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Theoretical and experiméntal studies of negative-ion processes in weakly ionized glow discharges have
been conducted. Emphasis in these investigations has been directed towards analysis of gas mixtures in
which negative ions are produced by dissociative electron attachment of CO,, CO, or O,. It is shown
that attachment, detachment, and clustering reactions normally occurring in discharges containing these
species can significantly affect both the steady-state and transient characteristics of the plasma, even
when an external source of ionization is provided. The magnitude and electron temperature dependence
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of the electron-molecule attachment coefficient is found to be particularly important. Specifically,
analysis shows that when the electron attachment coefficient has a strong positive dependence on
electron temperature, and a magnitude exceeding that of the ionization coefficient, an ionization
instability can occur. This instability will occur under these circumstances when the negative-ion
concentration is comparable to the electron density. Numerical evaluation of the conditions required for
this electron-attachment—induced mode of ionization instability results in good agreement with
experimentally determined conditions for the onset of striations in gas mixtures for which the
charged-particle kinetics can be calculated in detail. In other cases, observed differences between theory
and experiment have been related to uncertainties associated with the loss mechanisms of clustered

negative ions in the discharge.

1. INTRODUCTION

Discharges in gas mixtures containing molecular
species from which negative ions are readily pro-
duced often exhibit behavior which is markedly
different from discharges in other gases.! The
fact that negative-ion processes occurring in such
discharges are the cause of the observed behavior
has been appreciated for many years.?”® However,
because of a lack of fundamental data, past at-
tempts to explain the role of negative ions have
been largely phenomenological. The present avail-
ability of reliable cross-section data for attach-
ment and detachment reactions involving common
molecular species now permits rather detailed
theoretical analysis of negative-ion processes and
their influence on steady-state plasma properties
for many experimentally interesting discharges.

In this study attention is focused on plasma con-
ditions typical of weakly ionized volume-dominated
glow discharges, with emphasis placed on explain-
ing of the role of negative-ion processes on dis-
charge behavior. This investigation is limited to
gas mixtures in which O™ negative ions are ini-
tially produced in electron dissociative attach-
ment* reactions with CO,, O,, and CO.

An important feature of discharges containing
negative ions is the frequent occurrence of unstable
behavior which is usually manifested in the form
of 'striations and/or constriction of the plasma.
The spatial irregularities resulting from these
instabilities can have a highly undesirable effect
on plasma behavior, as is often found to be the
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case in electric laser applications, for example.®®
However, the required understanding of the factors
leading to the occurrence of discharge instability
is usually lacking. For this reason the present
effort has an objective determination and explana-
tion of the initial causes of instabilities in charged-
particle production and loss processes in molec-
ular discharges when negative ions are present.

In Sec. II basic charged-particle production and
loss processes are described. Therein an analysis
of attachment and detachment processes is formu-
lated and the influence of these negative-ion pro-
cesses on steady-state plasma characteristics is
discussed. It is shown that attachment and detach-
ment reactions can exert a profound influence on
discharge-operating conditions, even when an
external source of ionization is employed. In self-
sustained discharges the resulting variation of
electron temperature can be as much as a factor
of 2 for typical gas mixture. Further, it is found
that clustering of the initially produced negative-
ion species O~ with its parent molecule can lead
to the formation of stable molecular negative ions.
The density of clustered negative ions so produced
can become very large, having a significant in-
fluence on discharge behavior.

The effect of negative-ion processes on the sta-
bility characteristics of glow discharges is ana-
lyzed in Sec. III. Therein the results of Sec. II
are used to evaluate the criteria for charged-
particle production instability as formulated by
Haas.” The results obtained show that instabilities
in the charged-particle production and loss pro-
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cesses are likely to occur for experimental condi-
tions which are frequently encountered. Physical
interpretation of the factors affecting the criteria
for the onset of instabilities indicates that the
magnitude and electron temperature dependence
of the electron-molecule attachment coefficient

is of particular importance as regards the tem-
poral growth of disturbances in the charged-parti-
cle densities. Specifically, it has been shown that
when the electron and negative-ion densities are
comparable, an attachment rate which increases
strongly with electron temperature can cause a
mode of ionization instability,® even when the plas-
ma is sustained by an external source of ioniza-
tion. Further, the growth rate of this attachment-
induced ionization instability is strongly peaked

in the direction of the steady electric field. This
suggests that the ultimate manifestation of this
mode of ionization instability will be in the form
of a striated plasma.

The experimental factors affecting the occur-
rence of the previously described instability have
been examined in light of the present theoretical
findings.®'® Several examples of the approach
employed to assess the validity of the analytical
results are presented in Sec. IV. Therein are
discussed the results of experiments utilizing gas
mixtures selected such that the important negative-
ion reactions were relatively well known. Making
use of a convectively cooled discharge with a gas
residence time of less than 10~2 sec ensured that
electron-impact dissociation of the initial species
had a minimal effect on mixture composition.®
For certain easily attainable conditions, the dis-
charges examined were indeed found to be stri-
ated,® a result interpreted as the manifestation of
ionization instability caused by the combined in-
fluence of negative-ion production and loss pro-
cesses. Addition of small concentrations of de-
taching species to reduce the negative-ion density
resulted in the elimination of the striations as
predicted. The ability to compute the experimental
conditions corresponding to the onset (or elimina-
tion) of striations for gas mixtures in which all
the important collision processes could be analyzed
in detail is taken as evidence that the influence of
negative-ion processes on the occurrence of at-
tachment-induced ionization instability is rela-
tively well understood.

In addition to those phenomena which are of
central importance to the discussion of Secs. II
and III, there are several related aspects of the
present subject, detailed analysis of which does
not fall within the intended scope of this paper.

Of these, the factors determining the validity of a
hydrodynamic stability model and the influence of
multistep ionization on plasma stability are felt

to be particularly important. These topics are dis-
cussed in the Appendix.

II. ELECTRON AND ION KINETIC PROCESSES

The present investigation has as its primary
objective explaining the role of negative ions in
glow discharges which are dominated by volume
phenomena. Only weakly ionized plasma conditions
typical of glow discharges in molecular gases will
be explored. The first of these restricting condi-
tions typically limits the application of the following
analysis and discussion to discharges having a
minimum characteristic dimension on the order of
several centimeters, and operating pressures in
excess of approximately 10 Torr. That is, the
plasma behavior must be dominated by volume
processes, with transport phenomena of minor
importance. The second constraint requires that
the value of fractional ionization not exceed a level
of approximately 10”5 so that electron collisions
with ions and other electrons are not important.
For these circumstances, electron energy distribu-
tions are generally highly non-Maxwellian,!!*1?
with mean electron energies of about 1 eV. In
addition, the gas translational temperature is
generally well below 1000°K, while the tempera-
ture characterizing the vibrational energy density
is frequently much higher. Because of the highly
nonequilibrium nature of such discharges, the
factors influencing electron production, loss, and
energy exchange are numerous and complex.® In
subsequent paragraphs the nature of these pro-
cesses will be discussed and their influence on
steady-state discharge characteristics will be
explored in detail. Particular attention will be
directed toward assessing the importance of at-
tachment, detachment, recombination, and clus-
tering reactions involving the negative ions, and
the subsequent influence of such reactions on elec-
tron processes.

A. Charged-particle production and loss

Charge neutrality is preserved to a high degree
in the positive column of glow discharges so that
it is necessary to consider only the continuity
equations for electrons and negative ions. Further
it will be assumed that single species of negative
and positive ions are dominant. Thus, when gra-
dients in plasma properties are unimportant, the
electron conservation equation may be expressed
in the form

’

—a—iﬂ =nnk; —nn, kS —nnk, +n,nky +nS, (1)

where n,, n, n,, and n, are the respective number
densities of electrons, neutrals, negative ions,



924 WILLIAM L. NIGHAN AND W. J. WIEGAND 10

and positive ions (n,~n, +n,), k, and k, are the
mixture-weighted electron rate coefficients for
direct ionization and attachment, averaged over
the appropropriate electron energy distribution,

k¢ is the positive-ion-electron recombination coef-
ficient, and &, is the mixture-weighted negative-
ion detachment coefficient. Thus, for a specific
process,

k=D Xk, @)

where X, is the fractional concéentration of the

jth species in the mixture. In addition, the possible
existence of an external independently controllable
source of electrons has been included with a rate
which is designated S in Eq. (1). When detachment
and recombination are the dominant negative-ion
loss processes, the corresponding equation for
negative ions is expressed

%1 =n,nk, —n,nky —n,n, ki, (3)
where k: is the positive-ion-negative-ion recom-
bination coefficient. Negative-ion clustering reac-
tions are also important for many circumstances
of interest. However, many important details of
clustering processes are unknown at present.
Therefore, reactions involving cluster ion forma-
tion and loss are not considered in the present
formulation, although their influence is discussed
in detail in subsequent sections.

1. Electron-molecule ionization and attachment

In weakly ionized discharges, ionization com-
monly proceeds by way of the single-step pro-
cess,®!®% ¢ s MN—~ MN* +2¢, while attachment
is a dissociative process,* e+MN- M +N~. Elec-
tron cross sections for these processes for com-
mon diatomic and triatomic species are relatively
well known.*'5"17 In order to determine the rate
coefficients for ionization and attachment required
for the solution of Eqs. (1) and (3), these cross
sections must be properly averaged'! over the
electron energy distribution function f, i.e.,

1/2 p
k(e =) [Cww eme,wa, @

where u is the electron energy expressed in elec-
tron volts, e and m are the electronic charge and
mass, Q;() is the cross section for the process in
question, and E/z is the ratio of electric field
intensity to total neutral-particle number density.
Since the electron energy distribution depends on
£/n and gas mixture, electron rate coefficients
are also dependent on these properties. For a
specific mixture E/n is uniquely related to the

mean electron energy characteristic of the electron
energy distribution function. Thus it is convenient
to introduce the generalized electron temperature
(or reduced average energy'!) defined by the rela-
tion

T,(6/m=tut | "W f (u, B/n)du, (5)

where T, is expressed in electron volts. Through-
out the discussion to follow, the electron rate
coefficients &, will be related to electron tempera-
ture by way of Eqs. (4) and (5).

Numerical computations!! of ionization and at-
tachment coefficients for several common molec-
ular species have shown that the electron tempera-
ture dependence of these rate coefficients is not
unduly sensitive to variations in the electron ener-
gy distribution resulting from changes in gas mix-
ture. Therefore, throughout the present paper
the primary species of interest, CO,, O,, and CO,
will be considered in mixtures containing rela-
tively large quantities of N, and He. For reasons
to be elaborated upon in Sec. IV, it has been found
that maintaining a substantial background of N, and
He in the mixture provides an element of control
which is particularly useful when interpreting
experimental and theoretical data. Further, mix-
tures of this.general type are of special interest
because of their application in electric discharge
lasers.® It should be emphasized, however, that
the results and interpretation of subsequent sec-
tions are of a general nature, and therefore their
application is not limited to specific gas' mixtures.

