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Causes of thermal instability in externally sustained molecular discharges*
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In this investigation the basic causes of glow collapse and/or glow-to-arc transition have been examined for
convection-cooled, externally sustained molecular-discharge conditions. The results of this analysis show that
externally sustained molecular discharges of the type used in CO2 lasers are inherently unstable. In particular,
it is shown that there are two distinct mechanisms which can provide the driving force for thermal instability:

(i) electron vibrational excitation leading to a surge in vibrational temperature; and (ii) vibrational reservoir
collapse accompanied by a decrease in vibrational temperature. The plasma conditions and basic collisional
processes contributing to the occurrence of these thermal instabilities are discussed in detail, with particular
emphasis directed toward charged-particle production and loss mechanisms.

I. INTRODUCTION

The use of external, independently controlled
ionization sources such as high-energy electron
beams and uv radiation as a means of producing
relatively uniform, large volume glow discharges
at high pressure has resulted in significant ad-
vances in gas-discharge technology. ' With this
method of plasma production glow discharges have
been produced for molecular laser applications
over ranges of pressure and electrical power den-
sity which were previously inaccessible as a con-
sequence of the early onset of glow-to-arc trans-
ition.

Because of its effectiveness as a means to delay
the occurrence of glow collapse, external ioniza-
tion permits cw glow'-discharge operation'3 at
pressures of several hundred Torr and above and
at electrical power densities in the approximate
range l0-1000 W/cm', conditions exceeding those
typical of most self-sustained discharges by a
large margin. However, it is because of these
high power loadings, coupled with a very high de-
gree of energy nonequilibrium and the absence of
effective volumetric energy dissipation mechan-
isms that plasma instability continues to be a
major problem even when external ionization is
employed 2 4

In self-sustained molecular discharges a prim-
ary triggering mechanism for thermal instability
is the disproportionate response of the electron
density to disturbances, owing to the exceptionally
strong electron temperature dependence of the
ionization rate. When external ionization is em-
ployed to provide a sensibly constant electron pro-
duction rate, the response of the electron density
to disturbances is influenced by a host of complex
collision processes, primarily those affecting
electron Eoss.' In addition, electron-molecule en-
ergy exchange collisions and processes influencing
vibrational energy relaxation assume roles of sig-

nificantly increased importance. For these rea-
sons the factors causing glow collapse and/or
arcing in externally sustained discharges are
actually more difficult to isolate and understand
than is the case for their self-sustained counter-
parts. The primary purpose of the present paper
is identification and interpretation of the basic
physical mechanisms leading to instability in ex-
ternally sustained molecular discharges. Condi-
tions representative of cw, convection cooled CO,
laser discharges are emphasized in this study.
By focusing attention on this well-known system,
numerous partially understood characteristics of
externally sustained discharges are clarified.
These findings should be generally applicable to
other high-power-density externally sustained
laser discharges as well.

Most of the details of the theoretical formulation
utilized in this investigation have been reported
previously. ' ' Thus, only the basic elements of
the analysis are summarized in Sec. II. Section
III has as its objective the development of the phy-
sical insight required to understand the causes of
therma/ instability in externally sustained dis-
charges. In this mode of instability temporal
changes in neutral particle properties play an im-
portant role in the initial growth of disturbances.
The evolution of thermal instability is shown to
be significantly affected by the nature of the elec-
tron loss process, e.g. , recombination, attach-
ment, three-body attachment, and by subsequent
reactions involving negative ions. Approximate
expressions for the growth rate of thermal insta-
bilities under various conditions are presented in
order to reveal the causative role of various basic
processes. In particular, it is shown that there
are at least two distinct mechanisms which can
be the driving force for thermal instability in
molecular discharges: (i} electron vibrational ex-
citation leading to an increase in vibrational tem-
perature; and (ii} vibrational reservoir collapse
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caused by a surge in vibrational-translation relax-
ation leading to a decrease in vibrational temper-
ature. The conditions required for the occurrence
of these thermal instabilities are discussed in de-
tail.

Numerical results are presented in Sec. IV for
a variety of specific conditions chosen to be gen-
erally similar to those encountered in cw, high-
power CO, laser discharges. These results show
that both the process by which electrons are lost
and its dependence on electron temperature exert
a very strong influence on the magnitude of the
growth rate for thermal instability, even though
the predicted steady, state may be substantially un-
affected. Further, it is shown that thermal stabil-
ity can be adversely affected by the onset of low
energy electron-molecule ionization even when the
contribution of this ionization process is only 1%
as large as that of the external source. In addition,
the results serve to explain how and why negative
ions impact on thermal instability when their con-
centration becomes comparable to that of the
electrons.

II. PLASMA ANALYSIS

Higorous formulation of the criteria for the oc-
currence of instability considering the several vi-
brational modes typical of CO, laser discharges
would be a formidable problem indeed. Here it
will be assumed that the discharge contains a sin-
gle diatomic species in a background of an atomic
diluent(s). Rotational-translational equilibrium is
assumed to exist at the gas temperature T, and the
vibrational energy distribution will be taken as
Boltzmann having a vibrational temperature T„.
Thus, the conservation equations for the neutral
particle density and the translational and vibra-
tional energy density for a convectively cooled
discharge can be expressed'

Dn—+nV U=O
Dt

—(nS,)+(nS, +P)V U
Dt

=xV'T+ "
[g~(T„) g v(T)]pn, n(vr/n)kT, ,

VT

(2)
D—(n„hv}+n 8~V U

=n,n(v„/n)kT, — " [g~(T„)—gv(T)], (3)
VT

where D/Dt = 8/8t+ U ~ V, U is the mass average
velocity of the gas, n and n are the total neutral
particle number density and molecule density, re-
spectively, v is the thermal conductivity of the
gas, and v „T is the temperature-dependent-time

characterizing vibrational- translational relaxa-
tion, i.e., 7'~r=nk~r(T), with k„r the rate coeffi-
cient for V-T energy relaxation. The average
translational- rotational energy per particle,
is given by

8z, =(~X,+2X )kT )

where X, and X are the atom and molecule frac-
tional concentrations. In addition, the average
vibrational energy per molecule in the present
approximation is given by

@~=@[exp(e/kT„)—1] ',
where e is the quantum of vibrational energy. Re-
garding the electron properties, n, is the electron
density, T, is the generalized (non-Boltzmann)
electron temperature, ' ' and v„and vT are the
electron temperature-dependent collision fre-
quencies for vibrational excitation and gas trans-
lational heating, respectively.

The corresponding particle conservation equa-
tions for electrons and negative ions are written'

' +n,V ~ U+ V (n,U, )

nen~i nenp~r nen~a nen ~a nnnkg+ nS&

(4)

t +n„V U+V (n„U„)

=n,nb++ n,n'&, —n„nq&„- n„n&g'3

where n„and n~ are the negative-ion and positive-
ion number densities (n~ =n, +n„), U, and U„are the
electron and negative-ion drift velocities, and the
indicated nzixtuze zveighted rate coefficients are
those for single-step ionization by low energy
electrons (k,.), electron recombination (k'„}, dis-
sociative attachment (k, }, three-body attachment
(k, ), detachment (k~), and ion-ion recombination
I ]2
(k„). The quantity S~ represents the electron pro
duction rate due to the external source of ioniza-
tion; generally nS~»n, nk, for the conditions of
primary interest.

Detailed discussions of the approximations and
formulation leading to Egs. (1)-(5) as applied to
this problem are presented elsewhere. ' ' Also,
the specific features of the charged-particle col-
lision processes represented in Egs. (4) and (5),
have been discussed in considerable detail. "

A. Steady state

Subsonic, convectively cooled discharges are
characterized by nearly constant pressure and
their one-dimensionality. In addition, convection
and volumetric processes dominate over trans-
port phenomena. Thus, the steady-state form of
Egs. (2) and (3) reduces to



CAUSES OF THERMAL INSTABILITY IN EXTERNALLY ~ ~ ~ 1703

(nU)C& d
= " [h«(T„) —8»(T)]+FrJE,

X Tp'p
(6)

(X nU)C» =F»JE [g«(T ) g»(T)]X T

where C~ is the specific heat and where the vibra-
tional specific heat C» is defined as 8 8»/BT„.' In
addition, J is the current density, E is the elec-
tric field intensity, and I ~ and F~ are the frac-
tional power transfer factors for direct electron
translational heating of the gas and electron-mole-
cule vibrational excitation, respectively. " In
weakly ionized molecular discharges I" ~ is typi-
cally less than 0.1 while I"~ is usually greater
than 0.5." Thus, Eq. (6} indicates that transla-
tional heating of the gas occurs gradually as the
gas is convected through the discharge region,
primarily as a result of vibrational relaxation.
By way of contrast, the vibrational temperature
rises very rapidly to a quasiequilibrium value due
to the effectiveness of electron-molecule vibra-
tional excitation, with the result that the volume-
tric terms on the right side of Eq. (V) dominate
over the convection term.

