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The stability of chemically active multi-component plasma with negative ions produced in collisions

between electrons and vibrationally excited molecules is investigated theoretically. The conditions are

found for which sections with a negative differential conductivity exist on the volt-ampere characteristics

(VAC). The characteristic time of development of the instability is derived from the dispersion equation

for small perturbations. It is shown that during the nonlinear stage of the discharge a vibrational

excitation wave is formed and transforms the system into a stable stationary state. The structure and

velocity of the traveling wave front are found. The results explain the experimentally observed onset of

instability of a molecular plasma in which nitrous oxide is introduced. -

PACS numbers: 52.35.Mw, 52.35.Py, 52.20.Hv

There is a large class of collective phenomena which
are some way or other associated with the presence of
an internal structure of the plasma particles. As well
known examples, we can mention ionization waves!
and various thermonuclear instabilities (see, for ex-
ample, Ref. 2).

The singularity of a low-temperature plasma is that
the electron, along with motion in a continuous energy
spectrum, can execute transitions in the space of dis-
crete states. Here localization of the electron on a
neutral particle frequently turns out to be energetically
more favorable than its existence in the free state.}

A negative charge in such a plasma will be connected
both with the electron and with the ion components, and
the concentration of the latter can significantly exceed
the electron concentration, especially in a plasma of
molecular gases.! The presence of negative ions leads
to the appearance of specific collective processes in the
plasma. Thus, for example, in discharges in O, and
CO,, and also in CO,-N,-He mixtures, instability of
dissociative sticking, observed in the form of strata,®"?
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is most effectively excited. The reason for its appear-
ance is the dependence of the rate of dissociative stick-
ing k, on the electron temperature T,. However, if

the dissociative sticking (DS) reaction AB +e*¢%s’A +B
has the activation energy E,,=D - USkT, (D is the en-
ergy of dissociation of the molecule AB, and U is the
energy of affinity to the complex B), then 3 Ink,/d InT,
<« 1 and the excitation of DS the mode becomes impossi-
ble.>"*10 In this work we shall show that another
mechanism of instability of DS is possible in a plasma
of molecular gases, and can be realized even at E
SEkT,.

It is known that the relative contribution of the vibra-
tionally excited molecules to the total rate of produc-
tion of negative ions can be large, in spite of their rel-
ative small population. Such an effect is observed in the
formation of O™ from O, and CO,; in N,O it appears
more strongly—the quantity &, increases by four orders
of magnitude when the vibrational temperature Ty
charges from 30 to 1000 K.!! The reason for such a
strong k,(Ty) dependence is connected with the impor-
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tant role of flexural vibrations of the molecule (0I0) in
the DS process. With increase in the degree of excita-
tion of the flexural mode, the conditions for stabiliza-
tion of the negative ion relative to electron emission
are improved. Along with this, the capture of low-en-
ergy electrons becomes energetically possible, which
also leads to an increase in the rate of DS, since the
capture cross section is proportional to v;z (Ref. 12)
(v, is the velocity of the electron taking part in the DS
reaction).

The existence of such a phenomenon leads to an in-
stability, the necessary and sufficient conditions for
which, and also its nonlinear stage, will be the subject
of our analysis. As the model we consider a discharge
in an N,O-He mixture with a pressure of the order of
several dozen torr.

KINETICS OF THE PROCESSES WITH PARTICIPATION
OF CHARGED PARTICLES

Since the number of reactions that occur in such a
binary system is very large, while their contribution to
the balance of the number of charged particles is differ-
ent, we limit ourselves to consideration only of the most
important reactions (see the table). We neglect the ef-
fect of the dissociation products on the change in the
composition of the initial gas mixture, which is valid
for time intervals 107! sec.!®!” Taking into account
the volume character of the ionization-recombination
processes, and neglecting the radial distribution, we
write down the stationary equations of the balance of
the density of the charged particles inthe following form:

n(nkt+S)—nen. k, —nank,+n.n_k;=0, (1)
Ruoka—nmn _ko—n_n k,'=0, (2)
ni=n,tn_. (3)

Here n,, n, and n. are the concentrations of the elec-
trons and neutral particles and total concentration of
negative ions, n=n,+n,, n, is the concentration of
atoms of helium, #n, is the concentration of molecules of
nitrous oxide, k; is the effective rate of ionization, k¢
and %! are the coefficients of electron-ion and ion-ion
recombination, k, is the rate of destruction of the nega-
tive ion. The possibility of the existence of an external
source of ionization is reflected in the equations by the
quantity S.