Presented in Figs. 1 and 2 are computed ioniza-
tion and attachment rate coefficients for a number
of common molecular species. The ionization
coefficients for the species indicated all have a
very strong dependence on electron temperature,

a rather general result. However, while certain

of the attachment rate coefficients have a similarly
strong dependence on electron temperature, others
do not. For those species such as CO,, O,, CO,
NO, and H,O for which the dissociative attachment
process has an energy threshold* at least a few
electron volts higher than typical values of dis-
charge electron temperature, the coefficients for
ionization and attachment have comparable magni-
tudes and electron temperature dependences. How-
ever, for certain oxides of nitrogen and other
species as well, the energy threshold for dissocia-
tive attachment occurs at a very low electron ener-
gy. This, coupled with large values of the attach-
ment cross-section,* results in attachment coef-
ficients which are sensibly independent of electron
temperature and much larger than their corre-
sponding ionization coefficients.

The relative magnitudes and electron tempera-
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ture dependences of the ionization and attachment
coefficients shown in Figs. 1 and 2 have a funda-
mental influence on discharge stability. There-
fore it is convenient to define a parameter re-
flecting the electron temperature dependence of
a rate coefficient independent of its magnitude.
The fractional, or logarithmic, derivative with
respect to electron temperature is useful for this
purpose, i.e.,

~_ T, 3k 3 Ink

k= ST, “oml,’ ©)
for example, if ko< T3 then £=10. Thus, through-
out the remainder of this paper the caret notation
will be used as a shorthand representation of the
indicated logarithmic derivative taken with re-
spect to electron temperature. For the species
corresponding to the data of Figs. 1 and 2 all the
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FIG. 1. Electron-molecule ionization coefficients
computed using electron energy distributions for a CO,-
N,-He mixture in the number density proportions
0.05:0.35:0.60. The rate coefficients for all species
other than CO, and N, are strictly applicable only for
these species as minority constituents in a CO,-N,~-He
mixture having the proportions indicated. While the
values of the rate coefficients for each species at a
specific electron temperature will change as mixture
composition is varied, calculations have shown that the
relative relationship between the various coefficients
is only slightly affected. For the conditions of this fig-
ure the ionization coefficients for CO,, O,, and N,O are
within approximately 10—20% of one another over the
entire electron temperature range shown. Thus a single
curve representing these three species is presented as
indicated.

values of E‘ are in the range 10-30, depending on

T,, while the values of k, range from approxi-
mately zero to 20, reflecting the relationship be-
tween the attachment energy threshold and elec-
tron temperature as discussed above.

2. Recombination processes

The species of positive and negative ion pro-
duced by the reactions corresponding to the data
of Figs. 1 and 2 are well known.*'* However,
these ions engage in a host of very fast charge-
exchange and rearrangement reactions involving
both the primary neutral species and neutral mi-
nority species produced in the discharge as a re-
sult of dissociation and other plasma chemical
processes.® Thus knowledge of the dominant spe-
cies of positive and negative ion in discharges is
frequently uncertain. In addition, the exact magni-
tude and energy dependence of the rate coeffi-
cients!®~22 for electron-ion recombination pro-
cesses, which proceed by way of the dissociative
reaction e + MN* — M + N, are not well known for
many likely species of ions. Table I summarizes
several typical electron-positive-ion recombina-
tion processes, their magnitudes, and their de-
pendence on electron temperature. In spite of the
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FIG. 2. Electron-molecule rate coefficients for dis-
sociative attachment computed using electron energy dis-
tributions for the mixture of Fig. 1. Except as indicated
for H,O (see Ref. 16) the negative ion resulting from
these processes is O”. The vertical arrows denote the
point at which %; is equal to 2,. For O,, %; equals %,
in this mixture for 7,~ 2.1 eV.
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uncertainties associated with the details of elec-
tron-ion recombination processes, the variation
in magnitude of the rate coefficients given in the
table is more than compensated for by the fact
that values of k¢ are very much less than those
for k, and k,. Thus it is found that both steady-
state and transient plasma characteristics are not
very sensitive to the precise nature of the positive
ion species.

Positive-ion—-negative-ion recombination pro-
cesses??~ 28 guffer from the same lack of complete
understanding indicated above in connection with
electron-ion recombination. Probable reactions
of importance for the discharge conditions of pres-
ent interest are also summarized in Table I. While
the relative concentrations of weakly bound cluster
ions?™28 are likely to be very sensitive to gas
temperature variations and possibly to reactions
involving excited molecular species, such effects
are not considered in the present analysis.

3. Detachment and clustering processes

It is interesting to note that, with the exception
of H,0,'® the dissociative attachment reactions
corresponding to the data of Fig. 2 all lead to the
production of the same negative ion, O™. Rate

coefficients for the detachment of the electron
from O~ by way of the associative detachment
reaction MN + O~ — MNO + ¢ are well known for a
number of effective detaching species?®~% (Table I).
However, it is notable that for many experimentally
interesting situations the principal species®®'3° in
the mixture cannot detach electrons from O~. In
addition, clustering of O™ with the molecule from
which it was initially produced®®:3%:3¢ frequently
occurs on a time scale which is much faster than
that typical of likely detachment reactions. Thus,
as indicated by the data of Fig. 3, three-body
clustering reactions can very rapidly convert the
initial species of negative ions to more stable
cluster ions.® The high electron affinity and/or

the greater cluster bond energy of many stable
cluster ions makes the removal of the electron by
collisional detachment®*~3%7 or by dissociation back
to O7, from which the electron is subsequently
detached, relatively more difficult. Of specific
importance to this study is the fact that some of
the more common O~ detaching species such as CO
are ineffective in destroying COj; cluster negative
ions.3* The effects of clustering reactions on
plasma characteristics will be discussed in sub-
sequent sections.

TABLE 1. Ion loss processes.

Rate coefficient®

Reaction type (cm®- sec™) Reference?
Dissociative recombination

e +COj—CO+0 ~6x1078,°T,~1 eV (20),21, 22

e +0§—~0+0 ~2x1078,°T, ~1 ev (18),21, 22

e +NO*— N+O ~7%x1078,°T, =1 eV (19),21, 22
Positive-negative ion recombination

0~ +0} —~0+0, 1x1077 22, 23, (26)

O~ +NO*— 0+ NO 4.9x1077 22, 23, (26)
+NO,~ + NO*—~ NO, +NO 5.1x10~7 24, (25)
Associative detachment

O~ +CO—CO, +e 7.3x10710 28, 29, 30, 32, (34)

O~ +0—=0,+e 2x 10710 30, (31)

0™ +0,—~ Oy +e <1072 30

O~ +0,(alA,)—~05+e ~3x 10710 (31),32

0~ +NO— NO, +e 5% 10710 28, 29, (30)

O~ +H,—~ H,0 +e 7.5%10710 28, (29), 30, 32

0™ +CO,—~ CO,+0+e <4x10712 28

O™ +N,—~ N,O +e <1012 30

O~ +He— He+O+e Small, endothermic

COj +CO—2CO, +e «<10713 34
Negative ion clustering®

0~ +CO,+M— CO; +M 1.1x107%", M=CO, 28,(34),41

0~ +0,+M —~ O3 +M 1.05x1073% M=0, 28, (33)

2The quoted rate coefficient was obtained from the reference in parentheses.
bThe recombination coefficients at T, = 1 eV were obtained by extrapolation of existing mea-
surements (O;) or by estimates from the 7=300 °K rate based on the 7;'/2 dependence (Ref.21).

®The units for these three-body rate coefficients are cm

6 1

sec™".



B. Steady -state operating conditions

The value of E/n, and therefore electron tem-
perature, required to sustain a collision-domi-
nated molecular discharge at a particular current
density is determined by the relationship between
the electron production and loss processes.® For
the conditions of interest the attachment-detach-
ment processes can vary greatly leading to as much
as a factor-of-2 variation in the sustaining value
of E/n. Since many plasma properties are ex-
ceedingly sensitive to the corresponding changes
in electron temperature, the resultant effects of
negative-ion kinetic processes can be of con-
siderable significance.

One of the primarif reasons for the strong in-
fluence on plasma behavior of attachment and de-
tachment processes is illustrated by the data
shown in Fig. 4. Presented in the figure are the
CO, ionization and attachment coefficients com-
puted for a representative gas mixture in which
both processes are dominated by electron-CO,
collisions. Also shown is the electron-ion recom-
bination coefficient weighted by the fractional
ionization n,/n, as suggested by the form of Eq.
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FIG. 3. Temporal evolution of CO, dissociation frag-
ments and the negative ions O™ and CO; as computed in
Ref. 9. The mixture is that of Fig. 1 at a pressure of
20 Torr and a constant electron density of 101 cm™,
The computation simulates conditions after entrance of
the initial mixture into the region of a steady self-sus-
tained convection discharge. In the calculation of the
CO; density, only loss reactions involving unexcited
species were considered, whereas the experimental data
discussed in Sec. IV indicate that collisions with excited
species may significantly affect the relative CO; and O~
concentrations under actual discharge conditions (see
Ref. 55 also).
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(1). Various possible steady-state operating con-
ditions will now be examined.

1, Self-sustained discharge —no detachment

When detachment is unimportant, positive-ion-
negative-ion recombination balances attachment.
Thus the steady-state form of Eq. (1) indicates
that in this limit

ky=k,+(n,/n)ke. )

Examination of Fig. 4 shows that in this “no-de-
tachment” limit k,> (n,/n) k¢, for almost any rea-
sonable value of fractional ionization and/or re-
combination coefficient. Therefore, self-sus-
tained discharge operation requires that ioniza-
tion balance the entire loss of electrons due to
attachment, i.e., k,~k,. This occurs for an elec-
tron temperature of approximately 1.5 eV (point
a) for the conditions of Fig. 4, a value not unduly
sensitive to mixture changes. In fact, analysis
shows that over a broad range of conditions in
which either CO,, O,, or CO is present in signifi-
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FIG. 4. Illustrative comparison of electron coefficients
for ionization, attachment, and recombination for rep-
resentative discharge conditions for which ionization
and attachment processes are dominated by CO,. The
weighted recombination coefficient is typical of a frac-
tional ionization value of approximately 10”7, Com-
pared to the important effects of detachment as discussed
in the text, the indicated discharge-operating regions
are not particularly sensitive to variations in the elec-
ton energy distribution, fractional ionization, or posi-
tive-ion species.
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cant quantity, the condition k; ~k, for mixture-
weighted coefficients occurs in the 1.0-2.0-eV
range of electron temperatures. Discharge opera-
tion for conditions typical of point a in Fig. 4 is
likely to be realized when (i) the density of species
capable of detaching O~ is very low, or (ii) O~
instantaneously clusters to form a very stable
ionic species such as CO; or O;. Denes and
Lowke® have recently measured operating charac-
teristics of pulsed CO, laser discharges and have
found that operating values of E/n do correspond
to the condition &, =k,, point a in Fig. 4. As indi-
cated in the figure, the concentration of negative
ions relative to the electrons will be large for
conditions representative of point a.

