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INTRODUCTION review is concerned has attracted the atiention of inves-

The nonequilibrium electrical discharge in gases
occupies an important position among the many and
varied nonequilibrium systems that have been studied
intensively during recent decades. In the gas dis-
charge, electric-field energy is transferred to the
electrons of a weakly ionized plasma, which, in turn,
maintain above-thermal population of the excited atom-
ic and molecular states. Neutral particles excited by
electrons can transfer their energy to coherent radia-
tion, as occurs in gas lasers, and can also stimulate
selective atomic-molecular conversions, such as those
brought about in nonequilibrium plasma-chemical sys-
tems, The chemically active plasma with which this
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tigators as a system that makes it possible to conduct
selective chemical reactions at extremely high rates.
Variation of the plasma’s parameters makes it possible
to control the chemical processes, direct them into the
desired channel, and optimize their energy efficiency.
The present review is devoted to the physical kinetics
of the chemically active plasma and primarily to the
kinetics of nonequilibrium processes stimulated by vi-
brational excitation of molecules in the gas-discharge
plasma,

Until recently, studies of nonequilibrium plasma-
chemical processes were made for the most part in
reduced-pressure glow discharges. Considerable pro-
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gress was made here in polymerization, treatment of
surfaces with low-temperature plasmas (physical pick-
ling), and investigation of the mechanisms of nonequili-
brium processes.! In recent years, largely as a result
of the development of gas-laser physics, the range of
discharge systems that can be used in nonequilibrium
plasma chemistry has been broadened significantly.
Nonequilibrium chemical processes are now being in-
vestigated successfully in non-self-sustained dis-
charges sustained by ultraviolet radiation or by rela-
tivistic-electron beams, in hf and microwave dis-
charges (Table I), and in fast-flow glow discharges at
elevated pressure. The low-pressure plasma-beam
discharge, which uses collective processes to heat
plasma electrons, was developed specifically for plas-
ma-chemical appllcatlons.m

The mechanisms by which chemical reactions are
brought about under nonequilibrium conditions are dis-
tinguished by their wide variety. Depending on the
degree of ionization, electron temperature, pressure,
and the specific energy intensity of the discharge, a
given resultant process may be brought about in funda-
mentally different ways with wldely differing energy
efficlencies. D. I. Slovetskii ef al.!"" made a detalled
investigation of the mechanisms of several nonequili-
brium plasma-chemical processes for the case of the
glow discharge. Among other things, they determined
the principal reactions that determine the dissociation
of nitrogen, ammonia, and carbon dioxide in the glow
discharge.

Research in the physics of gas lasers and laser
chemistry drew attention to the importance of vibra-
tional excitation of molecules in the organization of
nonequilibrium processes and selective reactions.

For most nonelectronegative molecules (N;, CO, CO,,
H;, KO, etc.), vibrational excitation by electron im-
pact occurs not in a process of direct collision (which
is Inefficient owing to the small electron-to-molecule
mass ratlo), but via the formation of an intermediate
autolonization state.*?* As a result, the rate of vibra-
tional excitation of these molecules is quite high (Table
1), and most of the discharge energy input is localized
precisely on the vibrational degrees of freedom, which
can ensure selectivity and, consequently, high energy
efficiency of the processes. Vibrational disequilibrium
(Ty > Ty is maintained here by the low rate of VT re-

TABLE II. Rate constants of vibrational excitation by electron
impact, cm?/sec.
Electron temperature
Molecule
0.53'eV 1 eV 2 eV
Hydrogen 2,2-4u-10 2.5-10-1e 0.7-10-®
Nitrogen 2.10-1t 4-{0-® 3.10-8
Deuterium — — 10-°
Carbon dioxide 3-10-? 10-8 3.10-8
Carbon monoxide - - 1077
Water vapor . — — 10-10
Oxygen —- — 16~ — 110

laxation at the low translational temperature T, (see
Table IV below). For nonequilibrium plasma chemistry,
the mechanism of vibrational molecular excitation by
electron impact is characterized by an important speci-
fic advantage: it is this mechanism that is capable of
stimulating chemical conversions with the highest en-
ergy efficiency as compared to the other plasma-chem-
ical reaction channels. This is an effect of the follow-
ing three basic causes:

1. For many nonelectronegative-gas molecules at
electron temperatures 7,=1-3 eV, a major part of
the discharge energy input is concentrated precisely on
excitation of vibrational degrees of freedom of the
ground electron states. This effect is illustrated
graphically in Figs. 5, 16, and 24 for the CO;, Ny,
and H,O molecules.