TABLE 1.

Type of reaction Realction rate constant (cma-sec' l)‘ Literature
e+N,0-2¢+N,0+ Given in the form of a graph 51
e+N.0-+N,+0- 3-10-8 exp (—4600/Tv) [, 3]
0~ +N,0-NO+NO- 2,2.40-10 #+ {u]
NO‘IN:O*N:O‘-FNO 3,8.10-12 ** m

- +N,0+
RSN | wemcmere |
NO-+N,0+-+NO+N,0 9.10-6 7" Eu]
6.5-10-8 T, u]

€+N,0+-+NO+N

*T, is expressed in eV, Ty, and T in deg. K.

**The cited values correspond to T'=300 K.

***The dependence of the detachment rate constant on Ty is -
due to the participation of vibrationally excited molecules in
the reaction: A =+N,O(V =1) =A+N,O(V =0)+e.

1079 Sov. Phys. JETP 48(6), Dec. 1978

Having in mind discharge conditions, where the evolu-
tion of the translational-rotational and vibrational de-
grees of freedom take place within a time that is much
greater than the characteristic times of relaxation of
the electron temperature and the concentration of the
charged particles, we write down the equations for the
gas, vibrational, and electron temperatures in the form
of the following system:!’

dy(ne(T))+ (ne(T)+P) Vu = :" (ev(Tv) —ev (T)) Vg, (4)
3y(Pme v (Tv)) +imey (T) VumijE — :"' (ev(Ty)—ev(T))=Vgs.  (5)
jE=nn.kkT., (6)

which, together with Egs. (1)=(3) form the complete set
of the initial equations. In Egs. (4)-(6), € =(3n,
+5n,)kT/2n is the mean translational-rotational energy
per particle, €,(Ty)=E&(exp(E/kTy) -1)"! is the mean
vibrational energy per molecule, € is the value of the
vibrational quantum, 7,7 =(ngo(1 - exp(=E/kT)))™?, ky,
is the relaxation rate of the N,O molecules on the He
atoms, P=nkT, u is the mean mass velocity, gr
==0©rVT, gy ==-6,VTy,; O and O, are the coefficients
of thermal conductivity, k, is the rate of vibrational
excitation by direct electron impact, j is the current
density, and E is the electric field intensity. Writing
the balance equations in the form (4) implies that the
energy release in the system takes place with the exci-
tation of the vibrational degrees of freedom of the mole-
cules, which then relax on the atoms of the buffer gas,
which also dissipates the heat.

STATIONARY STATES

Given the values of the current density and the intensi-
ty of the external ionizer, we now find the stationary
solutions of the set (1)=(6). As an example, we choose
the mixture 0.2 N,O-0.8 He at a pressure of 20 Torr,
located in a tube of diameter d =2 c¢cm and wall tempera-
ture T,=200 K. Here we use the following simplifying
assumptions. We take the diffusion of the vibrationally
excited molecules into account approximately by intro-
ducing the probability of diffusion decay according to
Ref. 19. Moreover, as estimates show, at the typical
values of the energy input 10-50 W/cm’, the gradients
of the gas temperature are small, Therefore, the term
describing the thermal conductivity can be put approxi-
mately ‘in the form © (T —T,)/d*, where ©;=5x107*
erg-cm”!=sec™! —deg”!.*® By the same token, we
disregard the radial distribution of the temperature,
and hence of the particles.