2. Self-sustained discharge —strong detachment

If the density of a detaching species such as CO
is large enough to immediately convert O~ back to
CO, and a free electron, attachment-detachment
kinetics will have a negligible effect on steady
discharge properties. In this limit the steady
negative-ion density will be small and positive-
ion-negative-ion recombination will be unimpor -
tant compared to detachment. Thus Eq. (3) indi-
cates that attachment is balanced by detachment,

kd = (n"/ne) kd ’ (8)

while Eq. (1) shows that ionization balances re-
combination,

kl = (np/n) ki ’ (9)

as would be the case in the absence of negative-
ion processes. When this situation occurs, the
discharge can be sustained at a much lower value
of electron temperature, viz., point b in Fig. 4.
Of course the entire region between points a and
b is experimentally accessible. Since CO is a
very effective detaching species and is readily
produced by electron-impact dissociation® in
discharges containing CO, (Fig. 3), the discharge-
operating point is greatly influenced by the value
of the CO fractional concentration, f =[CO]/
([CO,]+[CO]). In sealed or slow-flow discharges'®
containing CO, in which CO has time to accumulate
to the point where f = 0.1, the influence of detach-
ment is very strong so that negative-ion processes
are likely to be insignificant. However, in fast-
flow!® convection-dominated discharges of the type
commonly utilized in electric laser applications,
the gas residence time in the discharge is fre-
quently 1072 sec or less, a time insufficient for the
CO fraction to exceed approximately 0.10. Fur-
ther, the extent of the CO, dissociation depends
on electron density which is, of course, a vari-
able quantity in discharges. Thus for typical CO,
convection-discharge conditions, f varies in the

approximate range 107*-10"! depending on cir-
cumstances, thus shifting the discharge-operating
point in the region between points a and b in Fig. 4.

3. External ionization

Interest in the development of high-pressure
glow discharges for laser applications has led to
the development of high-energy electron beam and
photoionization sources for the purpose of providing
uniform ionization in large volumes.*® When an
independently controllable source of ionization is
provided, the electron temperature can be main-
tained at a value independent of electron produc-
tion and loss processes by adjusting the value of
the applied electric field, i.e., E/n. Usually con-
ditions are selected so that the ionization resulting
from direct low-energy electron impact is insig-
nificant compared to that provided by the auxiliary
source, i.e., S>n,k; (Eq. 1). Therefore, for a
specific mixture the value of E/x is selected such
that the discharge operates to the left of point a
in Fig. 4, and usually to the left of point 6. How-
ever, Fig. 4 indicates that there exists a rather
broad range of electron temperature values ex-
tending below the minimum value required for
self-sustained operation (point ») within which
attachment may be the dominant electron loss
process, depending on the importance of detach-
ment. When detachment is insignificant, as may
occur for the reasons cited previously, the elec-
tron temperature must be maintained at a value
below that corresponding to point ¢ if the plasma
is to be recombination dominated, i.e.,
(n,/n)ke>Fk,. The primary reason for providing
the ionization with an external source is to ensure
a high degree of spatial uniformity and stability,
which implies that bot% electron production and
loss processes are relatively insensitive to varia-
tions in electron temperature and therefore E/n.
Clearly, in the electron temperature region be-
tween points b and ¢ in Fig. 4, which is accessible
only when auxiliary ionization is provided, the
electron loss process may remain a very strong
function of electron temperature. Such a strong
dependence on electron temperature may lead to
instability, as will be discussed in Sec. III.

C. Steady -state electron temperature variations

Frequently, the principal species which can

cause negative-ion detachment are not present

in the initial discharge mixture. For example,
the CO content in mixtures containing CO, results
as a consequence of direct electron-impact dis-
sociation of CO, (Fig. 3), and therefore depends
on current density, electron temperature, and, in
convection discharges, on residence time in the
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discharge region.®*® In order to illustrate the in-
fluence of detachment on the steady-state value of
electron temperature, the time-independent forms
of Eqs. (1) and (3) were solved numerically for
several gas mixtures. Figure 5 presents the com-
puted electron temperature values for two gas
mixtures in which CO is presumed to have been
added as a detaching agent. The rate coefficients
used for recombination and detachment processes
are those given in Table I, while the mixture-
weighted electron-molecule rate coefficients for
ionization and attachment were obtained using
computed electron energy distributions appropriate
for each mixture. Because of the large fractional
concentration of N, in both mixtures, electron
energy exchange processes and therefore the elec-
tron energy distributions were entirely dominated
by the N,. However, ionization and attachment
reactions were dominated by CO, and O, in the
respective mixtures. In the computation of the
data of Fig. 5 negative-ion clustering reactions
were not included. Thus, for the purpose of this
illustration O~ is always considered to be the
dominant negative-ion species.

For very low values of CO content (f <107%) de-
tachment is unimportant in both mixtures so that
ionization must balance the entire electron loss due
to attachment. Since O, has a substantially higher
attachment rate than CO, (Fig. 2), a larger value
of electron temperature is required to sustain the
O, mixture in the absence of detachment. Rapid
CO production due to dissociation normally occur-
ring in CO, mixtures does not usually permit steady
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FIG. 5. Computed steady-state electron temperature
values for X-N,-He mixtures having the number density
proportions 0.05:0.35:0.60, where X represents either
CO, or O,. The calculations were made for a total pres-
sure of 20 Torr and an electron density of 10° cm™.
Electron temperatures inferred from E/» measurements
in steady discharges at these conditions are shown. As
indicated in the text, negative-ion clustering reactions
were not taken into account in the calculations.

operation in this no-detachment limit (see Fig. 3).
However, measurements® of E/n in pulsed CO,
discharges in which CO accumulation is very
small correspond to electron temperature values
for which ionization balances attachment, k;=k,.
Thus, the methods used to establish the electron
temperature values corresponding to the left-hand
portion of Fig. 5 are supported by experimental
observations. As the CO content is increased,
detachment increases in importance, partially off-
setting the effect of attachment, with the result
that T, decreases. Ultimately, sufficient CO is
present to entirely offset the effect of attachment
and the plasma becomes recombination dominated
for both mixtures. In this limit electron tempera-
ture values have been inferred from measurements
of E/n using the techniques described in Sec. IV.
For both mixtures the electron temperature values
so obtained were found to be within ~5% of thé
computed values as indicated by the data points

in Fig. 5.

The sequence of events causing the decrease in
electron temperature with increasing CO content
for the CO, mixture corresponds to the transition
from point a to point b in Fig. 4. However, it
will be shown in Sec. III that a smooth steady tran-
sition from attachment to recombination domina-
tion as suggested by the data of Fig. 5 is not al-
ways possible, due to the occurrence of plasma
instability.

Negative -ion clustering reactions

In the calculations leading to the results pre-
sented in Fig. 5, the three-body clustering reac-
tions O° +0,+M-~0O7 +M and O~ +CO, + M~ CO; +M
were not taken into account because the subsequent
chain of reactions affecting such cluster ions is
not known at present. However, the rate coeffi-
cients for the initial step in the formation of the
indicated cluster reactions are known (Table I).
Comparison of these coefficients with the CO-O~
detachment coefficient indicates that the clustering
and detachment reactions will be of comparable
importance for the O, mixture of Fig. 5 when
f~1073, and for the CO, mixture*! for f ~107'.
Thus the calculated results for the transition from
attachment to recombination domination for the O,
mixture are expected to be reasonably quantitative
as regards the CO fractional concentration scale.
However, because of the very fast O™ clustering
reaction involving CO,, the fractional CO concen-
tration will have to reach a level above 10! before
the CO detachment reaction can effectively com-
pete with the COj cluster formation. Therefore,
the qualitative trend exhibited by the data of Fig. 5
for the CO, mixture is likely to occur for values
of CO fraction nearly 100 times larger than the
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values shown. In addition to the obvious effect on
the steady-state properties of the plasma, the in-
fluence of this clustering process can be signifi-

cant as regards plasma stability characteristics,

a subject which will be discussed below.

III. CHARGED-PARTICLE MODES OF INSTABILITY

The development presented in Sec. Il indicates that
the net effect of negative-ion production and loss
can significantly alter steady-state plasma condi-
tions by introducing a variable loss process for
electrons that must be balanced whether the plasma
is self-sustaining or is sustained by an external
source of ionization. However, the influence of
negative-ion processes on the response of plasma
properties to a disturbance can be even more
significant, especially when detachment permits
discharge operation at electron temperature values
for which the magnitude of the attachment coeffi-
cient exceeds that of the ionization coefficient,
i.e., to the left of point a in Fig. 4. In the dis-
cussion to follow, the influence of negative-ion
processes on the plasma response to a small
amplitude disturbance will be analyzed. On the
basis of the results discussed in Sec. II, criteria
for the stability of charged-particle production
and loss processes as formulated by Haas’ will be
applied for a range of discharge conditions. In
particular, it will be shown that a detailed under-
standing of the unperturbed plasma state (Sec. II)
is essential to any meaningful evaluation of the
theoretical stability criteria.

A. Theoretical considerations

It is known that the wavelike disturbances (stria-
tions) frequently observed in discharges are a
manifestation of a plasma instability related to the
ionization process.*?**® Further, the influence of
negative-ion processes on the ionization mecha-
nism has been postulated*?~%* as having an impor -
tant part in the development of this instability in
molecular gas discharges. However, attempts
to explain the effects of negative-ion process on
plasma stability have, for the most part, been
limited to phenomenological discussions. Re-
cently Haas” analyzed the general stability charac-
teristics of volume-dominated discharges in molec-

‘ular gases containing negative ions using a self-
consistent model of discharge processes. On the
basis of that study it was determined that several
different wave modes can be excited under typical
conditions, including those resulting from amplifi-
cation of disturbances in the charged-particle
production and loss processes. For the purposes
of the present study the theoretically derived’
criteria for instability of charged-particle modes

in discharges containing negative ions are of pri-
mary importance. Those features of Haas’s
analysis and interpretation which are pertinent to
this investigation are summarized in the discus-
sion to follow.