Charged-particle properties are dominated en-
tirely by volumetric effects so that the steady-
state electron and negative-ion equations are sim-
ply Eqs. (4) and (5) with the left sides set equal to
zero. However, as will become apparent the com-
plicated interaction among charged-particle loss
processes coupled with their great sensitivity to
impurities frequently results in considerable un-
certainty as to the nature of the processes actually
controlling electron and ion loss in specific situa-
tions 8.9.ii-~s

B. Linear stability theory

The equations discussed above can be used to
predict conditions favorable for highly efficient
electric laser operation for arbitrarily large val-
ues of pressure and electric power density. How-
ever, in practice the onset of glom collapse or
arcing invariably establishes upper limits for these
variables, even when external ionization is used
to enhance discharge stability. Linear perturba-
tion theory has been shown to be exceptionally

useful as a means for revealing the basic nature
of plasma instability in molecular discharges of
the type used in laser applications. '~

In order to evaluate the temporal behavior of
small-amplitude disturbances, all plasma proper-
ties are considered to be composed of a spatially
invariant, steady-'state value g, and a small spa-
tially and temporally varying component g(x, f)
i.e. , g(x, f) =p, + g(x, f). The symbol g refers to
the complete set of variables required to describe
the plasma. In addition, the arbitrary local per-
turbations in plasma properties are represented
in the usual way by a superposition of their Four-
ier components having the form, '

e,exp[i((ot- h x}], (8)

where k is the wave vector, x is the spatial vari-
able, v is the complex frequency e„+i&@„:andg„
is the ampBtgde of the kth Fourier component of
a specific perturbed property, e.g. , n, , T„, . E, .

With these considerations providing the basis
for the approach to be followed, the complete set
of perturbed variables having the form expressed
in Eq. (8) is substituted into Eqs. (l)-(5). Numer-
ical experimentation with the resulting system of
equations has shown that for the pressures and
power densities of interest in externally sustained
discharges, local charged-particle transport pro-
cesses (e.g. , ambipolar diffusion) are unimportant
compared to volumetric collision processes for
disturbance scale sizes (k ') greater than a few
mm. This results in the condition' v„/&o, «1, so
that i&a in Eq. (8) can be replaced by the distur-
bance growth rate v~. More importantly, in most
cw externally sustained discharges the character-
istic time for dissipation of acoustic disturbances
is much less than the time required for evolution
of disturbances in charged particle concentrations
and neutral particle properties. For this reason
first-order pressure fluctuations are very smalV
so that the Fourier component of disturbances in
neutral density, n„/e, can be replaced by T~/T. -
On the basis of these approximations and after
considerable algebraic rearrangement, the follow-
ing system of first-order equations relating the
perturbation amplitudes n, , n„, T~, T„, and T,
and the anticipated steady-state properties is ob-
tained:

n n n-+~ v =- —nk~+ —n~k +—S~ + -- —nk ——n k ——n k ——nk k„-n key T ey nfl n+ + n nk nn n e TA e nn 2

n, T n n np
" n, n„ n, " n " T " n,

nk]k] —npk'„k'„—nk k —n k, k,
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(
n ' nn n

q n Te n»+—"v = » —'(nk +n2k, ) ——' n k' ——"» —"n k~+—' (nk +n2k ) + " —' (nk k +nmk k )n
I

n al ap n p r n n p r n a.l a2 T n al al a2n. e - n P — p n e — n

n»k„'(I+ k„')+vk~k„+ '—n k,n 3
(10)

T T gk —(nC&T) '[F «(2 —5 )+X n»k C"(T)T+F «] +

Fr«'"8» (1„-)
~»

» v„= —» [X~C"„(T„)T„j'(Fv«(2 —k„r)+X„n k~rC"„(T)T—F~«]
V

T &v~E n A ek
T

nk„r+ — „( )
+ (1+v„) (12)

1

where v» is the growth (or damping) rate of cou-
pled disturbances inn„n„, T, T„, and T,.

1. Fractional derivatives of rate coefficients

In Eqs. (9)-(12) the notation k (or v) refers to
the fractional, or logarithmic, derivative of an
electron rate coefficient with respect to electron
temperature, i.e.,

where v„and v are the total electron energy ex-
change and momentum transfer collision frequen-
cies,"respectively, the caret notation referring
to logarithmic derivatives of these collision fre-
quencies with respect to electron temperature as
described previously. In this equation the angle

P is the angle between the direction of the zeroth
order (anticipated steady-state) electric field and
the wave propagation vector k.

Thus, k is a number, the magnitude and sign of
which are a measure of the sensitivity and nature
of the response of a particular process to a small
local change in electron temperature. Of course
in the case of the gas temperature-dependent rate
coefficients such as k~~ and k„ this notation refers
to the fractional derivative w'ith respect to gas
temperature.

-2cos'Q '+8» -2 sin'Q n~ (14)

2. Electron temperature perturbations

In volume-dominated molecular gas discharges,
the characteristic time for electron energy relax-
ation is very short compared to the time required
for the charged particle densities to change, ' '
so that electron energy kinetics respond to a dis-
turbance in an effectively quasisteady manner on
the time scale of importance at present. Thus,
the first-order quasisteady form of the electron
energy equation can be used along with Poisson's
equation to obtain a relationship coupling distur-
bances in electron temperature, electron density
and neutral density. It has been shown" that the
equation relating the perturbation amplitudes T, ,
n, , and n~ is

e» —2 cos (f& ~e» 2 sin P ~Pl

T, 1+v„- v„cos2$ n, 1+ 0„-v„cos2$ n

C. Modes of instability

Equations (9)-(12) combined with Ecl. (14) can
be used to eliminate the perturbation amplitudes
n, , n„„, T» T„, and T,„.. This procedure results
in a fourth-order equation for the disturbance
growth rate, v„expressed in terms of the antici-
pated steady-state properties of the plasma alone.
Each root of this equation can be identified with
the initial temporal growth of disturbances of one
of the primary time-dependent variables n„n„,
T, or T„. Moreover, it has been shown analyti-
cally that for conditions typical of high-power
convection discharges in molecular gases, each
of the modes of instability represented by solution
of Egs. (9)-(12) can occur."'

Experimental findings"'"'" are in very good
accord with theoretical predictions and show that
the instabilities which occur are of two distinct
types which are manifest in very different ways.
Moving striations in CO, laser mixtures have
been observed in both self-sustained' and external-
ly sustained discharges. " This manifestation of
instability is a consequence of the coupling between
electron and negative-ion production and is re-
ferred to as attachment instability. '"'" This
instability does not depend explicitly on discharge
power density. By way of contrast, plasma con-
striction and/or glow collapse is always found to
depend on electric power density. For this reason
this type of instability has very important conse-
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quences in high-power lasers. The causes of glow
collapse are not as well understood as those of
attachment instability. However, both theory and
experiment suggest that this mode is of the ther-
mal type.

III. THERMAL INSTABILITY

DIRECT ELECTRON
GAS HEATING

STg f,Sng tt

ELECTRON
lNOLECULE
VISR AT IONA'

g EXCITATION
uuiriaL Sn &, STt
DISTURBANCE

ST„H
3

GAS HEATING BY i
V-T RELAX ATION

FIG. 1. Illustration of the sequence of events accom-
panying a local constant pressure disturbance in a di-
atomic gas discharge. The direct coupling of perturba-
tions in neutral density and temperature to the electron-
ic and vibrational properties of the gas is indicated by
solid lines, while the subsequent feedback processes are
indicated by dashed lines.

