80:1 for the 5s state. For T_ = 2200°K, N_ = 2x10 3 /cm®>, and

J=.4 arnp/cmz, the ratio drops to about 15:1 and over 30:1 for the
4p and 5s states, respectively. Thus, for Ne P 1014/cm3, the con-
dition of electronic collisional equilibrium probably holds for all
bound states in potassium in these dense plasmas.

TABLE C-1

Argon-Potassium, nK/nA =.,004

Electronic Collisional Reciprocal Mean Lifetime
States De-Excitation Rate Neglecting Reabsorption
1 dN -1 -1
1 N d—tl (sec ) — (sec )
2 d ‘T
4p 6x10°8 N 37%10°
5s z><1o'6 N 22><1o6
3d 8><10“6 N, 25><106
5p 9x1o‘6 N 8x10°
bs, 4d 5><10’6 N, . 11><106, 4><106
4 2X 10'4 N, 106

C. Neglect of Atom-Atom Excitation Compared to Electron-Atom
(19,71)

Excitation
The rates of cither excitation or ionization from the ground
state per unit volume can be written in terms of the linear slopes of

the cross section versus energy curves near threshold as(lg’ 71),
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_E*/kT
d N c s €
T N_NpcC _ (E* +2kT )e
e~a . v
™ ~-Ex/kT
AN _ - e [Tk a
T \a_a = NNge \fzm o Gl BF T aKT e

where Maxwellian distributions with average energies below thresh-

old have been assumed for all species. Here, ———é\z ‘and ____‘illf*
€=a : a=a

are the excitation or ionization rates for electron-atom and atom-atom
processes, respectively. E%* is either the excitation or ionization

energy, and Ce a and Ca a are the respective cross-sectional slopes

above threshold. If Te Ta’ then electron-atom processes dominate

if Ne C 5 m
N 7T >
a e=a
For potassium in argon,
Ne o> 1 Ca.--K
N ~ 330 C :
a e-K

Existing data (e. g. references 19, 71, 72)for noble gases indicate

Ca,—a << Ce-a' In the absence of available data for the atom-atom

cross sections for potassium, we assume

C g~ (01to.001)C .
Then the above inequality becomes N /Na > 107°, If N
13 3

~denotes the number density of argon, then we must have Ne >10"/cm
in order to neglect atom-atom processes. This result is not very
satisfactory, since no data for atom-atom cross sections for potas-
sium appear to be available to allow a more definite comparison.

Some information may be obtained by detailed balance con-

siderations of available recombination data for cesium. Several
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authors (see bibliugra‘phy. of reference 40) have found electron-
electron-ion recombination dominant over electron-atom-ion re-
combination in cesium for conditions similar to those encountered
here with potassium. These results indicate atom-atom processes

to be negligible at electron densities above about 1013/cm3«

D. Neglect of Dissociative Recombination

{

Harris 45) has measured the dependence of recombination
rates i.n cesium on cesium seed pressure and concluded that disso-
ciative recombination is important for Ta. < 1500°C, but that above
this the electron-electron-ion process is dominant. Harris also ap-
proximately calculated the concentrations of the molecular ion, Cs-lz-,
and shows that its concentration is quite negligible in this regard for
Ta > 1500°C. Similar approximate estimates using a calculation

procedure similar to that used by Harris show that for the gas tem-~

peratures of the recombination experiments discussed here ('I‘a <

ZOOOOK), that dissociative recombination is probably also negligible

for the potassium measuremenls performed here.

E. Neglect of Diffusion Losses

The characteristic rate at which K' ions diffuse to the walls
and recombine is given by (see Chapter 3 of reference 33)
vqg = Da//\,2 »
whére D-a i‘s the ambipolar diffusion coefficient for potassium, and A
is the characteristic diffusion length for a cylinder:
1 ui 2 2.4 2
= - () + (%)

where R is the cylinder radius and L is its length., For these plasmas
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AT .26 cm.
Calculated values of V4 based upon mobility values for K+in K

and K+ in A, the former estimated from the mobility value of Cs+ in

43, 44)

Cs( , indicate that diffusion loss rates are about 50 times smaller

than measured volume recombination rates.(see also Section V-B).

e

F. Low Current Densities

Under conditions where atom=-atom and electron-atom exci-
tation and de-excitation mechanisms are of comparable magnitude,

a knowledge of the magnitudes of these effects and the effects of ra-
diative depoﬁulation would be necessary to specify the populations

of the excited states and the density of [ree electrons. The use of a
simplified energy level structure, similar to that employed in refer-
ence 1, would probably be sufficient to describe gross plasma behav-
ior in this region if all rate coefficients were known.