1. Time scales

As pointed out in Ref. 7, analysis of the temporal
evolution of the normal wave modes characterizing
the response of a plasma to a disturbance requires
careful consideration of the time ranges within
which basic properties can change. For the dis-
charge conditions of interest the characteristic
times representative of changes in the electron
and ion concentrations, (nk;)™', (n,kE)™!, (nk,)™?,
(nk,)™', ..., are typically in the range 10~®-10"*
sec. Neutral-particle properties do not respond
on this time scale and are therefore effectively
frozen during the time required for the initial
development of a disturbance in the charged-parti-
cle production processes. By way of contrast,
space-charge relaxation occurs on a much shorter
time scale (107°~10"° sec) so that the space-
charge fluctuation is small compared to the elec-
tron and ion density fluctuations.” Thus the rele-
vant system of equations to be analyzed in connec-
tion with an investigation of charged-particle pro-
duction instability includes the continuity equations
for electrons and negative ions [Egs. (1) and (3)],
Maxwell’s equations, and the electron energy equa-
tion. Since evaluation of basic unperturbed plasma
properties characterizing the initial or onset phase
of disturbance development is the primary objec-
tive here, these equations are linearized in the
usual fashion by introducing small deviations of the
plasma variables from their steady-state values
in the manner described in Refs. 7 and 42. The
more important aspects of this approach are dis-
cussed in the following paragraphs.

2. Perturbed plasma properties

In collision-dominated plasmas the time-depen-
dent electron energy conservation equation to be
used along with Eqs. (1) and (3) may be expressed
in the form .

-Ba—t Gn,kT,)=3,-E -n3n<—‘;m> kT, (10)

where J, is the electron current density vector and
v, is the total electron energy exchange-collision
frequency, which depends on electron temperature.
Since the electron current density can be expressed
in terms of electron density, electron temperature,
and electric field intensity,” the plasma properties
considered to undergo small amplitude perturba-
tions are the electron density and temperature, the



10 INFLUENCE OF NEGATIVE-ION PROCESSES ON... 931

negative-ion density, and the electric field inten-
sity. The perturbations in these quantities are
represented by a linear superposition of plane
waves of the form?7+42:45.46

b, ei(wt-i-?)’ 11)

where @ is the complex wave frequency w=w,
+iw,, k is the wave vector (27/wavelength), x is
the spatial variable, and ¢, is the amplitude of the
kth Fourier component of a specific property,
eg., T,, Me,, "n,, and E,. Analysis of the sta-
bility of the plasma requires development of an
equation for w in terms of the unperturbed steady-
state properties of the plasma using the first-
order expansions of Eqgs. (1), (3), and (10). The
complex roots of the resulting equation can each
be identified with a potential mode of unstable plas-
ma behavior. For a specific root w, the relation-
ship coupling Re(iw,), K, and the unperturbed
plasma properties determines the temporal evolu-
tion of a disturbance; i.e., if Re(iw,)>0 distur-
bances grow in time, indicative of instability.?®
Thus Re(iw,) is the growth (or damping) rate of a
disturbance. Similarly, the equation relating
Im(iw,), E, and the steady plasma properties re-
veals the nature of the propagation or dispersion
characteristics of the waves.*> Clearly, the sign
of the equation involving Re(iw,) for a specified
root is of primary importance, for it determines
the occurrence of unstable plasma behavior. How-
ever, as will become apparent, the equation re-
flecting the temporal evolution of a disturbance
frequently contains numerous complicated terms
of varying sign, the magnitudes of which are
usually much greater than their sum. For this
reason, generation and evaluation of valid ex-
pressions for the disturbance growth rate Re(w,)
are generally much more difficult and sensitive

to the methods used and processes considered than
is the case for the corresponding equations for
Im(iw,). The present investigation is directed
toward determination of the basic causes of dis-
turbance growth rather than investigation of the
dispersion characteristics of the unstable waves.
Thus in the sections to follow only those equations
for the temporal component, Re(iw,), will be
analyzed.

3. Quasisteady electron energy kinetics

Because there are three time derivatives in-
volved in the first-order expansions of Egs. (1),
(3), and (10), the relevant equation for w is gen-
erally a complicated third-order polynomial. Con-
sideration of more than one species of positive
or negative ion would further increase the order
of the equation. However, recognition of the sig-

nificance of the relationships among the time scales
discussed above permits meaningful reduction of
the order of the equation. In mixtures of molecular
gases of the type under consideration, the charac-
teristic time for electron energy relaxation, v;?,
is very short (1071°-10"8 sec) relative to the time
required for ionization, attachment, etc., owing

to the large low-energy electron rates for vibra-
tional excitation.!! Thus the temporal response of
the electron energy density to a local disturbance
is effectively instantaneous as compared to the
time required for changes in the charged-particle
densities. The relationship between these charac-
teristic response times permits omission of the
time derivative in the perturbed form of Eq. (10)
when analyzing the temporal development of dis-
turbances in the charged-particle production and
loss process, thereby reducing the order of the
equation for w by 1. This does not imply that the
electron energy density remains unchanged in the
1078-10"°%-sec time range required for the charged-
particle densities to respond to a disturbance.
Rather, the electric field, electron temperature,
electron density, and electron-temperature-de-
pendent collision frequencies, and therefore the
electron energy density, rapidly readjust to a dis-
turbance on the time scale of interest. Therefore
the first-order perturbed form of the electron
energy equation can be considered to be time in-
dependent and can be used to provide a quasisteady
relationship between the perturbation amplitudes
Top, Me,, and E,.

As mentioned previously, relaxation of distur-
bancés in the charge density occurs on a time
scale even shorter than that typical of electrcn
energy relaxation. Examination of Maxwell’s
equations reveals that the quasineutral’ nature of
the plasma response to a disturbance developing
on the time scale typical of the ionization process
indicates that v -:Lkzo when the ions are con-
sidered infinitely massive. Application of this
relationship, and consideration of the fact that
disturbances in the electric field are irrotational
when electromagnetic phenomena are unimpor-
tant, as in the present case, provides the informa-
tion required to eliminate the amplitude ﬁk from
the quasisteady electron energy equation.” There
results a single relationship expressing the cou-
pling between the amplitude of perturbations in
electron temperature and density.

For conditions such that volume processes domi-
nate plasma behavior, Haas has developed the
mathematical formulation descriptive of the previ-
ous discussion and has shown (Sec. IV C of Ref. 7)
that the quasisteady relationship coupling the per-
turbation amplitudes T, and ne, is expressed by
the relation
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where v, is the electron momentum-transfer colli-
sion frequency, ¢ is the angle between the direction of
the steady-state electron current density and the di-
rection of the wave-propagation vector as illus-
trated in Fig. 6, and 7/ is defined as 1 +7,
-7,c0s2¢. The caret notation refers to the loga-
rithmic derivative taken with respect to electron
temperature as described in connection with Eq.
(6). Clearly the sign of ¥/ is, in general, variable
depending on »,, V,, and ¢. The angular depen-
dence in this equation is a consequence of the fact
that self-consistent application of Maxwell’s equa-
tions*’ for the plasma conditions of interest shows
that the perturbation amplitude E, is aligned with
the wave vector k, while J,, is perpendicular to k.
Thus the first-order perturbation in the electron.
joule heating, J.,*E+J,-E,, exhibits a spatial
dependence relative to the direction of the wave-
propagation vector,” with the result that the rela-
tionship between disturbances in electron density
and temperature is nonisotopic.

Equation (12) is valid when volume processes
dominate electron energy exchange, even in the
region of a small local disturbance. The charac-
teristic time for electron energy transport into
or out of the region of a disturbance of charac-
teristic size k™! is (v k)"!, where v, is the elec-
tron drift velocity. The relationship between T,
and 7., as expressed in Eq. (12) is therefore ap-
plicable as long as (v,k/v,)<<1, implying that the
influence of electron energy transport in the local
region of a disturbance is insignificant compared
to electron energy loss due to collisions. In mo-
lecular gas discharges at pressures above ap-
proximately 10 Torr, (v,k/v,) is on the order of
1072 or less for a k™! value of 1 cm. For this
reason the coefficient coupling the amplitudes of
electron temperature and density perturbations
is 7eal™*® when collision processes dominate plas-
ma behavior, indicating that disturbances in these

k

J.E

FIG. 6. Spatial relationship between the direction of
the unperturbed current density and eLectric field vec-
tors and the wave-propagation vector k.

electron properties are locked in phase at either
0° 07 180°, depending on the sign of V.

B. Temporal sequence of events accompanying disturbance

Equation (12) reveals two important properties
of the response of the plasma to a disturbance.
First, the quasisteady energy kinetics leading to
the initial coupling between disturbances in elec-
tron temperature and electron density is spatially
dependent relative to the direction of the wave
vector E; second, the nature of the coupling be-
tween T, and 7., depends on the relative strength
of the electron temperature dependences of elec-
tron energy exchange and momentum-transfer
collision processes, i.e., on the sign of ¥). The
importance of the electron temperature dependence
of v, is obvious from the form of Eq. (10), while
the role of the electron temperature dependence
of v, results from the fact that the electron cur-
rent density depends on the momentum-transfer
collision frequency.”** Thus, since v, and v,, vary
significantly from species to species, both the
magnitude and sign of D, are in general variable.
However, reliable data exist for v, and v, for the
species of present interest.?® These data show
that, except in very unusual cases, the electron
temperature dependence of the energy exchange
collision frequency v, is positive and is stronger
than that of the momentum transfer collision fre-
quency v,,. This implies that although the quantity
1+, -V, cos2¢ =0, depends on a spatial orienta-
tion, D, is almost always positive, i.e., 1+8,>7,.
Numerical analysis of a wide variety of gas mix-
tures and electron temperature ranges typical of
glow discharges shows that the magnitude of D} is
usually in the range 1-5. Thus, in addition to
indicating that disturbances in electron tempera-
ture and electron density are strongly coupled
only along the direction of the steady field and
current, since D, is generally a positive quantity
of order unity, Eq. (12) also indicates that in
volume-dominated plasmas 7, and z., are usually
180° out of phase.

The entire coefficient, -2 cos®¢/?,, relating the
perturbation amplitudes T¢, and 7, has been com-
puted for a CO,-N,-H, mixture as a function of
angle and is presented in Fig. 7 for two values of
electron temperature. In the direction of J, and E
(¢ =0), the coefficient coupling T, and #e, is nega-
tive for the reasons cited previously, and is of
order unity for both values of electron tempera-
ture. This result is found to be relatively insensi-
tive to variations in electron temperature and/or
gas mixture. In fact, the mixture and electron
temperature values used in the examples presented
in Fig. 7 correspond to an unusually wide variation
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FIG. 7. Coefficient relating the quasisteady perturba-
tion amplitudes T,, and#,, computed for the CO, mixture
and conditions of Fig. 5. For comparison, the quantity
-2 cos?¢ which corresponds to the situation for which
the electron energy exchange and momentum-transfer
collision frequencies are independent of electron tem-
perature is also shown.

in the magnitude of D). Therefore it can be con-
cluded that in a large majority of cases a positive
local disturbance in electron density is initially
accompanied by a decrease in electron temperature
in volume-dominated molecular gases because of
the quasisteady nature of the electron energy re-
sponse and the typical relationship between the
electron temperature dependences of the electron
energy exchange and momentum-transfer collision
frequencies. This is a very important but fre-
quently overlooked result, the consequences of
which will now be examined.