A. Nature of thermal instability in molecular discharges

The occurrence of thermal instability is a direct
consequence of the highly nonequilibrium state
characterizing weakly ionized molecular dischar-
ges. In such discharges the energy per particle
characterizing electron translation, vibrational
excitation, and neutral particle translation differs
greatly, i.e., T, &T„&T. In laser applications it
is precisely this circumstance that permits ef-
ficient conversion of electrical energy to vibra-
tional energy and ultimately to infrared radiation.
Indeed, the steady-state plasma conditions re-
quired to ensure the efficiency of this process
are generally well understood. What are not well
understood are the many different ways the antici-
pated steady state can respond to a disturbance.

Figure 1 provides a qualitative illustration of
the sequence of events accompanying a local,
constant pressure disturbance in the diatomic gas
discharge under consideration. "As indicated,
the local decrease in gas density in response to
a gas temperature perturbation leads to an ef-
fectively instantaneous increase in electron tem-
perature. Equation (14) shows that the electron
temperature disturbance will be largest in the di-
rection normal to the steady electric field (P = 90').
In a self-sustained discharge (without negative
ions) there would result a disproportionately large

EvOE=Py =n~n(v„/n)kT'e .— (15)

Linear perturbation theory can be used to deter-
mine an expression relating the first-order dis-
turbance in vibrational excitation P, to the Four-
ier components of perturbed quantities. In the
absence of acoustic disturbances, the resulting
equation is easily shown to be

increase in the electron density in this direction
due to the strong electron temperature dependence
of the ionization rate coefficient (i.e., k, » 1). Use
of an external source of ionization is intended to
substantially eliminate this effect by providing an
electron Pxodu, ction rate which is sensibly indepen-
dent of plasma disturbances. In this case the elec-
tron density disturbance is determined by the na-
ture and electron temperature dependence of the
electron loss process which is not under control.
Thus, while the magnitude of the electron density
response to a disturbance is greatly reduced when
external ionization is employed, the response of
the electron density to an increase in T, can be
either positive o~ negative as indicated in the fig-
ure because of the variable nature of electron loss
mechanisms. Electron molecule vibrational ex-
citation (process 1 in Fig. 1) is influenced. by
changes in both electron temperature and electron
density, and vibrational energy relaxation (pro-
cess 3) is dependent on gas-temperature changes.
With the vibrational temperature maintained in
quasiequilibrium between T, and T at a level de-.
termined by the competing influences of electron
excitation and neutral particle collisional relaxa-
tion, it is clear that the response of T„to a dis-
turbance can be either positive or negative in
externally sustained discharges, depending on a
host of simultaneously occurring processes. Ther-
mal instability will result when the collisional
feedback mechanisms indicated in the figure re-
enforce one or more elements of this sequence
during a disturbance.

B. Electron-molecule vibrational power transfer

The results presented in Sec. I7 will show that
the driving force for thermal instability in molec-
ular discharges is frequently provided by the re-
sponse of electron-molecule vibrational excitation
processes to a disturbance in medium properties
(process 1 in Fig. 1). This represents a signifi-
cant distinction between molecular and atomic
discharges. In order to assess the nature of this
response and its dependence on plasma variables,
it is useful to examine the electron-molecule vi-
brational power transfer term in Eq. (3). Com-
parison of Eqs. (3) and (I) shows that the electron-
molecule vibrational energy transfer may be ex-
pressed in the form
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"k kk k~ (1+v ) k

n~ T e
(16)

Vfhen the discharge is self-sustaining the electron
density disturbance (n, /n, ) in the direction normal
to the steady electric field direction completely
dominates this expression, with the result that the
electron-molecule vibrational excitation process
increases sharply in this direction in response to
a disturbance in gas temperature, e.g. , for

90', P„ /P„& 10(Tk/T). When external ioniza-
tion is employed to suppress the influence of the
electron-temperature-dependent ionization rate,
the electron density disturbance no longer domin-
ates Eq. (16). In this case the direct effect on
vibrational excitation of the electron-temperature
and gas-temperature disturbances become very
important. By using Eq. (14) to express the elec-
tron-temperature disturbance in terms of the dis-
turbances in electron density and neutral density,
Eci. (16}becomes

2 sin'P(1+ v„)=- 1+
Tk/T 1 + v„—v cos2$

ek e 2cos Q(1+v)
Tk/T 1 + vk —vm cos2 Q

(17)

When the electron vibrational energy transfer
factor E» is near unity (v„=v„) as is often the
case in molecular discharges, "and when the elec-
tron-temperature dependence of the energy ex-
change collision frequency is strong (v„= v„» v„),
Eq. (20) can be simplified considerably for illus-
trative purposes i.e.,

" =- 1+2 sin'P+ '" (1 —2 cos'Q).
k k

(18)

For an externally sustained, recombination dom-
inated plasma Eq. (9) can be used to show that the
ratio (n, /n, )(Tk/T) ' is approximately ——,

' if the
electron density response is nearly quasisteady, "
and if the electron recombination coefficient is
independent of electron temperature. A negative
value of (n, /n, )(Tk/T) ' implies that a. local tem-
perature increase results in a decrease in elec-
tron density due to the accompanying decrease
in neutral density. Using a value of ——,

' for
(n, /n, )(Tk/T) ', Eq. (18) can be used to show
that the fractional change in electron vibrational
excitation relative to a change in gas temperature
is anisotropic as expected, varying from --,' for
P =0 to —,

' for P =90 . In contrast to the situation
typical of self-sustained discharges, the relative
magnitude of the change in vibrational excitation
is of the same order as that of the change in gas
temperature, e.g., for $-90,P„„/P„-Tk/T.

It should be pointed out that the uncertainty in-
troduced by the approximations permitting elimin-
ation of the explicit dependence of Eq. (17) on v„,
v„, and v is far less than that associated with
the illustrative choice of simple recombination as
the electron loss mechanism, i.e., (n, /n, ,)(Tk/T) '

The next section will show that tLe magnitude
of the disturbance in electron-molecule vibrational
energy transfer is very sensitive to the nature of
the electron loss process. This sensitivity is a
consequence of the fact that the fractional change
in electron density relative to a change in gas tem-
perature is reduced by an order of magnitude or
more because of the effectiveness of the external
ionization source, with the result that the fraction-
al response to a disturbance of many processes
passes through zero as the conditions of interest
vary.

& k/& 1 1+2 sin'p 5'/v'
Tk/T 2 1 —2 cos'Q P„/v'„

(19)

dissociative attachment:

n, /n, —2 sin'y &, /v'
20T,/T 1 —2 cos'y k,,/v'„'

three- body attachment:

n, /n, 1 —2 sin' &f& k+/v'„

T,/T 1 —2cos'yk /v„' (21)

These equations show that the relative electron
density response to a change in gas temperature
is affected by the following factors: the particular

C. Electron loss processes

Frequently the growth rate of thermal distur-
bances is much smaller than the rates influencing
electron production and loss. When this is the
case the electron response is nearly quasisteady
so that to a reasonable approximation the left
side of Eg. (9) can be neglected relative to the
terms on the right side. This approximation as-
sists in developing insight regarding the factors
which influence electron density perturbations in
externally sustained discharges. By using Eg. (14)
to express the electron temperature perturbations
in terms of the perturbations in electron and gas
density the fractional electron density disturbance
recluired for evaluation of Eg. (17}, can be obtained.

For molecular plasmas such that the principal
volumetric electron loss process is either re-
combination, dissociative attachment, or three-
body attachment, respectively, "the quasisteady
electron density disturbances relative to temper-
ature disturbances are easily obtained using Eqs.
(9) and (14), i.e.,
recombination:
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process by which electrons are lost; the electron
temperature dependence of the loss process as re-
flected by the magnitude and sign of the fractional
derivative, 0; and by spatial orientation reflecting
the nature of the coupling between disturbances in
T„n„and n [Eg. (14)]. It is generally found that
an increase in electron density in response to an
.increase in temperature favors further growth
of thermal disturbances, i.e., thermal instability.
Thus, based on examination of Egs. (19)-(21)the
following general observations can be made: (1)
Even if the electron temperature dependence of
the process by which electrons are lost is small
(k-0) with the result that the electron density dis-
turbance is isotropic, the specific process by
which electrons are lost significantly influences
the nature and magnitude of the first-order elec-
tron density disturbance. Note that if k is
set equal to zero in each of Eqs. (19)—(21)
(n, /n, )(T„/T) ' increases from ——,

' to 0 to + 1 for
recombination, attachment, and three-body at-
tachment as the primary electron loss process-
es, respectively. Using Eg. (18) it is easy to
show that the fractional change in the electron-
molecule vibrational excitation process in the
direction normal to the electric field (Q =90')
varies from —,

' to 1 to 2 in response to such chan-
ges in the electron density disturbance. In Sec.
IV the thermal instability growth rate will be
shown to increase by about an order of magnitude
in response to such changes in the electron loss
process, with a recombination-dominated plasma
being the most stable. (2) An electron loss process
having a rate coefficient which is a decreasing
function of electron temperature (8&0) favors an
increase in (n, /n, )(T„/T) ', the stronger the elec-
tron temperature dependence the larger the effect.
(3) Given a particle loss process having a strong
dependence on electron temperature, the electron
energy exchange factor v'„can exert an impox'. ant
influence by way of its effect on the magnitude of
the electron temperature disturbance. Equation
(14) shows that there exists an electron tempera-
ture inertial effect tending to minimize the mag-
nitude of T, if the energy exchange collision fre-
quency is a strong function of electron temperature,
i.e., ~

v'„~» 1. This in turn tends to reduce the
magnitude of electron density disturbances as the
form of Egs. (19)-(21) indicates.