The relaxation of the vibrations of the N,O molecule
on He is well described by the Landau-Teller model,
with a deactivation constant &, equal to 4x107!? exp(~-80
T°1/3) cm¥-sec”!. As for the rate of vibrational excita-
tion by direct electron impact, there are no reliable ex-
perimental and theoretical data on the k,(T,) dependence
for most molecules. It is known only that the function
ky(T,) has a maximum value of the order of 10° cm®-
sec”! in the region of 2 eV and depends weakly on the
electron temperature at the higher energies.

" The results of numerical solution of the set of equa-
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J, mA/cm? 7,075

FIG. 1. Family of volt-
ampere characteristics
(continuous curves) and
I3 the dependence of the vi-
1 brational temperature T
on the electron tempera-
ture T, (dashed) for self-
9 maintained discharge at
various values of a; %,
=a exp (=1100/Ty): 1)
a=8x10"10, 2)a=4x10"1,

9w

30

L 2 /j/l 1.6 /a'r, 3)a=2x10"19, 4)a=1
z 25 535 x10719,
E/n,V-cm?

tions (1)=(6) in the stationary case enables us to con-
struct the static volt-ampere characteristics (VAC)
shown in Fig. 1 (self-maintained discharge) and Fig. 2
(non-self-maintained discharge).

For the self-maintained discharge, calculations have
been carried out at various values of the pre-exponential
factor g of the constant of destruction of the negative
ions. This allows us to assess qualitatively the role of
the ion-molecule reactions of fragmentation and destruc-
tion of the negative ions, which is not taken into account
in our scheme because of the absence of data on the
form of the VAC. As is seen from Fig. 1, at g <q*=6
%1071, a gection appears on the VAC with negative dif-
ferential resistance, the absolute value of which in-
creases with decrease in k,. 4

At S#0, the presence of a decreasing portion of the
VAC is not as sensitive to the value of £, and the pro-
duction of a negative differential resistance takes place
over a very wide range of stationary parameters.

Formation of a portion with

aj E an, dlnn,
°"'aE"°'(HI'aE) =a, (1+2 6lnT.) <0

takes place because of the increase in the effective mass

of the negative carriers with increase in the electric

field (concentration nonlinearity), and in this sense it is

similar to the recombination mechanism of formation

of an N-shaped VAC in semiconductors with repelling

centers (for example, in Ge alloyed with Au, Ref. 19).

A uniform state of the plasma over the portion with
0,<0 is unstable relative to inhomogeneous fluctuations

J, mA/ecm?

FIG. 2. Family of volt-
amplitude characteristics
(continuous curves) and the
dependence T (T, ) for var-
ious values of the intensity
of the external jonizer
(A=4x10"19):1) s =25
x10™, 2) § =2.5%10?, 3)
$=2.5%1073, 4) S=25
x10™4.
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of the field; the characteristic time of development of
the instability can be found from linear analysis.

ANALYSIS OF THE INSTABILITY

We investigate the instability of the stationary states
of the system (1)-(6) relative to small perturbations
of the form exp(iwt - i -r), where w is the complex
frequency in a system of coordinates moving with the
gas, and » is the wave vector. We recognize that the
characteristic time of the problem is greater than the
time of propagation of the sound perturbation, while
the direction of maximal growth of the perturbation in
the case of N-shaped VAC is identical with the direc-
tion of the stationary current flow.!* This enables us,
by using the condition P=const, to write down the one-
dimensional dispersion equation in the form

@*—inb—c=0.

)

Here

b=Ter '+ Tov "+ Trr '+ 1~ (2+Tvs) +1v~ (] T ),
c=Tyr"" (Tar-i‘+71'—‘ (1_ (nc | I‘l) ) )
+ (Ter_"i"l'r_' (2+T:'r) ) (Tsv_l+'tv—‘ﬁ(nt ( TV) ) y R
(ne] Tv) =R~ (1+kyv) (k. (ny4n_) +k,n.) (kiea(n-/n.) —kiks) nm,
(n|n) =B~ (1+ky) (k. (non-) —kak, (n_n,) ) nany,
R=2nke;(k/n_+kann(no/n)+(1+ky) (k. 'ka(n_in)
+kka(ne/n_) ) nmn_+S (n/n,) (katm(n/n_)+k,'n_)),

7, and 7, are the characteristic times of heating of the
gas and of the vibrational degrees of freedom,!®

. nm(dev/0Ty) (5nat+Tn.)k
= Imloev/oly) m) %
v Oy’ o 20,

are the characteristic times of the thermal conduc-
tivity, and f(x) =98 1nf/8lnx.