1. Charged particle production and loss
instability —no negative ions

In order to appreciate the implications of the
previous discussion it is worthwhile to first exam-
ine the time-dependent 7esponse of electron pro-
duction and loss processes in the absence of nega-
tive-ion effects. If temporal amplification of an
initial disturbance in electron density occurs, an
instability in the electron production and loss
processes will result. Throughout the remainder
of the present paper this mode of unstable behavior
will be referred to as ‘onization instability. The
possible occurrence of ionization instability in
recombination-dominated discharges can be readily
assessed by examining the first-order perturba-
tion of the electron continuity equation [Eq. (1)],
neglecting terms involving the negative ions. In

this case it is easily shown that the perturbed
form of Eq. (1) in the absence of external ioniza-
tion is given by the relation

n n -~
B Re(iw) = -, k¢ b enk b, b 13)
ne ne e

where the electron temperature dependence of the
recombination coefficient has been neglected rela-
tive to that of the ionization coefficient since

feﬁ < k;. Equation (12) can now be used to eliminate
the perturbation amplitudes T;, and #ne, from Eq.
(13), resulting in a simple expression for the dis-
turbance growth rate, Re(iw). The following cri-
terion for ionization instability in a recombination-
dominated plasma is obtained:

—_ 2 -~
Re(iw)=nle,<—2°%‘72 3 -1> >0. (14)
u

Examination of the form of Eqs. (12) and (13) shows
that in this inequality the first term in the paren-
theses is a measure of the effect of a perturbation
in electron temperature. Since IE‘ >0, reflecting '
the strong increase in the electron production rate
with increasing electron temperature (Fig. 1), and
since U,>0 for the reasons discussed previously,
the first term in Eq. (14) is always negative, i.e.,
stabilizing. The 1 appearing in Eq. (14) occurs
because the exponent of the electron density in the
electron-ion recombination term [#2%¢ in Eq. (1))

is one higher than that of the direct ionization term
[nnk, in Eq. (1)]. Thus, because the direct elec-
tron density dependence of the recombination pro-
cess is stronger than that of single-step ionization,
recombination always exerts a stabilizing influence
(see also the Appendix). Clearly then, the effect
of disturbances in both electron temperature and
electron density exerts a stabilizing influence in
this example; viz., the inequality in Eq. (14) cannot
be satisfied. The reason for this result is that
when direct ionization and recombination dominate
electron production and loss, a small time -depen-
dent increase in electron temperature tends to be
accompanied by an increase in electron density.
This does not re-enforce the quasisteady relation-
ship initially established between the perturbations
in electron density and temperature resulting from
the fast response of the electron energy exchange
processes [Eq1 (12)]. To further illustrate this
effect the sequence of events accompanying a small
disturbance in electron density in this limit is
depicted by the diagram in Fig. 8(a). For ioniza-
tion instability to occur a positive feedback mecha-
nism at the collisional level-coupling electron
production and energy kinetics is required. When
attachment and detachment processes are impor-
tant such an eventuality becomes possible [Fig.B(b)]
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FIG. 8. Diagrammatic illustration of the sequence of
events following an initial disturbance in electron den-
sity: A, when ionization and recombination dominate
electron production and loss, and B, when attachment
and detachment processes are also important. The
accompanying time scale provides an approximate mea-
sure of the characteristic response time of the indicated
processes for the discharge conditions of primary in-
terest.

for reasons which will become apparent from the
discussion to follow.

2. Charged-particle production and loss insta-
bility —negative ions present

When the negative-ion processes are important,
the first-order electron production and loss equa-
tion is considerably more complicated than in the
case of the simple situation discussed above rela-
tive to Eq. (13). Perturbations in the negative-ion
concentration must now be taken into account, re-

quiring consideration of Eq. (3). Thus, because of
the influence of attachment and detachment it is no
longer clear whether a temporal increase or de-
crease in electron density will occur in response
to an initial perturbation in electron temperature.
Furthermore, disturbances in electron density

and negative-ion density develop in approximately
the same time range, so that retention of both
time derivatives in the perturbed forms of Eqs.

(1) and (3) results in a quadratic equation for w.
One root of this equation is identifiable with the
mode of instability associated with the electron
production and loss process (ionization mode) as
discussed previously, while the other is associated
with the production and loss of negative ions (nega-
tive-ion mode). The two roots of the quadratic
equation of interest can of course be expressed in
the form

Re(iwy)=3(~b) +5 (b2 — 4c)*/?, (15)

where the quantities b and ¢ are real functions of
the steady-state properties of the plasma. The
plus and minus signs before the radical in Eq. (15)
do not distinguish between the ionization and nega-
tive-ion modes of instability. Although not readily
apparent, which sign corresponds to the ionization
mode, for example, depends on the relationship
between the signs of b and ¢. The relationship be-
tween the signs of these coefficients and the two
modes of instability will be discussed in subsequent
paragraphs.

The coefficients b and ¢ have been derived by
Haas” and are given by the equations
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b—nk‘ﬁi( 5 1 m:— + n,n’ S+ ”en "+n,n’k’+n,,n ,,+neS s (16)

f
1

%]

V,

2
c=nk, k¢<m)

PN

Py g Pep N _[(1. 2\, i T e]ka(
(n’n,kr-» nnnk“ 1+n, n,k,+npn‘,k, m‘:’

n e M n n n
+ l:—n‘-nka ny ke + ;:”p kink, + (;:np ki + -;Enkn> ZSJ . anm

n

Clearly, considerable complication arises as a
consequence of the coupling between electron and
negative-ion production and loss processes. How-
ever, the complications are primarily algebraic
and the influence of negative-ion processes on
ionization instability is amenable to interpretation
similar to that discussed in connection with Eq.
(14) and Fig. 8(a).

Careful consideration of the various physical pro-
cesses contributing to the terms in the coefficients
b and ¢ shows that when b is negative the ionization

r

mode will be unstable, and when b and ¢ are of
opposite sign the negative-ion mode will be un-
stable.” Thus in general the ionization and nega-
tive-ion modes can be unstable either individually
or simultaneously. However, numerical evalua-
tion of Eqs. (16) and (17) has shown that for the
general conditions of interest ¢ is always positive,
while b changes sign. Therefore, with ¢>0 the

_negative-ion mode will be unstable only for those

conditions such that the ionization mode is also
unstable, i.e. 6<0. However, detailed analysis
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(Ref. 7, Sec. IVD) of the physical processes in-
volved in the coupling of these charged-particle
modes of instability has shown that when the condi-
tions for instability of the ionization and negative-
ion modes are satisfied simultaneously, as in the
cases of present interest, the former has the
largest growth rate and therefore will evolve
sufficiently rapidly to dominate plasma temporal
behavior.”*® For this reason in the discussion to
follow emphasis will be directed toward analysis

of the factors influencing the ionization mode of
instability. It should be pointed out that the purpose
of the subsequent discussion is to determine and
understand the nature of the unperturbed plasma
conditions for which ionization instability is likely
to occur, and by so doing to interpret the causes

of instability in terms of basic collision phenomena
occurring in the plasma as discussed in Sec. II.

C. Attachment-induced ionization instability

The discussion in connection with Eqs. (13) and
(14) and Fig. 8(a) indicated that a positive feedback
mechanism coupling disturbances in electron ener-
gy density and particle conservation does not exist
in recombination-dominated plasmas (except in
the case of strong multistage ionization; see
Appendix). Fortunately, assessing the impact of
negative-ion processes on the stability of the elec-
tron production and loss processes does not re-
quire solution of Eqs. (15)-(17). Rather, for the
reasons discussed above, analysis of the factors
contributing to the sign of the coefficient b provides
the needed information regarding electron pro-

.duction and loss instability. The occurrence of
this mode of instability requires that b be negative.
Thus the criterion for ionization instability when
negative ions are present may be expressed

[(2572) (- g

n n n n n
—(2n, ke +—Bnk, +—2n, k} +—2nk, +—S) >0,
n, n, n, n, n,

(18)

By omission of the terms involving negative-ion
processes and by noting that in the absence of
negative-ion effects n, =n, and nk; =n, k¢, it be-
comes clear that the criterion for instability ex-
pressed in Eq. (18) reduces to that in Eq. (14).
Recall that examination of Eq. (14) indicated that
when only direct electron-impact ionization and
recombination processes are important ionization
instability does not occur. Thus, the differences
between Eqs. (14) and (18) reflect the important
influence of negative-ion processes such as attach-

ment, detachment and negative-ion recombination
on the stability of the electron production and loss
process.

1. Necessary condition for instability

By direct analogy with Eq. (14), the bracketed
group of terms in Eq. (18) represents the effect
of changes in electron production and loss caused
by a small amplitude disturbance in electron tem-
perature; recall that the logarithmic derivatives
E, and k, are a measure of the sensitivity of the
ionization and attachment processes to variations
in electron temperature. Thus the ratio k,k,/k, %,
is simply 6k,/0k,, the change in k, associated with
a change in &, in response to a variation in electron
temperature. The group of terms in parentheses
reflects the direct coupled effect of disturbances in
positive- and negative-ion density, and the sta-
bilizing influence of an external ionization source.
Disturbances in the positive-ion density and nega-
tive-ion density are controlled by electron-ion re-
combination and by negative-ion detachment, re-
spectively. These processes exert a damping in-
fluence, recombination by reducing the magnitude
of disturbances in electron density, and detach-
ment by reducing the negative-ion concentration.
For this reason all the components of the second
grouping of terms are positive quantities. There-
fore, the second group of terms, although of vari-
able magnitude, exerts a stabilizing influence for
all conditions and is analogous to the 1 in Eq. (14).
Thus, it becomes clear that with ¥.>0, as is al-
most always the case, a necessary condition for
ionization instability is that the quantity %, I‘e‘,/ki E,
exceeds unity. Practically, this requires (i) that
the electron attachment coefficient be an increasing
function of the electron temperature, and (ii) that
the attachment coefficient be of a magnitude at
least comparable to that of the ionization coeffi-
cient. When the quantity &, ﬁu/k‘ E‘ exceeds unity,
the loss of electrons resulting from electron-
molecule attachment dominates over electron pro-
duction from ionization during a positive fluctua-
tion in electron temperature. The dominance of
attachment over ionization during a disturbance
favors as inverse relationship between distur-
bances in electron temperature and electron den-
sity, thereby re-enforcing the relationship between
these quantities established by the instantaneous
electron energy kinetics discussed previously in
connection with Eq. (12). Such a positive feedback
mechanism at the collisional level, as illustrated
in Fig. 8(b), can lead to electron-attachment-in-
duced-ionization instability when k,k,/k, k,>1, if
the effect of electron temperature disturbances
is sufficient to overcome the damping influence of
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recombination and detachment processes |second
term in Eq. (18)]. Further, the angular variation
of Eq. (18) shows that even with k,k,/k, k,>1 the
necessary condition for this mode of instability can
be satisfied only for values of ¢ near zero; that is,
in the direction of the unperturbed electric field.
Wave growth in the direction of the steady field is
conducive to the formation of a layering in plasma
properties ultimately leading to a striated plasma.