D. Approximate instability growth rate

Quantitative determination of the growth (or
damping) rates for disturbances requires self-
consistent solution of the fourth-order set of Eqs.
(9)-(12), the results of which are presented in the
next section. However, it has been found that

there are two distinctly different mechanisms
which can lead to thermal instability in externally
molecular discharges. Consideration of approxi-
mate expressions for the growth rates of thermal
disturbances in these two limits facilitates under-
standing of the numerical data to be discussed in
the next section.

J. Electron-driven vibrational mode

On the basis of numerical experimentation it has
been found that for a host of conditions of impor-
tance to externally sustained molecular discharges
only one root resulting from solution of Eqs. (9)-
(12) is unstable, i.e., v~&0. This indication of
instability is readily identified with a,n increase in
electron-molecule vibrational excitation during a
disturbance resulting in an increase in T„(Fig. 1).
As might be expected on the basis of the discus-
sion in previous paragraphs, it is found that the
maximum growth rate for disturbances occurs in
the direction normal to the steady field (P =90')
for which disturbances in gas density (tempera-
ture) and electron temperature are strongly cou-
pled [Eq. (14)]. To a reasonable degree of approx- '

imation the growth rate for this electron-driven
vibrational mode may be expressed,

Using Eq. (18) to express the fractional distur-
bance in vibrational power transfer in terms of
the fractional electron density disturbance, Eq.
(22) becomes

(23)

Clearly, the growth rate increases with electrical
power density as anticipated. More importantly,
with the minimum value of (n,„/n, )(T„/T) ' for a
recombination dominated plasma equal to —&, the
criterion for instability (v~&0) is always satisfied
at the power density levels of importance in mole-
cular laser applications. The importance of the
relatively small changes in the electron density
disturbance [Eq. (19)-(21)]is readily apparent
from the form of Eg. (23). For example, as (n, /
n,)(T„/T) ' varies from .——,

' to 0 to 1, values typical
of recombination, attachment, and three-body at-
tachment loss, respectively, the magnitude of the
growth rate at constant power density increases
by a factor of 4. Of course, the electron temper-
ature dependence of the rate coefficierit for the
loss process also exerts a significant influence on

(n, /n, )(T„/T) ' for reasons discussed previously.
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1 JE
+ (2 a„))O.

ngpT
(24)

Recall, that k~~ is the fractional derivative of the
V-T rate coefficient with respect to gas tempera-
ture, e.g. , if k~~-T then k~~=4. Since v~~ is
positive the first term in this equation is always
negative, i.e., stabilizing, while the second term
will be positive if k~~&2. The form of this equa-
tion shows that there are two significant factors
influencing this mode of instability": (1) the de-
gree of V-T nonequilibrium as determined by the
value of r»r and (2} the temperature dependence
of the V-T rate coefficient. For a specific value
of electrical power density JE, the higher the val-
ue of ~~~ the greater the difference between T„
and T and the smaller the stabilizing term in Eq.
(24}. Moreover, a high degree of nonequilibrium
between vibration and translation (r»r large, T„
» T) coupled with a V Trate coeffici-ent having a
strong positive dependence on gas temperature
(k»r )2) can lead to a collapse of the vibrational
energy reservoir accompanied by a sharp decline
in T„. This phenomenon is not directly affected by
the external ionization source since specifics of
charged-particle production and loss are not in-
volved.

lV. NUMERICAL RESULTS AND DISCUSSION

The approximate expressions discussed in the
previous section for the electron driven and vibra-
tional relaxation modes of thermal instability
show that the instability growth rate increases with
increasing electrical power density at constant
pressure. In cw electric laser applications effi-
cient vibrational excitation and maintenance of
adequate gain require sensibly constant values of
fractional ionization (n, /n), electron temperature
(as determined by E/n), and gas temperature
These factors combine in such a way that the elec-
tric power density scales approximately as the
square of the pressure. Thus, increases in pres-
sure are usually accompanied by somewhat dis-
proportionately larger increases in power density.
For these reasons the approximate expressions
given by Eqs. (23) and (24) indicate that the growth
rate of thermal disturbances increases with
increasing pressure and/or power density.

However, the leverage factors which multiply

2. Vibrational relaxation mode

The conditions for the oecurrenee of this mode
are identified in Sec. IV, which shows that the
growth rate is nearly isotropic since electron
properties are not directly involved. To a first
approximation the criterion for growth of the V-T
energy relaxation mode may be expressed,

the anticipated steady-state power density, (P„ /
P„)(T„/T) ' for the electron driven mode and

(2 —k»r) for the vibrational relaxation mode, are
subject to large variation with changes in either
pressure or power density. The nature of these vari-
atio'ns is often highly uncertain. Fog this reason
emphasis in the present study has been placed on
quantitative evaluation of the effect on instability
growth rates of variations, in electron production
and loss processes and in vibrational relaxation.

A. Basic considerations

The present diatomic gas model can be used as
a reasonable representation of CO, laser mixtures
containing N, and He by assuming' (i) that the CO,
asymmetric stretch and N, vibrational modes con-
stitute a single vibrational level at a temperature
T„, and that these modes remain coupled during a
disturbance, and (ii) that the CO, symmetric
stretch mode, the CO, bending mode, and all ro-
tational levels of CQ, and N, are in equilibrium at
the gas translational temperature T. Consistent
with this approximation, vibration-translation re-
laxation is considered to occur by way of the V-V
process CO, (001)+M-CO, (lm0)+M. Also, the
collision frequency v„refers to the combined vi-
brational excitation of N, and the CO, asymmetric
stretch mode. , while v~ includes the cumulative
effect of all electron processes resulting in gas
heating, i.e., elastic collisions, rotational exci-
tation, and excitation of the CQ, symmetric stretch
and bending modes. "'

Figure 2 presents electron collision frequencies
computed on the basis of this model for a
CQ, -N, -He laser mixture. The factors influencing
the magnitude and electron temperature dependence
of these data are well understood and are found to
be generally similar for a variety of gas mixtures
in which either N, or CO vibratiorial excitation
dominates electron-molecule energy exchange. "
The fractional derivatives [Eq. (13)j of these col-
lision frequencies are presented in Fig. 3. Al-
though 0„ is approximately equal to f„over much of
the range covered as assumed previously in con-
nection with the development leading to Eq. (18),
the data show very large variations in the region
of electron temperature for which vibrational ex-
citation is very efficient (E» &0.5). When external
ionization is employed the entire range of electron
temperature shown in Fig. 3 is accessible, unlike
the case for self-sustained discharges which re-
quire sensibly constant electron temperature (T,-1 eV) '

Plasma conditions

Numerical experimentation with various com-
monly used CO, laser mixtures has shown that the
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FIG. 2. Electron-molecule collision frequencies for
total energy transfer v„,.vibrational excitation v„,
translational-rotational gas heating v~, and momentum
transfer v, computed for a C02-N2-He mixture in the
number density proportions 0.05-0.35-0.60. These
data are not unduly sensitive to reasonable variations
in mixture proportions over the electron temperature
range indicated. q, max indicates the T~ value for
vrhich vibrational excitation is most efficient.