It is clear from the energy balance and the conductivity data
that the two effects mentioned above could account for the observed
data in this very low current range. The fact that the electrical con-
ductivity measured for very low currents does appear to correspond
to the translational temperature of the gas, as noted in Figure 16 and
also from the measurements of Harris(72), would indicate either (1)
that atom=-atom excitation and ionization dominate, or (2) that electron-
atom excitation ar;d lonization essentially define the free electron den-
sity and that the electron temperature equals the gas temperature.

The latter hypothesis seems uncertain since the calculated radiative

e
>R

See Section V-A.
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losses, neglecting radiative depopulation,would require an electron
temperature unreasonably lower than that of the gas. If radiative
depopulation were enough to account for fhis difficulty, then it is
doubtful that the free electron density would correspond to the equi-
librium value at the electron temperature. This apparent dilemma
does not appear to be easily resolved, and it may be probable that
both atom-atom interaction and radiative depopulation may be im-

portant.

G. Nonuniformities

If we assume that the electric field is essentially constant
throughout the test region in the steady state, we can calculate in an
approximate way* what the effects of the nonuniform gas temperature
profile (Figure 33) might be upon the electron temperature and elec~
tron density profiles by use of equation (3). The resulting calcula-
tions indicate the electron temperature to be within 10 per cent of its
bulk value over most of the cross-sectional area. Note, however,
that the resulting nonuniform. electron density profile shows a larger
variation. Thus about .5 mm from the walls, density deviations are
somewhat larger (35 per cent). As noted in Section V-A, this has no
large cffcct upon the conductivity -~ current deunsity characteristics,
It is possible, however, that these variations in electron density
could explain some of the scatter of the recombination and ionization

rclaxation measurements.

sk o .

Calculation neglects the fact that R_ as calculated is the volume
averaged, value, not the local value. or current densities above 2
amp/cm”, this error should not be large.
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APPENDIX D

Conductivity Maximization Calculation

We consider the slightly ionized case, Te < 3OOOOK, and
look for a maximum in the electrical conductivity when either E or T

is held cohstant, and the seed concentration is varied.
e’2 N N N
e e ~
— ~ where 3 =
meCZNjﬁj \’ee (1+B)

c =

) (D"l)

|
F’DI WD

where, for simplicity, we assume constant cross sections QK and
QA for potassium and argon, respectively.
Further, for Te < 30000K s
3/2
2 (z-nmekTe) —VO/kTe

N “ = 5 Nee © Np(ee?/ze . (D-2)

v
O
E:e

| W

Combining (D-1) and (D-2) gives

_3 o}
i

[59
G ~ -(%% eel/4 e c . (D-3)

For constant J, and neglecting radiation losses completely,

m eZN 2
J.Z _ §_ c ( _ ) c
T 3 m ‘% ' Tm
a e
or 3 VO
2 3/2, Z¢

I" o~ (e~ )e ' "Re ° . (D-4)

For constant E, J°/o = oE®, which gives

EX (e -e)e (14B)° . (D-42)

Now we maximize 0 with respectto B:

de
.g.g. - (.3?.5;.%7{5+(-§%) =0 . (D-5)
e
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The above formulas yield the following results. For constant J or

for constant E ,

£ .
e-1 ~ D-b
ﬁop’c - . V0 ’ (D-6)
~£_+2+3-2=
g~-1 €

where ¢ = ee/eaZ 1.
Note that for ¢ » 1 that B - 1, which is the optimum value

calculated by Pinchak(37) for the equilibrium case where €. =€ -

a
As an example of the use of (D-6), consider the following

i} _ 2000 _ “16 2
case: fqr ee/ea = 1.5 (T_ = 3000 K), Q = 400x10 em”, Qp =

"'16 2 ~ ~
1077 em®, B ¥ .06, and (g /n,) = .0002.