If the rate of dissociative sticking does not depend
on the vibrational temperature, then the dispersion
equation (7) has stable solutions, excepting only the
case in which = 7,1 (2+7,7) >Tey ! +Tep ' + 74 !, which
corresponds to the excitation of a thermal mode.!® 2223

At E,(Tv) #0, the necessary condition for the develop-
ment of the DS instability is the satisfaction of the
inequality (n, | 7y) <0 or, which amounts to the same
thing,

nkfe>n_kik,. (8)

The inequality (8) determines that region of the sta-
tionary parameters in which the destruction of nega-
tive ions with formation of electrons cannot compen-
sate the local increase in the resistance of the medium
because of processes of binding of the electrons by the
DS. Under our conditions Tey ! <7er™!, Tys !, Which
allows us to write down the following expression for
the increment:

Y=—Tvr ' =1v 7 (7| Tv).

)

The mechanism of this instability is based onthe fact
that the local perturbation of the vibrational tempera-
ture leads to density and temperature fluctuations of
the electrons in phase, making possible the further in-
crease in 7y. The development of the perturbations
has an aperiodic character, the characteristic time of
growth amounts to a quantity of the order-of 1073 sec.
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The second solution of Eq. (7) is an increasing one if
the local energy release in the gas, as a consequence
of the vibrational relaxation, is not compensated by
the thermal conduction

- (2+T"-) —1y! (”:I Tv) >tor tter '+ Tyr .

(10)
In our case, it is damped out in a time 7q,.

The effect of the source of the ionization on the DS
instability reduces to the following. A decrease in the
characteristic time of vibrational excitation takes
place with increase in S, since 'r,,"~n,~s; here (n,| Ty)
does not depend on S. Thus the value of the increment
increases while the region of the parameters at which
the plasma loses stability widens, which is illustrated
in Figs. 1 and 2.

PROPAGATION AND STRUCTURE OF FINITE
PERTURBATIONS

The exponential growth of small perturbations as a
result of the considered DS instability is limited during
the nonlinear stage by the decrease in the rate of
vibrational relaxation of the molecules by electron
impact, by the increase in the specific contribution
of the reactions accompanying the destruction of the
negative ions, and by the stabilization as a result of
thermal conductivity. For an analysis of the state
that develops in the nonlinear stage, we use the fact
that, as results of numerical calculations show, the
gas temperature changed within only 5% when the
plasma parameters were varied in a wide range.

This makes it possible to use the approximation of
“infinite thermal conductivity,” and to assume the gas
temperature to be constant. In this case the nonlinear
equation which describes the evolution of the pertur-
bations if edge effects are neglected will be the equa-
tion for the vibrational temperature:

0Ty FTy _ ey 1)
i Dy TII, s
Tv (2, 0)=Tvo(2), (12)

where D is the coefficient of vibrational thermal dif-
fusivity, and f(7y) is the nonlinear source that deter-
mines the rate of local energy release due to the set of
inelastic processes and chemical reactions. At the
chosen type of discharge (self-maintained, non-self-
maintained), the function f(7}) allows the existence,
depending on the chosen stationary flow, of a different
number of zeros. We therefore consider two cases:

A. Non-self-maintained discharge. In this case, at
§>8* (under our conditions $*~1073sec™!) the source
function f(Ty) vanishes at two points T, ‘! and T,‘?,
with T,® >T,", Here the nonlinear equation for the
function y =(T, - T,'"")/(T? - T,'") takes the following
form:

yr—Dyu=f(y)1 y(z, 0)=y°(z)7
1O =f(1)=0,. f(0)=a>0, f'(y)<a,

(13)
o<y<t.