fractional derivatives presented in Fig. 3 a,re not
substantially altered by mixture changes for N, :CO,
number density ratios in the 2 to 10 range. This
follows as a consequence of the dominant role
played by N, vibrational excitation in CO, laser
mixtures. Thus, in the examples to follow the
CO, -N, -He gas mixture was fixed in the propor-
tions 0.05:0.35:0.60. The electron temperature
dependent rate coefficients for this mixture have
been discussed in considerable detail elsewhere. "
Certain other conditions typical of cw convec-
tion cooled discharges were also held constant at
the following values: discharge inlet velocity,
100m/sec; inlet temperature, 300'K; and pres-
sure, 0.25 atm. Values of the applied electric
field were chosen so as to yield E/n values
corresponding to efficient electron energy trans-
fer to the coupled N, (v =n)-CO, (00n) modes, i.e.,
at the discharge entrance E/n, -l x 10"V cm',
for this gas mixture tBe corresponding electron
temperature and fractional vibrational power
transfer values are approximately 0.65 eV and 0.9,
respectively. In addition, the external ionization

FIG. 3. Fractional derivatives of the electron col-
lision frequency data presented in Fig. 2. Values of
)f&j &1 imply a relatively weak dependence on electron
temperature.

source function (Sa) was set at a value of ].0 '
sec '. These conditions result in values of elec-
tron density and electrical power density at the
discharge inlet of approximately 3 x 10" cm ' and
100 W/cm', respectively. Under such circum-
stances the plasma behavior is indeed dominated
by volume processes. It is worth emphasizing
that once the ranges of steady-state plasma prop-
erties such as pressure, gas mixture, electron
temperature, electron density, and electrical pow-
er density have been established, thermal insta-
bility is far more sensitive to specific microscopic
details of electron production and loss processes
than to variations in macroscopic plasma condi-
tions.

B. Effect of variations in the electron loss mechanism

There is always considerable uncertainty as to
the precise nature of electron loss for conditions
typical of high-pressure electric lasers. " Even
when it is anticipated that the electron loss should
be dominated by dissociative recombination, an-
alysis of the dependence of the discharge current
density in terms of the intensity of the external
ionization source and the applied electric field
often indicates that attachment is the principal
loss mechanism. At total pressures above about
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0.1 atm, 0, fractional concentrations as low as
10 ' can lead to electron loss by way of the well-
known three-body attachment process 8+0, +M
-0, +M.""Moreover, because the precise
species of ions"'" and low-level impurity con-
centrations' "are generally unknown, the elec-
tron temperature dependence of the electron loss
process cannot be determined. These major un-
certainties in charged-particle kinetics have rel-
atively little effect on the anticipated steady state,
many aspects of which are dominated by electron
molecule vibrational excitation. Since the fraction-
al power consumed by the ionization process in
molecular discharges is usually insignificant"
(-0.01-0.1%), variations in the electron loss proc-
ess are relatively easily compensated for by way
of changes in the external ionization source which
can be adjusted until the desired electron density
is obtained.

hCa
I-
I-

SO4

qp3

3x102—

012

I I I I

Te

1.0

1. Spatial variation ofplasma properties

To assess the effect of different electron loss
processes in Co, laser mixtures three basic con-
ditions were examined. These included electron
loss dominated by (1) recombination, (2) dissocia-
tive attachment, and (3) three-body attachment.
The magnitudes of the rate coefficients for these
processes, k'„, k, , and k, were selected so as

g~ 0

to yield essentially the same electron density for
a given value of the external. source, using a ref-
erence value' of 6 x 10 ' sec ' cm' for k„' at an elec-
tron temperature of 1.0 eV. The electron temper-
ature dependence of the loss coefficients could then
be varied with little change in the steady state
properties.

Figure 4 presents computed variations in the
direction of flow of the steady state properties T,
T„, T„and n, for the various electron loss pro-
cesses examined. As a consequence of the de-
creasing gas density accompanying the rise in gas
temperature, there is an increase in E/n and
therefore T, with axial location as shown. The
axial variation in electron density (and therefore
current density) for the cases shown in the figure
reflects both the changing neutral density and the
electron temperature dependence of the electron
loss rate, the details of which will be discussed
subsequently. However, the change in steady-state
properties reflecting the various electron loss
processes are relatively small and are well within
the range of typical experimental variation. For
example, at the discharge inlet (@=0) the electrical
power density is within a few percent of 100 W/cm'
for each of the cases considered, while the power
density ave~aged over the first 10 cm of the dis-
charge varies from approximately 105 W/cm' for

1011 I I I I I I I I I

0 1 2 3 4. 5 6 7 8 9 40
x (cm)

FIG. 4. Computed variation of steady-state properties
in the direction of flow for typical convection discharge
conditions: P =0.25 atm; TO=300'K and U0 =100 mj'sec.
The external source function Sz was held constant at
10 3 sec ~. The vibrational temperature T„refers to
the coupled CO2(00&)-N2{v) systems for a CO2-N2-He
(0.05 -0.35 -0.60) mixture as described in Sec. IV.
The data shown were obtained considering as the elec-
tron loss process: three-body attachment with k, 2=-2 (curve a); dissociative attachment with k~ =- sf
{curve b); dissociative recombination with k„' =-.2 and
-2 (curves c and d).

Z. Computed thermulinstubility growth rates

In order to determine disturbance growth rates
for the conditions of Fig. 4, Egs. (9)-(12)were
numerically solved for various values of the wave
vector k, i.e. , k and Q were varied parametrical-
ly. For values of k ' greater than a few mm the
computed values of v~ were found to be insensitive
to the magnitude of the wave vector indicating that
local transport processes are ineffective at damp-
ing medium disturbances for the conditions of in-
terest. Thus, all subsequent discussion of growth

the recombination dominated plasmas [cases (c)
and (d)] to 180 W/cm' for the three-body attach-
ment case (a); the latter increase reflecting the
stronger dependence of the electron density on
changes in gas density when three-body attachment
is taken as the loss process.
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rates will refer to "long-wavelength" disturbances,
i.e., k ~3 mm. Variation of the direction (Q) of
k relative to the steady electric field was found to
significantly affect the computed growth rates as
anticipated. Indeed, all four roots resulting from
solution of Eqs. (9)-(12) were found to be negative
for Q =0' indicative of damping of disturbances in
all time dependent properties. For values of P
greater than about 50' a single positive root ap-
peared, the magnitude of which increased signifi-
cantly with angle reaching a maximum va,lue for
P = 90'. This positive root is readily identified with
the electron driven vibrational mode of thermal
instability discussed in Sec. IQ.

Unlike the anticipated steady- state characteris-
tics, the computed growth rates for thermal in-
stability were found to vary greatly with changes
in the electron loss process. Figure 5 presents
the computed growth rates for the electron driven
mode of thermal instability correspond. ding to
cases (a)-(d) in Fig. 4. Because of the nature of
the coupling between disturbances in T, and n
[Eg. (14)], the growth rate is found to have its
maximum value in the direction normal to the elec-
tric field; the value of v for $=90' is shown in the
figure. These data show the effects of both the

)04

103

electron temperature dependence of the electron
loss rate and the effect of changes in the loss pro-
cess itself. When recombination was considered as
the electron loss mechanism [cases (c) and (d)] the
growth rate was found to increase by approximately
a factor of 2 as the electron temperature variation
of 0„' was changed from 7 '~' to T '~2 i.e. , k' =-—'
and k'„=--', [Eq. (13)]. More importantly, by
choosing an electron temperature dependence of
7.',' ' for the rate coefficient of each loss process
(k =--,'), the growth rate was found to increase by
a factor of about 5 as the loss process was changed
from recombination to attachment to three-body
attachment, a result consistent with the discussion
of Sec. III.

Figure 5 also shows a significant increase in the
instability growth rate in the flow direction for
all cases. This reflects the effect of increasing
gas temperature which in turn results in an increase
in the V-7.' relaxation rate which provides the
primary feedback path leading to enhanced gas
heating (process 3 in Fig. 1). Of particular signif-
icance is the fact that when the electron tempera-
ture rises due to the increase in E/n with position,
a downstream location is reached where the growth
rate begins to rise very rapidly (x-8—10 cm in
this example). This corresponds to the point at
which the ionization due to low-energy electron-
molecule impact first becomes significant during
a disturbance. Moreover, this effect becomes
important when the steady-state contribution of
low-energy electron-molecule ionization is only
about 1% of that due to the external source (this
point is indicated by an arrow in the figure). Thus,
it can be concluded that because of the exceptional-
ly strong dependence of the ionization rate coeffici-
ent on electron temperature (k, &10), avalanche
ionization affects thermal stability for conditions
such that the steady state would be almost entirely
unaffected.