Examination of the ionization and attachment rate
coefficients presented in Figs. 1 and 2 shows that
for several species of interest such as CO,, CO,
and O,, the ionization and attachment coefficients
are indeed of comparable magnitude for electron
temperature values near 1 eV. Further, botk the
ionization and attachment coefficients for these
species are strongly increasing functions of elec-
tron temperature. Computations for numerous ex-
perimentally interesting situations show that the
condition k,k,/k, k,>1 is easily satisfied for elec-
tron temperature values of approximately 1 eV.
Representative results are presented irl Fig. 9.
These data indicate that the quantity k,&,/k, k, is
itself a very strong function of electron tempera-
ture, changing in magnitude by a factor of approxi-
mately 100 for relatively small changes in elec-
tron temperature. More importantly, with k, I?za/
k, I;‘ exceeding unity for electron temperature
values of about 1 eV, it becomes clear that for
conditions typical of electric discharges attach-
ment can dominate over ionization during a dis-
turbance in electron temperature, thereby satis-
fying the necessary condition for attachment-in-
duced ionization instability.

102 T T T T T T T T T T T
10" |- 0, MIXTURE _
o I ]
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FIG. 9. Computed elgctron temperature dependence
of the quantity %, #,/k;k; for X-N,-He (0.05:0.35:0.60)
gas mixtures, where X= CO,, O,, or CO.

2. Sufficient conditions —self-sustained
discharges

For the effect of negative-ion production (elec-
tron loss) during an electron temperature distur-
bance to exceed the stabilizing influence of recom-
bination and detachment [second term in Eq. (18)]
resulting in the positive feedback required for
attachment-induced ionization instability, the net
effect of negative-ion production and loss processes
must be such that the negative-ion concentration
is of approximately the same magnitude as that
of the electrons. When this situation occurs elec-
tron and negative-ion processes can couple during
a disturbance in plasma properties, leading to
attachment-induced ionization instability.

If the negative-ion density is very low because
of the stabilizing influence of detachment (dis-
charge operation at point b, Fig. 4) the charac-
teristic time for the negative ions to respond to a
disturbance, (nk;)"?!, is very much less than the
time required for the electron density to respond.
In this limit negative-ion processes respond in a
quasisteady fashion as compared to the finite
temporal response of the electron density during
a disturbance. Thus, when the detachment is very
effective, with the result that n,/n, <1, negative-
ion processes have no influence on either steady-
state or transient electron production and loss
processes, independent of the value of &, &, /k, 13‘ .
Even though k, k,/k, k, may be much larger than
unity, a large detachment rate can instantaneously
free electrons from negative ions so that the net
effect of negative-ion production and loss processes
is entirely insignificant, and both the steady-state
and transient behaviors are typical of a recombina-
tion-dominated plasma. By way of contrast, if
detachment is unimportant (discharge operation at
point a, Fig. 4) corresponding to the condition
n,/n,>1, so that ionization balances the entire
electron loss due to attachment in the steady state,
then k, k,/k, & =k,/k;. In this limit of an attach-
ment-controlled plasma, attachment-induced ioni-
zation instability requires an attachment rate which
has a stronger electron temperature dependence
than the ionization rate, i.e., k,/k,>1. As s
apparent from the examples shown in Figs. 1 and
2, such a situation is unlikely indeed. Thus, the
range of electron temperature values between
points a and b in Fig. 4 is the most likely for the
occurrence of ionization stability driven by the
attachment process. In this region the charac-
teristic production times of electrons and negative
ions are of comparable magnitude corresponding
to conditions for which the ratio n,/%, is approxi-
mately of the order of unity.
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3. Numerical evaluation—self-sustained
discharges

In order to evaluate the stability criterion ex-
pressed in Eq. (18), the steady or unperturbed
relationships among electron density, negative-
ion density, and electron temperature must be
determined in a fashion which assures internal
self-consistency with the theoretical stability
criterion itself. This is of considerable impor-
tance since each of the individual terms contrib-
uting to Eq. (18) has a magnitude much larger than
the sum of all the terms.*? This is almost always
the case so that use of merely reasonable or plau-
sible values of plasma properties to evaluate the
terms contributing to the inequality expressed in
Eq. (18) is of little value, and can actually be very
misleading. While one can never be sure that all
important processes have been included in the
formulation, satisfying self-consistency is possible
if the time-independent conservation equations (1)
and (3) are numerically evaluated to determine a
self-consistent relationship between electron tem-
perature and the charged-particle densities. In
addition, all the electron rate coefficients and k
quantities must be evaluated in the same manner.
With this in mind the stability criterion expressed
in Eq. (18) was evaluated taking the electron den-
sity and CO fractional concentration as variable
parameters. This procedure permitted establish-
ment of an ionization instability boundary as a
function of both current density (electron density)
and concentration of a typical additive which de-
taches electrons from O~, the initial negative-ion
species. Results of representative calculations
in which CO, and O, provide the O~ are presented
in Figs. 10 and 11. The shaded area of these
figures indicates the region within which the cri-
terion for instability expressed in Eq. (18) was
found to be satisfied. Thus, for plasma conditions
typical of the shaded regions, a steady uniform
plasma should not exist owing to the appearance
of the attachment-induced ionization instability.
As mentioned previously, within the unstable
region,® the negative-ion mode is also computed
to be unstable [ and ¢ opposite sign, Eqgs. (16)
and (1'7)], but the growth rate corresponding to
this unstable mode is found to be substantially less
than that of the ionization mode throughout most
of the region. Thus, for the reasons elaborated
upon by Haas” and by Rognlien and Self,*® the ion-
ization mode should dominate plasma temporal
behavior. Similar calculations made with CO as
the source of negative ions revealed very low
negative-ion concentrations and no region of in-
stability, although Fig. 9 indicates that the neces-
sary condition for instability can be satisfied for

the CO mixture. This result is to be expected
since CO itself is the primary detaching species
under consideration. :

The variation of the computed stability boundaries
shown in Figs. 10 and 11 illustrates the dependence
of the instability criterion on the steady values of
electron temperature and negative-ion concentra-
tion. The minimum ratio #,/n, corresponding to
the lower portion of the boundary is approximately
0.1, below which ionization and recombination
dominate plasma behavior. While the upper portion
of the boundary corresponds to very high relative
negative-ion concentrations #,/n,>1, and the plas-
ma behavior is attachment controlled,® the elec-
tron temperature value required to compensate for
the greater loss of electrons due to attachment
corresponds to a condition for which k,&,/k, k, is
below unity, so that the necessary condition for
instability is not satisfied even though the nega-
tive-ion concentration is very high. Therefore it

[co]
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FIG. 10. Ionization instability boundary computed for a
20-Torr CO,-N,-He mixture in the number density pro-
portions 0.05:0.35:0.60. The electron density and CO
fraction were taken as variable parameters in the cal-
culation, and the negative-ion density, electron temper-
ature, and stability criterion were computed in a self-
consistent fashion as discussed in the text. The electron
temperature values shown correspond to an electron
density of 10! cm™. On the basis of the present ioniza-
tion instability model, a stable uniform plasma having
the properties indicated in the figure can only exist
exterior to the shaded region. As the instability bound-
ary is crossed the analysis indicates that disturbances’
in the electron production-loss process will grow in
time, indicative of ionization instability.
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FIG. 11. Ionization instability boundary computed for
an O,-N,-He mixture in the number density proportions
0.05:0.35:0.60. The other conditions and interpretations
are the same as those of Fig. 10.

becomes clear that the mere presence of large
negative-ion concentrations does not necessarily
lead to this mode of ionization instability. Rather,
the critical factor is the net effect of negative-ion
formation on electron production and loss during
a disturbance in plasma properties.

4. External ionization

When an external source of ionization is utilized
to sustain a plasma, the applied electric field can
be set arbitrarily, but is generally chosen such
that the value of E/z (electron temperature) is
well below that characteristic of point ¢ in Fig. 4.
Thus the contribution to the ionization rate due to
the drifting electrons is usually entirely negligible

compared with that provided by the external source.

If conditions are such that detachment is also
unimportant, examination of Fig. 4 reveals a
rather broad range of electron temperature values
(between points @ and c) for which attachment
rather than recombination is the dominant electron
loss process. By omitting the terms involving
electron recombination, ionization, and detach-
ment in Eq. (18), a simplified criterion for ioniza-
tion instability appropriate to an externally main-
tained plasma can be obtained:

2
nka[zc%g B, - <1+§=+—’fﬂ>]>o. (19)

4 ny,

Here use has been made of the steady-state rela-
tions n,nk, =nS =n,n,ki. The assumptions made
in arriving at Eq. (19) also imply that the ratios
n,/n, and n,/n, are small, indicating that in this
limit the criterion for ionization instability is
readily satisfied whenever the attachment coeffi-
cient has a moderately strong positive electron
temperature dependence, i.e., feaz 1. It should be
noted that recombination and detachment processes
frequently make important contributions when an
external source of ionization is utilized, so that
the more general criterion expressed in Eq. (18)
has considerably broader applicability than Eq.
(19).

Recently electron attachment-induced ionization
instability was observed by Douglas-Hamilton and
Mani®! using CO,-He and H,0-He mixtures in an
atmospheric-pressure electron-beam-sustained
discharge. These investigators adopted the term
electvon attachment instability to describe the
observed phenomenon, whereas, throughout the
present investigation the general class of insta-
bility associated with the electron production and
loss processes is referred to as ionization-insta-
bility regardless of the precise electron collisional
processes causing its occurrence (see Appendix).
Nevertheless, of considerable significance is the
fact that the observations of Douglas-Hamilton and
Mani using a discharge sustained by an external
source of ionization provide strong corroborative
evidence in support of the present interpretation
of the influence of negative-ion processes on plas-
ma stability.