We note that an equation of similar type was first
used by Kolmogorov, Petrovskii and Piskunov? in
connection with the biological problem of the propaga-
tion velocity of the genes that has an advantage in the

1081 Sov. Phys. JETP 48(6), Dec. 1978

FIG. 3.

struggle for existence.
gation of flame in a homogeneous system is also des-
cribed with its help.? %

The process of thermal propa-

The character of the asymptotic behavior of the solu-
tion of Eq. {13) as ¢ -« is determined by the form of
the initial perturbation of y4(z). Actually, if the char-
acteristic dimension Z of the initial perturbation satis-
fies the inequality

D/z*> max (f(y)/y), (14)

‘yst
then, as ¢t -, we have y(z,#) = 0. In the opposite case,
the local-perturbation evolution described by Eq. (13)
leads to the formation of two diverging wave fronts of
the Riemann type:

lim y (2, t) =y (z—ct+z,) +y(—z—ct+2,)—1, (15)
where ¢ is the propagation velocity of the front,
max y=1, min y=0, and 2, and z, are constants. The

quantity ¢ represents the spectrum of possible velo-
cities of wave front propagation and is limited below:
¢ =c*=2(Da)!/?; however, only the lower point of the
spectrum corresponds to the asymptotically stable
solution.

Approximating the source function by a quadratic
polynomial, we represent (13) in dimensionless vari-
ables. Here the structure of the front can be found
from the equation

y==_2y=+y(y—1)a (16)

Y sema=1, Yreu=0,

z=(z—c"t)D""q *,

Figure 3 gives the numerical solution of Eq. (16).
The effective width of the front, defined as the dis-
tance between the abscissas of the points where the
tangent at the inflection point (y’’ =0) intersects with
the lines y =0 and y =1, is equal to 8D!/%a™!/%, Under
the conditions that we have considered, the steady-
state wave is a super-position of two traveling waves,
propagating with velocity =10° cm/sec and representing
drops of the vibrational temperature with effective
front width 107! - 10™? cm.

_ B. Self-maintained discharge. In this case, the
behavior of the system in the region of discharge cur-
rents at which the falling portion on the VAC is realized
is described formally by Eq. (11), with the source
function vanishing at the three points 7,'", 7,,'®, T,,'®
(TV“) <TV(2) < TV(3)):

y!—Dyu=f(y)a 0<y<1, (17)
F0)=f(B)=f(1)=0, f(0)=—a'B, [ (1)<<0,
V. G. Dresvyannikov and O. |. Fisun 1081



where y=(Ty =TP)/(TY -TP),8=TP -TP)/

(TP -TP), o’ is a positive constant. Equation (17)
has three stationary solutions: y=0,y=8,y=1, where
y=0and y=1 correspond to the stable states of the sys-
tem, and the solution y=8 is unstable (bistable case).

It should be noted that similar equations appear in the
modeling of wave processes in nerve axons®’ and in
lines with shunting nonlinear resistance.?®

The possibility of a transition of the system from the
state 0(1) to the state 1(0) is determined by the sign of
the integral

o= 1y, (18)
L]
whichis inturn determined by the value of the fixed dis-
charge current.

If >0, then the transition 0~ 1 is possible under the
condition that the level of the initial perturbation rela-
tive to the state 0 exceeds B, while its characteristic
size z satisfies the inequality

D/z*< max (f(y)/y).

by<t

The reverse transition 1- 0 is impossible for the fol-
lowing reason. Any local reduction in the vibrational
temperature relative to state 1 leads to an energy re-
lease in this region, since the quantity

1
[ 1wy« ©>0
<A<t
is positive. Together with the process of thermal con-
duction, this leads to the “collapse” of the original
perturbation.