2. It is the vibrational energy of the reagents that is
most effective in overcoming the activation barriers of
endoergic reactions,® the realization of which in the
nonequilibrium plasma is of the greatest interest. This
effect has been confirmed experimentally, for example,
by the kinetics of laser-chemical reactions,” by reac-
tions with energy branching,'® and by study of the energy
distribution of the products of the exoergic reverse
reactions.! It is clearly illustrated by Table III,

3. In the vibrational excitation of molecules, the
energy threshold usually coincides with the activation
barrier of the reaction and is found to be quite far be-
low the threshold of the reaction via electronic excita-
tion of the reagents, Thus, the vibrational excitation

TABLE III. Efficiency of vibrational-energy utilization in
overcoming elementary-reaction energy thresholds.

Reaction AH, eV E , eV o
TABLE I. Maximum energy efficiencies of plasma-chemical ; °
processes. 1. $+CO—~CS+0 3.6 3.7 0.9—1.0
2. 04+N,—+NO+N (nonadiabatic 3.2 3.2 1
channel)
uilibrium regim Nonequilibrium regime 3. I+ HCl—~HI4Cl 1.4 — 1,0—1.1
- B - 4. H4HF - H,-F 1.4 1.5 1.0—1é1
_ - . . . — N
rose (O it [ peoras [ et | 1ot § SHE Qi SO O B
g " |mental, %| charge g mental, % chame 7. 030, (lag) - 20;+0 0.1 - 1
5. 0 ZHEI - o LGl ok | em | el
9. 0~ HCl - OH--C . . .
€0, ~CO+L0,~29ev] 43 15 Electric- 8 8) | Microwave 10. H--H,—~H,+H 0 0.3 0.33
2 arc . 11, H1 HCl - HCI-H 0 — 0.3
. 12. H+HCl - H,+Cl —0.05 0.1 0.3
i Qo= Ny =3 0% |
; 14. O 0 —0. . 0.
FNt30~No—1eV | 11 | 23 | sme | 45 | 30 | Pueed 15 o§+§o :ﬁg,’(falhof 1 02 027
16. O*L N, —1. — .
‘ with mag- 17. N+ 0,+NO-0 —1.4 0.3 0.2
netic field 18, F--HCl - HF--Cl —1.4 0.05 0.45
19. OH*-- 0, ~ HO, -0, —1.5 - 0.2
1 - - 20. 034 NO> KO, (tAy) -0, —2.4 0.1 0,85
H0+ Hyt 503 —26 6V | — — — 50—70| 40 | Microwave 21. H4-N,0 -~ N,--0H —2.7 0.5 <0.4
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of hydrogen requires 4.4 eV (the bonding energy) for
dissociation, while dissociation of hydrogen by elec-
tron impact via the *Z! state requires at least 8.8 eV.
In the case of CO,, the energy of the O—CO bond is 5.5
eV, while electron-impact dissociation via the 'B, and
3B, states requires ~8 eV per event. The effect is
seen clearly in Fig. 8, where the lower electronic
terms of CO; are represented with allowance for the
geometric nonlinearity of the excited states.”

Under the most favorable conditions, vibrational ex-
citation of reagents in a plasma makes it possible to
concentrate up to 80% of all of the energy introduced
into the discharge on accomplishment of the chemical
processes.”® This energy efficiency cannot be obtained
in other plasma-chemical reaction channels, In reac-
tions proceeding via electronically excited states (see
Figs. 3 and 4), for example, none of the three effects
listed above comes about, with the result that high effi-
ciencies are not attained.™'*® For example, an effici-
ency 1< 30% is obtained in the dissociation of CO; by
this mechanism.'® Lowering of the electron threshold
energy to the bonding energy is possible on electronic
excitation of previously vibrationally pumped mole-
cules,’"™ but localization of the bulk of the energy input
in this channel, especially with dissoclation, is improb-
able.!’??'* The attainment of high energy efficiency is
also made difficult in another alternative mechanism—
dissociative sticking (see Figs. 4 and 19).'"*® Here the
efficiency is limited primarily by the loss of the elec-
tron in the sticking event.” The efficiency in this case
is lowered by the high “energy cost” of producing one
electron in the discharge (230 eV), which is consider-
ably higher than the energy expenditure needed per dis-
sociation event.?’