IV. EXPERIMENTAL INVESTIGATIONS

The ranges of electron densities, electron tem-
peratures, and negative-ion concentrations en-
compassed by the computed unstable regions shown
in Figs. 10 and 11 suggest that conditions favoring
ionization instability will frequently be encountered
in laboratory discharges. In order to validate the
essence of the present analytical results for self-
sustained steady discharge conditions, experi-
mentation was conducted using a cylindrical 3.8-
cm-diam 70-cm-long convection-dominated dis-
charge.’® Investigations using CO,-N,-He, CO-N,-
He, and O,-N,-He mixtures in the 10-50-Torr
range were carried out. For a nominal value of
flow velocity of 100 m/sec, the gas residence time
in the discharge was less than 10~2 sec, so that
electron-impact dissociation of the initial molec-
ular species had a minimal effect on the gas mix-
ture. Further, for these conditions thermal con-
duction to the tube walls was entirely unimportant
relative to energy removal by convection, with
the result that gradients in medium properties were
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very much less than would be the case in slowly
flowing or sealed discharges. This is of some
importance since the present theory is strictly
applicable only for plasmas dominated by volume
collision processes. When transport phenomena
become important at least the quantitative interpre-
tation of the results discussed in previous sections
will be modified. In this investigation the experi-
mental pressure range was selected to span the
range of electron loss mechanisms from partial
diffusion control to total volume loss domination.

A. Gas-mixture variations

The basic gas mixture utilized in the experimen-
tal studies was composed of X-N,-He in the num-
ber density proportions 0.05:0.35:0.60, where the
species designated X is either CO, CO,, O,, or
combinations of these gases. For these mixtures,
the test species X and the N, make approximately
equal contributions to the ionization rate. More
importantly, for mixtures having these general
proportions, the form of the electron energy dis-
tribution function is determined almost entirely
by electron collisions with N, owing to the rela-
tively large nitrogen vibrational, electronic, and
elastic cross sections. Hence by maintaining the
concentration of the species X at a relatively low
level compared with the N, content, the impact
of the various attachment, detachment, and nega-
tive-ion clustering processes specific to each
negative-ion-producing species could be assessed
without the additional discharge complications
which might arise due to changes in the electron
energy distribution function itself. The judicious
addition of small quantities of CO as a detachment
agent®? permits the stability characteristics of
discharges in these gas mixtures to be determined
in a fashion directly comparable with the analytical
data presented in Figs. 10 and 11. For the pur-
poses of this comparison, the discharge electron
density can be determined from a knowledge of
the current density, E/n ratio, and electron drift
velocity computed for the mixture.'’’!? Since elec-
tron drift velocity can be computed with an ac-
curacy of approximately +20%, electron density
values determined in this manner are felt to be
more reliable than those determined by most avail-
able experimental methods.

B. Experimental results

1. Qualitative observations

For typical experimental conditions the dis-
charges for all mixtures were well behaved and
appeared to be uniform to the naked eye. However,
oscilloscope monitoring of the plasma potential

variations measured using electrostatic probes,
and display of the sidelight fluctuations as detected
by a photomultiplier, revealed that the discharges
in the CO, and O, mixtures were in fact striated,

a result compatible with wave growth along the
direction of current flow, ¢ =0°. Representative
voltage, electric field, and sidelight fluctuations
associated with these running striations are shown
in Fig. 12. Upon the addition of carbon monoxide
to these mixtures in increasing amounts, the mag-
nitudes of the measured fluctuations were observed
to decrease smoothly toward zero and the applied
discharge voltage at constant current was found

to increase asymptotically to a higher value.5*
When sufficient CO°®® was titrated into these dis-
charges the striations were found to be completely
suppressed, presumably due to the rapid detach-
ment of electrons from the negative ion O~. When
CO alone was used as the species X, no striations
were ever observed, again owing to the rapid
associative detachment reaction. These findings
are in very good qualitative agreement with the
theoretically predicted behavior discussed in
previous sections.

2. Diagnostic methods

In order to evaluate the theoretical stability
boundary in a more quantitative fashion, the frac-
tional concentration of CO required to remove
running striations from the mixtures containing
CO, and/or O, was carefully measured. Because

= 1 msec —=|

FIG. 12. Tracings of oscilloscope photographs of
fluctuations in voltage, electric field, and sidelight in-
tensity associated with the occurrence of striations in
mixtures containing CO, or O,. The voltage fluctuations
were detected on one of the several electrostatic probes

‘positioned at the wall along the length of the column

from which the static electric field was also determined.
The fluctuation in electric field was obtained by elec-
tronically differentiating the voltage signal. Sidelight
emission from the N, second positive system (A~ 3755 A)
was observed with a photomultiplier and a bandpass fil-
ter. The phase difference between voltage and light fluc-
tuation is of no significance since the points of observa-
tion were not coincident.
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of the gradual disappearance of the striations
with the increasing CO content, the assignment

of the value of CO fraction f corresponding to
suppression of the instability was somewhat ar-
bitrary. For this reason a spectrum analyzer was
utilized to display the magnitude of the voltage
fluctuation at the fundamental striation frequency
(~5 kHz); when the voltage fluctuation became
small compared with the normal discharge back-
ground noise, the striations were determined to
have been removed and the critical CO fractions
f.noted. This method of determining the value of
CO fraction required to remove striations was
applied uniformly for all the measurements. How-
ever, simultaneous observation of the increase

of the average discharge voltage toward its un-
striated value suggested that this definition may
have been somewhat conservative, in that the
voltage asymptotically reached its saturated value
before the fluctuations were fully suppressed.

For this reason the measured value f, is consid-
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FIG. 13. Comparison of measured and computed
fractional CO concentration required to eliminate stria-
tions from mixtures containing O, and CO, as described
in the text. The gas pressure was 20 Torr with the mix-
ture proportions X-N,-He (0.05:0.35:0.60), where X
corresponds to the combined fractional concentration of
O, and CO,. The theoretical curve in the absence of
CO, and O, (left- and right-hand boundaries) corresponds
approximately to the lower portion of the instability
boundaries as shown in Figs. 10 and 11. As is the case
for the data shown in Figs. 10 and 11, the lower portion
of the stability boundary computed for mixtures contain-
ing both CO, and O, was also found to be relatively in-
sensitive to electron density changes and therefore the
theoretical curve in this figure is sensibly independent
of electron density.

ered to be uncertain by approximately a factor of

2. However, the theoretical data plotted in Figs.
10 and 11 indicate that changes in f of a factor of

2 are relatively unimportant considering the range
of f values required to span the unstable region.
Thus, the method of establishing the stability
boundary based on titrating CO into the gas mix-
ture provides the most direct and unambiguous
quantitative comparison between theory and experi-
ment.

Several additional features of these measure-
ments should be noted. (a) The very low CO (or,
equivalently, O) content corresponding to the upper
portion of the computed unstable regions in Figs.
10 and 11 is below that normally produced in the
discharge by electron dissociation of the CO,

(Fig. 3) and/or O,. Thus, the very low concen-
trations of detaching species determining the upper
portion of the stability boundary were not acces-
sible for conditions typical of the steady-state
experiments under study. (b) Even for the values
of f computed to lie within the midportion of the
unstable region, increasing the electron density
actually results in a change in the detaching species
since CO, and O, dissociation increases with elec-
tron density. However, the value of f corre-
sponding to the lower portion of the computed sta-
bility boundary in Figs. 10 and 11 is nearly con-
stant and, more importantly, is high enough to be
relatively unaffected by the naturally occurring

CO and/or O formation in the discharge. There-
fore, the measurement of the critical CO con-
centration (f,) which must be added to the mixture
in order to suppress striations is a simple and
useful diagnostic which permits convenient com-
parison of experiment with theory.

3. Critical CO fraction

Figure 13 presents the measured critical CO
fractions for an X -N,-He mixture in the propor-
tions 0.05:0.35:0.60, where X represents the com-
bined CO, and O, fractional densities at a constant
value of 0.05. Also shown in the figure is a solid
line approximating the lower portion of the com-
puted stability boundary for these mixtures, as
determined from the data of Figs. 10 and 11. Re-
call that in the analytical model the initially pro-
duced negative ion O™ is assumed to be lost only '
by detachment and positive-ion-negative-ion re-
combination. For the reasons cited previously in
connection with the discussion of Fig. 5, this as-
sumption is reasonable for the O, mixture in the
presence of small amounts. of CO, since for CO
concentrations corresponding to f values above
10”3 the CO-O" detachment reaction readily com-
petes with the cluster reaction O™ +0, +M ~ O + M.
Thus the value f, defining the lower portion of the
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theoretical stability boundary for the O, mixture
(Fig. 11) is expected to be reasonably quantitative.
The data of Fig. 13 indicate that such is indeed
the case, with the difference between theory and
experiment of approximately 50% falling well
within the range of experimental and analytical
uncertainty. However, as the transition is made
from the O, mixture to the CO, mixture, the quan-
titative difference between theory and experiment
increases substantially, with the experimentally
determined f, reaching a value of nearly 100 times
the computed value at the lowest electron density
value shown. Thus, when CO, is the source of O~
it requires about 100 times more CO to remove
striations than is predicted on the basis of a simple
O~ attachment-detachment model.

The trend exhibited by the data of Fig. 13 can
be explained on the basis of the negative-ion de-
tachment and clustening kinetics appropriate to
CO, discharges. The clustering reaction O~ +CO,
+M~COj; +M occurs approximately 300 times
faster than the corresponding O, reaction and, for
the present conditions, is nearly 100 times faster
than the CO detachment reaction for the computed
value of f,. Further, it is known* that CO does
not detach electrons from CO;. Thus, in contrast
to the situation typical of the O, mixture, O~ can
be very rapidly converted to the permanent nega-
tive ion CO; in the CO, mixture. As the results of
Figs. 10 and 11 indicate, the lower portion of the
stability boundary (onset of striations) corresponds
to conditions such that the negative-ion density is
" relatively small, i.e., n,/n,~0.2. In order to
reduce the relative negative-ion concentration to
this level in the presence of the fast CO, clustering
reaction, the CO density must be increased until
electrons can be removed from O~ in associative
detachment reactions before they can become per-
manently attached to form a CO; ion. The com-
parative rate coefficients for the competing de-
tachment and clustering processes suggest that
values of f, on the order of hundreds of times that
expected from the simple O™ attachment-detach-
ment model could be required, depending on the
relative O~ and COj; concentrations under specific
discharge conditions. For these reasons the dif-
ferences between the theoretical and experimental
data shown in Fig. 13 for the CO, mixture are felt
to be understood and amenable to interpretation
on the basis of present understanding of the pro-
cesses involved. Unfortunately, the principal
mechanisms by which the cluster negative ions
such as CO; and O are destroyed in active gas
discharges are not fully understood at present, so
that the systematic difference between theory and
experiment cannot be accounted for by simply
modifying the stability analysis to include the

effect of another species of negative ion. Never-
theless, it should be pointed out that the basic
cause of instability is the same for both the CO,
and O, mixtures, as discussed in connection with
the theoretical data of Figs. 10 and 11. Further,
the experimental observations of striations in both
mixtures are essentially the same. Thus the clus-
tering reactions affect specific details but not the
essence of the attachment-induced instability.