(19)

At <0, the state 0 is stable relative to any perturba-
tion. The state 1 is unstable relative to fluctuations,
for which the inequalities are satisfied.

yo(2)<B, D/z*< max (If(y)!/y).
<y<p

The asymptotic solution of Eq. (17), which describes
the transition between the stationary states of the sys-
tem, is a pair of diverging wave fronts of the form
(15).%® Their structure and velocity of propagation can
be found by approximating f(T'y) by a cubic polynomial
and writing Eq. (17) in Riemannian variables:

Yutecy.=y (y—B) (y—1), (20)
where x = (z —ct)(a’D)*(T - T{P). The solution of
(20) at ¢ =234 —B) has the following form:?

y=(1+exp (£z/2"))"". (21)

The effective width of the wave front is equal to -
25/2p1/2g=1/2(7 ) _T{¥)=1 and is identical in order of
magnitude, just as the propagation velocity, with the
values given for the non-self-maintained discharge.
The stability of the solution (21) relative to small per-
turbations can easily be proved by using the criteria
put forth in Refs. 26 and 30.

We note a significant difference between the dynamics
of nonstationary phenomena of non-self-maintained and
self-maintained discharges. At S#0, in the range of
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discharge currents corresponding to a decreasing por-
tion on the VAC, the development instability in the non-
linear stage leads to the appearance of a large-ampli-
tude wave, which brings about a transition to a state
with a large value of the vibrational temperature, which
is then maintained in the plasma (system with a single
triggering). In contrast, the state 0 at >0 (1 at  <0),
can be considered to be metastable, since the transition
0-1 (1-0) is produced only by large-scale fluctuations
of large amplitude. Exceptions are the portions of the
VAC near points corresponding to f'(y) =0, where the
transitions take place under the action of thermal fluc-
tuations. The hard mode of instability onset leads to
hysteresis phenomena in the variation of the discharge
current density in the plasma of a self-maintained dis-
charge.

We note also that analysis of the discharge conditions
at which a significant change in the gas temperature
occurs, testifies to the possibility of appearance of so-
lutions of the soliton type.

DISCUSSION

The investigation of the mechanism of formation of
nonlinear waves of large amplitude, based on the de-
pendence of the rate of dissociative sticking of the elec-
tron to the molecule on the vibrational temperature,
has been carried out by us in the example of the binary
mixture N,O-He. The discharge in 0.1N,0-0.2N,-0.7He
has been considered by us in similar fashion. This
case is of applied interest (see, for example, Ref. 31).
The results are in qualitative agreement with what has
been done above, independent of whether the vibrational
degrees of freement of the N,O are excited by direct
electron impact or by the first vibrational level of the
N,.

Moreover, the mechanism of formation of waves of
finite amplitude that we have considered can also be
observed in a plasma of molecular gases, where the
generation of negative ions is brought about by any re-
action (for example, sticking in triple collisions), the
rate of which depends on the vibrational temperature,
and the process of destruction of the negative ions is
determined by ion-ion recombinations.

We note the following circumstances. The initial as-
sumption was that the group of vibrational levels re-
sponsible for the effectiveness of the DS reaction is
characterized by a vibrational temperature T, which
exceeds the gas temperature T. However, the absence
of reliable data on the probabilities of the processes of
V -V and V - T reactions does not exclude a case in
which Ty = T. Here instability of the DS can develop
under conditions in which the heat exchange with the
walls does not assure constancy of the gas temperature
with increase in the energy input.

In conclusion, we turn our attention to the experiment
of Bletzinger et al.,* who investigated the effect of the
molecular contributions to the properties of the dis-
charge plasma in CO,-N,-He mixtures. In particular,
they established that even an insignificant amount of
N;O(<1%) caused instability in a definite interval of
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pressure, impurity concentration and discharge cur-
rent. Their attempt to explain the observed stratifica-
tion as being due to the dependence of the rate of gene-
ration of negative ions on the value of T, proved a
failure, since %,(T,)= const for N,O. At the same time,
the theory given above enables us easily to interpret
the results of the experiment of Ref. 32.

1)The conditions of applicability of Egs. (4)=(6) are dis-
cussed in detail in Ref. 18.

2)Equation (20) was first investigated by Huxley and bears
his name (see Refs. 27 and 30 in this connection).
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