)02 I I I I )
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I I I
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FIG. 5. Computed instabi1ity growth rate in the di-
rection normal to the steady electric field (g =90')
corresponding to the conditions of Fig. 4. The electrical
power density throughout the first several centimeters
is approximately 1{)0%/cm3 for all cases. The arrow
in this and all subsequent figures indicates the spatial
location at which the contribution of avalanche ioniza-
tion to the total electron production is approximately

3. Electron density disturbances

The trends exhibited by the data of Fig. 5 are en-
tirely consistent with expectations based on the
change in the electron density response to a dis-
turbance as the electron loss process varies as
discussed in Sec. III. Figure 6 presents the com-
puted spatial variation of the fractional electron
density disturbance, (n, /n, )(T„/T) ', correspond-

~a
ing to the growth rates of Fig. 5. These data show
that an increasingly negative electron temperature
dependence of the loss coefficient increases the
magnitude, of the electron density disturbance as
expected. Note that as k„' is varied from --,' to
-2, (n, /n, )(T~/T) ' increases from a value of
approximately -0.5 to a value of about -0.3, a
trend consistent with Eq. (19). Further increases
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FIG. 6. Computed fractional electron density distur-
bance relative to a disturbance in gas temperature
corresponding to the thermal instability growth rates of
Fig. 5.

in the magnitude of the electron density distur-
bance occur in accordance with the predictions of
Eq. (20) and (21) as the loss process is changed
from recombination to attachment while retaining
the same negative electron temperature depend-
ence, i.e. , k=-2. Note that the quantity
(n, In, )(TJT) 'actually changes from negative to
positive as the loss process changes from re-
combination to attachment. Examination of Eq.
(23) and consideration of the accompanying dis-
cussion serve to explain why the resulting impact
on the instability growth rate is so large.

The effect of the onset of avalanche ionization on
the fractional electron density disturbance is par-
ticularly pronounced for the attachment-domin-
ated plasma in which a slightly higher electron
temperature is reached before the end of the dis-
charge region. However, the increasing trend in

(n, /n, )(TJT) ' caused by low-energy electron-
moiecule ionization is also apparent for the re-
combination dominated plasma even for positions
to the left of the arrow for which the predicted
steady-state contribution of avalanche ionization is
less than 1% of that of the external source. This in-
dicates that the thermal instability growth rate can
tend toward the value typical of self-sustained
plasmas even if the net contribution from avalanche
ionization is as low as 1/p of that due to the ex-
ternal source, a condition likely tobe first reached
in the higher temperature (low density) regions
near boundary layers and electrodes.

4 Plasma residence time

As elaborated upon elsewhere' "an apparently
stable (i.e. , diffuse) convection discharge of the
type under consideration can be maintained until
local conditions reach the point such that the time
characterizing the growth of thermal disturbances,
(T~= v~'—), becomes comparable to or less than the
remaining residence time of the plasma in the dis-
charge region. '

Computations of the thermal in-
stability growth time for a self-sustained dis-
charge under conditions otherwise the same as
those of Fig. 5 have shown that T~ is well below
10 ' sec for all locations in a recombination-dom-
inated discharge, and below 10 ~ sec when dissoc-
iative attachment was considered as the electron
loss. Thus, with an inlet flow velocity of 100
m/sec it is to be expected that a diffuse, self-
sustained discharge could be maintained for the
pressures (-0.25 atm) and power densities
(-100 W jcm') of the present example only if the
discharge were very short in the flow direction,
e.g. , less than 10 cm.

The results of Fig. 5 show that the growth time
TI can be on the order of 10 ' sec or less even
when external ionization is employed. Indeed the
magnitude of the thermal instability growth rate
has been shown to be very sensitive to the nature
of the electron loss process. While utilization
of external means of plasma production permits
substantial increases in the pressure and power
density attainable in subsonic convection dis-
charges, the results presented in Fig. 5 indicate
that the magnitude of the instability growth rate
will limit the practical flow length of such dis-
charges to values in the 10-20-cm range, and per-
haps even less.

C. Variations in the attachment coefficient

Although the exact electron temperature depend-
ence of the recombination coefficient k„' must be
considered unknown for the present conditions,
generally k„' will have a relatively weak negative
dependence on electron temperature, "i.e.,
-2&5„'&0. However, the electron temperature de-
pendence of the rate coefficient for dissociative
attachment can vary substantially' and is frequently
a strong positive function of electron temperature.
Such is the case for dissociative attachment of
CO, or 0„ for example, both species having k
values much greater than unity. A positive
electron temperature dependence for the electron
attachment rate should exert a stabilizing influence
on the electron driven thermal mode by causing
a reduction in electron density in response to an
increase in neutral temperature as indicated by the
form of Eg. (20) with /=90'. However, it is now
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well known""" that such a variation of the at-
tachment rate coefficient (k &0) can lead to
attachment instability as discussed in Sec. II. The
growth rate for this mode of instability is positive
only in the direction of the electric field (/ =0'),
a condition favoring plasma striation rather than
glow collapse. '" Therefore, with 0, &0 the situa-
tion is parti. cularly complicated with more than one
class of instability expected, i.e. , more than one
positive root may result upon solution of Eqs.
(9)-(12). Furthermore, with k„a strong, positive
function of electron temperature, recombination
may be the dominant electron loss mechanism at
the discharge inlet where T, and 0,, are low, with
attachment dominating at some poirit downstream
as 4,, increases with T,.

Figure 7 shows the computed instability growth
rates for the same general conditions at the dis-
charge entrance as those corresponding to case
c in Figs. 5 and 6. However, in addition to elec-
tron loss due to recombination (k'„=-—', ), dissocia-
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FIG. 7. Computed growth rates for thermal instability

(y =90') and attachment instability (Q =0') for condi, tions
generally similar to those of Fig. 4. In this example the
recombination coefficient was assumed to vary as
T gs (k „= —2) while the electron temperature depend-
ence of the attachment coefficient for CO2 corresponds
to a k, value which decreases from 45 at x =0 at which
point T~ =0.65 eV to a value of 3 at x =20 at which point
T~ =1.0 eV. At the onset of attachment instability
(&-5 cm).k~& 3o, &„/n~ -0.05, and the 1oss of electrons
due to attachment is approximately 10% as large as the
recombination loss.

tive electron attachment to CO, was also included.
Near the entrance of the discharge recombination
controls electron loss completely and the electron
driven thermal instability occurs for P near 90'with
a growth rate nearly equal to that of Fig. 5. Unlike the
situation in Fig. 5 the thermal instability growth rate
in this example decreases in the direction of Qow.
The reason for the decrease in v~ is the slight increase
in 8/n in the flow direction due to gas heating, which
leads to a very large increase in k„since k, » 1
for CO, . Such a stabilizing influence when
k,,)0 is suggested by the form of Eg. (20), with
4=90'. Although in this example the loss of elec-
trons due to attachment is increasing rapidly in
the first few cm of the discharge, attachment loss
is only 10% as large as the recombination loss at
about the 5-cm point. Nonetheless, because k„
»1 for CQ„ the conditiohs for attachment instabil-
ity are readily satisfied in the direction aligned
with the steady field (Q = 0') at about this location.
Thus, while the thermal mode tends to be stabil-
ized by the effect of attachment when k,, & 0,
attachment instability appears. It is interesting
to note that in the 10-15-cm range for which the
attachment instability growth rate reaches a maxi:-
mum, recombination still accounts for approxi-
mately half the electron loss.