‘opt
Note that the ratios of current densities for equal electron

temperature, ‘but different § values, are given by Jl/J2 = \/ﬁl/ﬁz .
Thus, the current density corresponding to a given electron temper-
ature decreases markedly as seed concentration decreases, as

shown in Figures 2 and 3.
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LIST OF SYMBOLS

Number density, cm’ 3

Rate of elastic energy loss per unit volume from free

3
electrons, watts/cm

Excitation energy of state 1, as measured relative to the

ground state
Radiative loss per unit volume,

Radiative loss per unit volume,

honnd transitions

Radiative loss per unit volume,

bound transitions

Radiative loss per unit volume,

free transitions

watts/cm

wa,tts/cm3, due to bound~-
3
watts /cm™, due to free-

watts/cm3, due to free-

Radiative loss per unit volume at steady state, watts/cm3,

see egn. (3)

Mean translational energy ofelectrons, é kTe

2

Mean translational energy of atomic species, 3 kT

2 a

Electrical conductivity, mhos/cm

Electric field strength, volts/cm

Ionization potential of potassium = 4.34 ev

Current density, amp /c1rn2

Einstein coefficient for spontaneous emission of radiation

for transition from state m to state n, sec

Arbitrary state index
Temperature, 0K
Potassium

Potassium ion
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Planck's constant

Frequency

Electron

Arbitrary atomic species

degeneracy

Binding energy of state n

Atlomic or electronic mass
Boltzmann constant

Electron velocity distribution function

Electron speed; speed of light

Mean electron speed; c = ‘\/(SkTe)/(Wme)'
Electron charge
Coulomb cross section

Momentum transfer cross section for elastic electronic

collisions with either neutral or ionized species m

Momentum transfer cross section for elastic electronic

collisions with neutral species n

Sum over neutral species

Sum over both neutral species and ionized species
Close encounter condﬁctivity

Distant encounter conductivity

Energy-averaged collision frequency for elastic electronic

collisions with species m , egn. (14)

Energy gap between two adjacent atomic energy levels, see

eqn. (18)

Binding energy and degeneracy of energy level located im-

mediately below energy gap U
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Binding energy of arbitrary level located below gap U
Number density of arbitrary level located below gap U

Binding energy and degeneracy of energy level located im-

mediately above energy gap U
dN

Recombination rate coefficient; o = oo e
2 dt
N_ ., 4N
Radiative recombination rate coefficiént, o_ = e
TN 2 dt
e

Argon; duct cross-sectional area

Cesium

Number density and degeneracy of ground state
Defined below eqn. (19)

Characteristic energy; ¥ ~ O{ee}

e /e,

Initial concentration of potas sium in argon
Initial concentration of potassium in helium
Current, amps; light intensity, arbitrary units

Average energy release tofree electrons for recombina-
tion in upper states, E* = binding energy of level imme-~

diately above critical gap (not E* defined in Appendix C)
Relaxation time for ionization; mean radiative lifetime
. . 2
Characteristic time, (NeOVO)/(oOE )
10"6 sec

Ionic charge in units of electronic charge (Z = 1 for this

work)

Gaunt factor (egqn. (B-1)), here g~ 1; g principal quan=~

tum number (egn. (B-7))
Mean beam length for arbitrary plasma

Transparent gas mean beam length
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d Diameter, see eqn., {(B-4)

L Length, see eqn. (B-4)

I Reduced mass, | = (mlmz)/(ml'l-mz) , below eqn. (B-5)
bC Collision broadening (half) half-widths, em ™t

bs Stark broadening (half) half-widths, cm"1

bd Doppler broadening (half) half-widths, c:m-l

W Reciprocal wavelength, cm™

S Integrated absorption, see egn. (B-10)

R Line radiancy, wa,’cts/crnZ

Subscripts and Superscripts

e Electron

a Atom

o Initial

i Any neutrdl or ionized atomic species; state index i
f Final

C Continuum; close encounters; collision

n Neutral; arbitrary state index n

eq, equil Equilibrium

A Argon

K Potassium

He Helium

u Up

d Doppler; down

S Stark; steady state

+ Ionized (superscript)
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