In addition to the general variations between the
theoretical and experimental values of the critical
CO fraction, the data of Fig. 13 also show that the
experimental values depend significantly on elec-
tron density (discharge current density). In-
creasing electron density results in an increase
in gas temperature and a very large increase in
the density of vibrationally excited molecules,
two factors which are likely to influence the nature
and density of the negative ions. Resolution of the
role of these effects as regards CO; and perhaps
O~ loss processes®® in discharges clearly requires
additional basic data.

4. O, discharges

In addition to the studies described abové, pre-
liminary investigations of the behavior of O, dis-
charges have been conducted. These limited ob-
servations were motivated by the reported differ-
ences in properties associated with the well-known
“T” (striated, low average electric field) and “H”
(unstriated, high electric field) forms of the oxygen
discharge.??~%'5¢ The titration of CO into striated
O,-He discharges operating at approximately 20
Torr removed the striations in all cases and re-
sulted in increases of discharge voltage.** These
findings indicate that the T form of the O, dis-
charge is a manifestation of the presence of the
ionization instability caused by the electron attach-
ment process forming O™ from O,, as described
previously. The naturally occurring transition
from T to H discharge behavior observed previous-
ly is most likely caused by accumulation of a suf-
ficient concentration of the detacher O [or perhaps
0,(a!A,)] in the gas mixture. Although previous
investigators have suggested that negative ions
were responsible in some way for the peculiarities
of O, discharges, none but Sabadil*® has proposed

.a fundamental mechanism to explain the observed

behavior. Sabadil’s Gunn-instability analogy is
similar in some respects to the electron attach-
ment-induced instability mechanism described
in the present paper.

V. SUMMARY

The objective of the present investigation has
been twofold: First, to assess the impact of the
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presence of negative ions on the basic plasma

and collision processes occurring in weakly ionized
volume-dominated discharges; second, to under-
stand and explain the mechanisms by which basic
processes involving negative ions affect the sta-
bility of charged-particle production and loss.

The analytical results presented herein show how
and why the details of attachment, detachment,

and clustering processes exert such an important
influence on both steady-state and transient plasma
behavior. Further, experimental data reported
herein and those obtained by other investiga-
tors3®51:54 yalidate the essential aspects of the
present theoretical analysis and interpretation
over a wide variety of discharge conditions.

Analysis of charged-particle production and loss
processes when negative ions are present indicates
that the electron temperature value required to
sustain a plasma can vary by almost a factor of 2
depending on whether the principal electron loss
process is attachment or recombination. Further,
it has been shown that modes of instability asso-
ciated with electron production and loss (ioniza-
tion instability), and negative-ion production and
loss (negative-ion instability) can occur for easily
attainable discharge conditions. Electron attach-
ment~-induced ionization instability has the largest
growth rate of the two modes and will therefore
dominate plasma temporal behavior, ultimately
leading to a striated plasma. This mode of insta-
bility can occur when the magnitude of the electron
attachment coefficient exceeds the ionization coef-
ficient and has a comparable electron temperature
dependence. Given this situation, instability will
occur when negative-ion loss processes are such
as to result in negative-ion concentrations com-
parable to the electron concentration. In this
connection, clustering reactions involving the ini-
tial species of negative ion and its parent molecule
have been shown to play an important role in es-
tablishing the steady negative-ion concentration.
Thus both the steady-state value of electron tem-
perature and onset conditions for instability are
affected by processes involving the formation of
clustered negative ions.- However, present under-
standing of the mechanisms by which cluster nega-
tive ions are destroyed in active discharges is
incomplete. Thus results of this investigation
point out a need for additional data on cluster ion
production and loss.

It should be mentioned that the causes of charged-
particle production instability leading to the com-
monly observed striated discharge are, in general,
extraordinarily complex and vary greatly as gas
species and plasma operating conditions are
changed. Therefore it is important to reiterate
that the results and conclusions of the present

work, while applicable for a broad range of molec-
ular gas discharge conditions, are not applicable
for all situations. Although the assumptions dis-
cussed in Sec. II and elaborated in Sec. III are not
unduly restrictive, the present treatment is limited
to electrically excited molecular gas discharges
which are dominated by volume phenomena, with
transport processes playing only a minor role.
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APPENDIX

In order to facilitate comparison of the present
formulation and interpretation with the reported
results of other investigators, it is worthwhile
to comment briefly on two important aspects of
glow discharge instability which do not fall within
the intended scope of this paper.

A. Hydrodynamic stability model

The applicability of the quasisteady Zydrodynamic
description of electron energy relaxation during
a disturbance, as described in Sec. III and Ref. 7,
goes well beyond the requirement that the average
energy relaxation time, v;!(T,), be much less than
the characteristic time for the electron density to
change, [nk,(T,)]~'. Rather, use of a hydrodynamic
model requires that the response time of the elec-
tron energy distribution (for all values of electron
energy) be much less than the electron production
time. This condition can be easily satisfied only
when inelastic collision processes such as vibra-
tional excitation dominate the low-energy portion
of the electron distribution function, o» when values
of fractional ionization are such that electron-
electron collisions are effective in establishing and
maintaining a nearly Maxwellian energy distribu-
tion. In weakly ionized noble gases, elastic energy
losses often dominate the behavior of the body of
the electron distribution and inelastic losses deter-
mine the form of the high-energy tail, with the
result that the energy relaxation of the slow and
fast electrons occurs on a very different time
scale in response to a disturbance. Thus, although
estimates of average electron properties may in-
dicate that v,>nk,, the response of the electron
energy distribution to a disturbance may not be
quasisteady in its entirety. For conditions such
that the relaxation of the electron energy distribu-
tion cannot be considered quasisteady, the linear-
ized Boltzmann equation®~*° must be solved in
order to predict correctly the conditions for onset



of ionization instability, i.e., temporal growth

of a disturbance in electron density. While ex-
perimentally observed dispersion characteristics
of ionization waves in weakly ionized noble gases
frequently can be predicted in a satisfactory fashion
using a hydrodynamic model, the temporal response
of the plasma to a perturbation cannot be predicted
in accord with experimental observations without
resorting to arbitrary variation of parameters or
omission of important stabilizing terms in the
electron energy equation, such as those descrip-
tive of electron thermal conduction.*? In this case
analysis of the temporal response of the plasma
when all unperturbed properties, transport coeffi-
cients, and rate coefficients are evaluated in a
self-consistent fashion requires the considerable
additional complexity introduced by use of the
Boltzmann equation. Thus it is somewhat para-
doxical that, for discharges in weakly ionized noble
gases and other monatomic gases in which nega-
tive-ion and plasma chemical effects resulting
from dissociation do not occur, a valid theoretical
treatment is complicated by significant mathe-
matical difficulties that are seldom required in the
analysis of molecular gas discharges.

B. Multistage ionization

When the density of electronically excited species
reaches the point where electron impact ioniza-
tion from excited states becomes important, the
stability of charged-particle production and loss
processes can be dramatically altered. Since the
production of excited species proceeds by way of
electron impact and frequently is characterized
by a time comparable to the ionization time, rigor
requires that one or more additional time-depen-
dent equations be taken into account, each corre-
sponding to an additional root of the dispersion
reaction, and therefore, another potential mode
of instability. Clearly, complete analytical de-
velopment in such circumstances can represent
a formidable problem unless there is one dominant
electronic level having well-known production and
loss processes. However, certain of the more
important implications of multistep ionization can
be understood by observing that the primary in-
fluence of cumulative ionization is modification
of the electron density dependence of the electron
production process. In order to illustrate the
potential significance of this effect on ionization
instability, the ionization rate coefficient will be
assumed to exhibit a dependence on both electron
density?? and electron temperature. The resulting
first-order criterion for ionization instability in
the absence of negative ions as expressed in Eq.
(14) is modified in a simple but very important
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way, i.e., for ionization instability

nk, [(ZE%"S—ZQ E,) - <1 --a—ln—ki>] >0. (1)

3 1nn,

In this inequality the first term in parentheses is

a measure of the effect of a perturbation in elec-
tron temperature, while the second term in paren-
theses reflects the influence of perturbations in
electron density. In connection with the second
term, the 1 appears in the first-order instability
criterion since the exponent of the electron density
in the electron-ion recombination term (n2 k) is
one higher than that in the direct ionization term
(n,nk;). Thus, recombination exerts a stabilizing
influence. When multistep ionization is considered
as in the present approximation, the ionization
rate coefficient k; is assumed to exhibit a depen-
dence on electron density, with the result that

(6 1nk, /3 lnne)> 0. As multistep ionization increases
in importance, the magnitude of (3 Ink,/ Inn,) in-
creases, thereby offsetting the stabilizing influence
of recombination.

Examination of the angular dependence of Eq.
(A1) shows that, even when multistep ionization is
sufficiently strong that the magnitude of
(3 Ink; /8 Inn,) exceeds unity, the criterion for
instability can be satisfied only for values of ¢
near 90°. This conclusion follows from the obser-
vation that %2; > 1, and 7, is generally positive and
of order one in collision-dominated plasmas for
the reasons discussed in Sec. III. Disturbance
growth in the direction perpendicular to the direc-
tion of the steady current density (¢ =90°) is like-
ly to favor filamentation of the plasma leading ul-
timately to constriction, in contrast to the stria-
tions resulting when disturbance growth occurs in
the direction of the steady current, i.e., ¢=0°
When: the electron loss process depends on the first
power of the electron density, as occurs when
attachment dominates over recombination, the 1
does not appear in the second term of Eq. (Al), in-
dicating that even very small amounts of multi-
step ionization may lead to disturbance growth for
¢=90°. While the analysis leading to Eq. (A1) and
its subsequent interpretation are certainly qualita-
tive, the potential significance of multistep elec-
tron production processes on the initial develop-
ment and subsequent manifestation of ionization in-
stability is apparent. Further, it becomes clear
that the influence of cumulative ionization on dis-
charge stability depends in an important way on
the nature of the other electron production and loss
processes. Thus, resolution of the role of multi-
step ionization on plasma stability requires care-
ful consideration of the charged-particle kinetics
proéesses in each specific situation.
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