Because the growth time (r~= v, ') for attachment
instability in this example reaches a value which
is very much less than the gas residence time in
the discharge region, there is ample time for a,.

transition to a new plasma state to occur. There-.
fore, it is anticipated that plasma characteristics
would be altered substantially for the conditions of
this example as attachment instability develops.
Indeed, experimental evidence shows that running
striations occur accompanied by significant
changes in average current-volta'ge characteris-
tics as a consequence of this instability, even
though the plasma is likely to remain diffuse. "4'"
For this reason both the zeroth-order (steady) and
first-order (stability) characteristics computed
using the present model are clearly incorrect for
downstream locations beyond about 8 cm in Fig. 7
for which the instability growth time is much less
than the residence time remaining. However, the
following qualitative observations can be made. As
regards electron driven thermal instability, a
strong positive electron temperature dependent
attachment rate exerts a, stabilizing influence in
the absence of detachment by decreasing the elec-
tron density disturbance. Note that for the indicat-
ed point in Fig. 7 at which the contribution of av-
alanche ionization is 1% as large as the external
source, the thermal mode is stable in this case and
there is no indication of the effect of avalanche
ionization because of the dominant influence of
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attachment. Further, in spite of the likelihood of a
significant change in plasma conditions when at-
tachment instability occurs, it is clear that the
gas will continue to be heated as it is convected
through the discharge. Thus, E/n and T, will in-
crease and a downstream point may be reached
for which the conditions for atta, chment instability
are no longer satisfied. ' In fact this explains the
decrease in the attachment instability growth rate
beyond about 15 cm in Fig. V. Eventually this mode
may be stabilized and the thermal mode may re-
appear as indicated, due primarily to the influence
of avalanche ionization which represents about
25% of the total by the 20 cm point for this ex-
ample.

104
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O. Strong detachment of negative ions

In the preceding discussion attachment was
considered only in light of its influence as an elec-
tron loss process, without regard to the fate of the
negative ions so produced. However, the comput-
ed steady-state conditions corresponding to pre-
viously examined cases show that the negative-ion
concentration can reach a level comparable to and
even exceeding that of the electrons when ion-ion
recombination is taken as the only loss process
for negative ions. It is found experimentally
that the presence of high concentrations of nega-
tive ions (n„/n, ~ 0.1) corr'elates very well qualita-
tively with the onset of discharge arcing and/or
glom collapse. ' Negative ions produced either by
dissociative attachment involving a, primary con-
stituent such as CQ, or an impurity, subsequently
cluster to form very stable species of negative
ions. '" ' While the exact species which domin-
ate are not knomn, many stable negative-ion spec-
ies are likely to have detachment rates which are
strong functions of gas temperature (and possibly
vibrational temperature as well) in the temperature
range common to subsonic convection discharges
(200-500'K).

In order to assess the potential influence on
thermal instability of negative-ion detachment, two
cases were considered. One in which negative
ions were produced by a process assumed to have
an attachment rate coefficient with a T,' ' depend-
ence, i.e. , k,, =-& as in Fig. 5, and a second in
which negative ions were produced by dissociative
attachment to CO, as in Fig. V. To illustrate the
effect of detachment, the detachment coefficient
k„was assumed to be that. of 0, , one of very few
negative ions for which the temperature dependence
of the detachment process is known. " In fact, the
detachment coefficient for 0, exhibits a very strong
dependence on gas temperature, e.g. , k, &10.

Figure 8 shows the thermal instability growth

02 I l l l l l l
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FIG. 8. Computed thermal instability growth rate
(y =90') with and without temperature-dependent de-
tachment of negative ions. The electron temperature
dependence of the attachment rate was taken at T, 3

(kg f
—2 ) as in Fig . 5 . In this examp 1e the dependence

of the detachment rate on gas temperature was taken as
that of 02 corresponding to a k~ value which decreases
from 30 ate=0 (T =300'K) to 10 atx=20 cm (T =700 K).
In the 6—8-cm range for which detachment first influ-
ences the growth rate, k~ -16 and. n„/n~ -1.

rate for the electron driven mode computed with

4,, =--,' for plasma conditions generally the same
as those discussed previously. Near the discharge
inlet (x-0) the negative-ion and electron concen-
trations are about equal having a value of approxi-
mately 10" cm' for this case as shown in Fig. 9.
In the absence of detachment both the electron and
negative-ion concentrations are essentially inde-
pendent of position and the instability gromth rate
rises gradually due to the temperature-dependent
reduction in the V-T relaxation time as discussed
previously. In this case negative ions are lost by
ion recombination alone. However, when detach-
ment having a strong temperature dependence is
considered, the instability growth rate begins to
rise, reflecting the release of electrons due to
detachment. At the 7-cm point at which the growth
rate begins to increase noticeably due to detach-
ment, loss of negative ions by way of detachment
is only 1% as large as the ion-ion recombination
loss. By 15 cm the growth rate is substantially
increased even though recombination still domin-
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FIG. 9. Computed steady-state electron and negative-
ion densities corresponding to the conditions of Fig. 8.
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begins to exert a significant influence on the thermal
instability growth rate there is no observable reduction
in the negative-ion concentration.
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ates negative-ion loss and there has been no sub-
stantial reduction in negative-ion concentration
(Fig. 9). As in previous examples, the predicted
steady- state characteristics remain relatively un-
affected in compa, rison to the changes in the in-
stability growth rate.

The trend exhibited by the data of Fig. 8 can be
explained simply by examining the response of the
electron density disturbance with and without tem-
perature dependent detachment. Figure 10 shows

(n,„/n, )(T~/T) ' corresponding to the conditions of

Fig. 8. These data show a very large rise in the
electron density disturbance as a consequence of
temperature-dependent detachment. However, it
is interesting to note that by x-1V cm, (n, /n, )(T~/

k
T) ' begins to decrease Th,is e. ffect occurs in the
region at which detachment begins to reduce the
negative-ion concentration substantially as shown
in Fig. 9. Only the onset of avalanche ionization
starts to reverse this trend for the conditions of
the present example. Interpretation of the results
presented in Figs. 8-10 shows that detachment
will exert a strong destabilizing effect when the
following two conditions are met: (1) the detach-
ment rate typical of the initial gas temperature
is very sma, ll permitting a high negative-ion con-
centration to build up (n„/n, a 1); and (2) the de-
tachment rate has a very strong positive depen-
dence on gas temperature reaching a level such
that detachment can begin to free electrons before
the end of the discharge region. Such behavior is
likely to be typical of detachment of negative ions
having moderate binding energies on the order of
1 eV,"'"a value much greater than kT/e but low

enough so that detachment can occur in the higher
temperature regions of convection discharges.

0 2 4 6 8 10 12 14 16 18 20
x (cm)

FIG. 10. Computed fractional electron density distur-
bance relative to a disturbance in gas temperature cor-
responding to the thermal instability growth rates of
Fig. 8.

Clearly the resu]ts of Fig. 7 for which attach-
ment instability and thermal instability both occur
will also be altered by the onset of detachment.
Figure 11 shows computed thermal and attachment
instability growth rates for conditions otherwise
the same as those in Fig. 7. The interpretation of
the various regions in Fig. 11 is the same as that
discussed in connection with Fig. 7, but there are
several important quantitative diff erences. Tran-
sition from thermal instability to attachment in-
stability occurs at about the same downstream lo-
cation as in the absence of detachment (Fig. V).
However, the onset of detachment with increasing
temperature reduces the negative-ion density sub-
stantially compared to the no-detachment case as
shown in Fig. 12. Accompanying this reduction in
negative-ion density there occurs a decrease in
the attachment instability growth rate by about an
order of magnitude. The rapidly decreasing nega-
tive-ion density results in a compression of the
spatial region within which the attachment mode
is unstable, with the result that the time required
for the gas to pass through the zone of attachment
instability is comparable to the instability growth
time. Thus, when detachment is important, in
some cases there may be insufficient time for a
fully developed striated plasma to occur. More
importantly, because of the reduced influence of
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FIG. 11. Computed growth rates for thermal instability
(Q =90 ) and attachment instability (Q =0') including the
effect of temperature-dependent detachment for condi-
tions otherwise the same as those in Fig. 7.

attachment, for the conditions of this example the
electron driven thermal mode at cp = 90' reappears
downstream with a very large growth rate at nearly
the point for which avalanche ionization constitutes
1/p of the total electron production.

The trends exhibited by the data of Fig. 11 are
better appreciated upon examination of the frac-
tional electron density disturbance shown in Fig.
13 for P =90 . These data vividly illustrate that
the first-order response of the plasma to a dis-
turbance can be highly nonuniform spatially al-
though the Predicted steady state is relatively uni-
form. For this example, in the @=0 to 3 cm range
the relative electron density disturbance (n, /n, )
&& (T„/T) 'is determinedby the electronrecombin-
ation process (k„'= ——,'); dissociative attachment
to CO, (with k„»1) causes a decrease in (n,„/
n,)(T~/T) ' between x =3 and 7 cm, until detach-
ment of electrons begins to drive (n, /n, )(T„/T) '
upward at 7 cm. By 10 cm the onset of avalanche
ionization leads to a very large increase in the
electron density disturbance.

It is especially interesting to note that the con-
ditions responsible for the extreme spatial varia-
tions in the transient response of electron density
disturbances as revealed by the data of Fig. 13
have relatively little effect on the predicted steady-
state electron density which remains sensibly

108 I i I

0 2 4 6 8 10 12 14 16 18 20
x (cm)

FIG. 12. Spatial variation of electron and negative
ion densities corresponding to the conditions of Fig. 7
(no detachment), and Fig. 11 (strong temperature-de-
pendent detachment). These data should be typical of
CO2 laser mixtures for which negative ions are produced
only by way of CO2 dissociative attachment.

constant over most of the region (Fig. 12). Indeed
Fig. 14, showing the respective fractional con-
tributions to the loss of electrons, indicates that
the minimum contribution of recombination to the
total steady- state electron loss is never less than
70%%uo even though the transient response of the plasma
is dominated by negative-ion processes. This
shows that the importance of negative-ion proces-
ses on discharge behavior may be greatly under-
estimated by'relying on simple analysis of the re-
lationship between discharge current density,
electric field, and the intensity of the external
ionization source.

E. Vibrational reservoir collapse

In each of the preceding examples the driving
process for thermal instability was the increase
in electron-molecule vibrational excitation in re-
sponse to a perturbation, a phenomenon in which
the vibrational temperature first begins to rise
during the initial phase of disturbance growth.
How'ever, in Sec. III it was pointed out that because
of the high degree of nonequilibrium between vibra-
tion and translation the potential exists for a mode
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FIG. 15. Vibrational relaxation coefficient for the
process CO2(001) +M CO2(l m0) +M, mixture weighted
for CO2-N2-He in the proportions 0.05-0.35-0.60 so as
to be consistent with the diatomic gas approximation
described in Sec. IVA, curve a; also shown is a trial
V -T rate coefficient proportional to the fourth power of
temperature (Azz =4), curve b. The symbol 0 on curve
a indicates the temperature for which k&& =2. In the
present analysis this process is assumed to result in
instantaneous gas heating and therefore this rate coef-
ficient is the effective V-T relaxation rate coefficient.

electron vibrational pumping dominates resulting
in the electron driven thermal mode discussed
previously. The growth rate of this mode in-
creases with increasing downstream temperature
due to the enhanced feedback by way of the V-T
relaxation process. In striking contrast, the
stronger temperature dependence of the trial k~~
function at the discharge inlet temperature (300'K)
leads to vibrational reservoir collapse accom-.
panied by an order-of-magnitude increase in the
instability growth rate. Figure 1V shows that the
thermal instability growth rate is nearly isotropic
when this occurs. This reflects the fact that vi-
brational relaxation which is isotropic, rather than
electron pumping which is not, is the fundamental
initiating mechanism for this instability. " More-
over, although k~~ increases with temperature in
both examples, as temperature rises with down-
stream position Fig. 16 shows that the growth rate
of this mode actually decreases unlike the elec-
tron driven mode. Since, vibrational reservoir
collapse leads to a decrease in T, during a dis-
turbance, increased V-T relaxation tends to re-

102
0 2 4 6 8 10 12 14 16 18 20

x(cm)
FIG. 16. Thermal instability growth rates

rection normal to the steady electric field (g
puted using the V-T rate coefficients of Fig.
plasma conditions generally similar to those
4 and 5.

in the di-
=90 ) com-
15 for
of Figs.

2. Vibrational temperature disturbances

The spatial dependences of all computed steady
plasma properties (including vibrational tempera-
ture) obtained using the two rates coefficients of
Fig. 16 differed by less than 10% over the first
10 cm of the discharge reflecting the nearly equal
magnitudes of k~~. However, the response of the
competing processes tending to maintain the vi-
brational temperature at a level between the elec-
tron and gas temperature varies markedly in the
two examples. This is vividly illustrated by the
fractional response of vibrational temperature to
a change in gas temperature as shown in Fig. 18.
For the electron driven vibrations. l mode (T„ /
T„)(T„/T) ' is positive reflecting the dominance of
electron vibrational excitation over V-T relaxa-
tion during a disturbance. Even in this case the
magnitude of (T„ /T„)(T~/T) ' decreases rapidly
with downstream position. This trend is a conse-
quence of the fact that k~~ increases rapidly with
T for the mixture weighted k~~ coefficient and ex-
ceeds 2 for T-430 K. When 0~~=4 over the en-

duce the degree of nonequilibrium between trans-
lation and vibration, thereby exerting a stabilizing
influence on this mode. This effect is reflected
in the form of Eg. (24) which shows that as 7'„r
decreases the growth rate decreases at sensibly
constant power density.
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important. At this point electron vibrational pump-
ing again dominates the vibrational temperature
response and (T„ /T„)(T~/T) ' begins to rise rapid-
ly.

On the basis of these results the following ob-
servations can be made. Collapse of the vibra-
tional reservoir can occur in externally sustained
discharges when (1) the V-T relaxation rate is
small resulting in a high degree of vibrational-
translational nonequilibrium; and (2) the V-T rate
coefficient has a strong positive dependence on
temperature allowing a disproportionate increase
in V-T energy relaxation in response to a local
positive temperature perturbation. The marked
differences in the results presented in Figs. 16-18
provide further evidence of the fact that seemingly
minor changes in the dependence of a rate coeffi-
cient on its primary variable can drastically alter
the transient response of the plasma to a distur-
bance even though the predicted steady state re-
mains essentially unchanged.

FIG. 17. Dependence of thermal instability growth
rates on spatial orientation relative to the direction of
the steady electric field corresponding to the data of
Fig. 16 for @=4 cm.

tire temperature range, a condition resulting in
the vibrational relaxation mode of instability,
(T„„/T„)(T,/T) ' is negative indicative of vibra-
tional reservoir collapse until the location is
reached for which avalanche ionization becomes
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FIG. 18. Fractional disturbance in vibrational temper-
ature relative to a change in gas temperature corre-
sponding to the growth rates of Fig. 16.

V. SUMMARY
I

Based on the results presented in the preceding
sections it can be concluded that externally sus-
tained discharges of the type used in Co, and CO
laser applications are inherently unstable, and
that the growth rate of thermal instability is ex-
ceptionally sensitive to the electron loss process.
The results presented here show that convective
removal of the unstable plasma from the discharge
region before glow collapse and/or arcing can oc-
cur accounts for the ability to maintain apparently
stable cw glow discharges at high pressure. "'"

A primary reason for employing external, inde-
pendently controllable means for plasma produc-
tion is the extreme sensitivity of low energy elec-
tron impact ionization to electron temperature
variations. The results presented here show that
because of this sensitivity avalanche ionization can
significantly affect the onset of thermal instability
even though the contribution of this process to
steady-state electron production may only be 1% as
large as that of the external source. This finding
suggests that the premature onset of avalanche
ionization in high- current-density regions near
electrodes and in boundary layers will become an
important factor contributing to thermal instability
for plasma conditions such that the inferred aver-
age steady-state properties would be entirely un-

affectedd.

This analysis also shows that very small differ-
ences in the specific nature of the electron loss
process can cause 'order -of-magnitude variations
in the thermal instability growth rate. In fact, the
magnitude of the first-order electron density dis-
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turbance has been found to exhibit much greater
variation in externally sustained discharges than
in otherwise similar self-sustained discharges.
For this reason the transient response to distur-
bances of externally sustained plasma properties
is likely to be highly nonuniform even though the
predicted zeroth-order (steady-state) properties
may be sensibly uniform.

Externally sustained CO, and CO laser dis-
charges are generally operated at relatively high
pressure (~ 0.1 atm) and low translational temper-
atures ((300'K). Under these conditions both
positive and negative ions are likely to be clus-
tered." Unfortunately, the dependence of the re-
combination coefficients on both electron temper-
ature and gas temperature for such ion species

are generally unavailable. In addition, the de-
pendence of electron detachment from stable nega-
tive ions on both translational and vibrational tem-
perature i&unknown. The present results suggest
that this process may impact significantly on ther-
mal instability growth rates in externally sus-
tained plasmas. Clearly there is a need for basic
data relevant to cluster-ion loss processes for
the discharge conditions described herein.
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