While we are on the subject of chemical reactions in
gas discharges, we must also mention quasiequilibrium
plasma chemistry—a traditional approach that has been
developed by a large group of investigators.!® The arc
plasmatrons with powers up to 10 MW and the hf plas-
matrons of somewhat lower power that have been de-
veloped in recent decades have made it possible to use
quasi-equilibrium plasma to solve a number of impor-
tant scientific and practical problems, of special im-
portance among which are the production of acetylene
from methane, the synthesis of refractory compounds,
coal conversion, and the processing of titanium com-
pounds.! However, the high nonadiabatic product cool-
ing rates required in these systems (see Fig. 2) and

DThe possibility of recovering the electron on decomposition of
the negative fragment ion will be discussed below in connec~
tion with the decomposition of water vapor in plasma.

Ygimilar effects limit the dissociative- recombination energy
efficiency in ion-molecule reactions, reactions in which ex~
cited atoms participate, etc.?

D Even at quasiequilibrium between the forward and reverse
reactions, the transition to systems with Ty > T (Ty is the
vibrational temperature) raises the efficiency as compared to
the variant at full equilibrium—in the particular case of the
dissociation of CO,, this efficiency increase may reach 1.5.8
On the whole, quasiequilibrium generally does not prevail
between forward and reverse reactions in nonequilibrium
plasmas.”
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the uniformity of the energy input over all degrees of
freedom mean that the quasiequilibrium plasmatron
offers practically no promise for the conduct of selec-
tive chemical reactions with high energy efficiency.
The energy advantages of nonequilibrium systems are
clearly illustrated in Table I for various specific pro-
cesses.”

Thus, a nonequilibrium plasma-chemical process
stimulated by vibrational excitation of molecules on
electron impact can guarantee maximum energy effi-
ciency.“ However, attainment of regimes with maxi-
mum energy efficiency depends strongly on the param-
eters of the discharge; at low energy inputs and low de-
grees of ionization, for example, reactions of vibra-
tionally excited molecules hardly proceed at all, and,
conversely, overheating effects and disruption of the
nonequilibrium state may occur at excessively high
energy inputs, Determination of the energetically opti-
mal regimes requires both experimental and theoretical
study of the mechanisms and vibrational kinetics of
specific plasma-chemical processes. This paper will
review studies of this kind as they apply to moderate-
pressure systems exemplified by certain inorganic-
synthesis and dissociation reactions under nonequili-
brium-plasma conditions. The first part of the review
is devoted to analysis of the general laws governing
plasma-chemical reactions stimulated by vibrational
excitation of molecules. Specific plasma-chemical
processes are examined under subsequent headings.
For example, processes of decomposition of CO, and
H,0, which, apart from their scientific importance,
are of great practical interest in applied atomic-hydro-
gen power engineering, are discussed in Secs. 2 and 3
as examples of dissociation in plasma. The process of
atmospheric-nitrogen binding in plasma is discussed in
Sec. 4 of the review as an example of a plasma-chemi-
cal synthesis reaction. In describing specific plasma-
chemical processes stimulated by vibrational excita-
tion of molecules, attention is concentrated on the
theoretical background and experimental illustrations
of the possibility of setting up processes in which a
major part of the energy injected into a plasma is con-
verted into system chemical energy.

1. VIBRATIONAL KINETICS AND REACTIONS OF
VIBRATIONALLY EXCITED MOLECULESIN A
NONEQUILIBRIUM PLASMA

To describe specific plasma-chemical processes and
to determine optimum conditions for them it is neces-
sary first to analyze general problems in the reaction
kinetics of molecules in a nonequilibrium plasma,
Plasma-~chemical reactions stimulated by vibrational
excitation of molecules are characterized by the follow-
ing basic energy-transformation stages. First, elec-
tric-field energy is converted to electron-gas thermal
energy, which is then transferred to lower vibrational
levels of the ground electron state of the molecules.

4)We note that vibrational excitation of the ground electron
state may not be the optimum from the standpoint of energy
efficiency for strongly electronegative and polyatomic mole-
cules.
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Then highly excited states of the molecules, those that
stimulate chemical conversions in endoergic reactions®
(on which we shall concentrate most of our attention in
this review), are populated in a process of vibrational-
vibrational (V-V) quantum exchange. Accordingly,
calculation of the kinetics of these plasma-chemical
processes requires, along with analysis of the elemen-
tary-reaction cross sections, investigation of the ener-
gy distribution functions of both the electrons and the
vibrationally excited molecules. In general, this in-
vestigation must be of self-consistent nature, which is
especially important at high degrees of ionization.’®'**®
However, since the energy thresholds of vibrational
excitation are relatively low, it is unnecessary in some
cases to have complete information on the electron en-
ergy distribution function f,(E,), and the parameters
that describe only the initial f,(E) segment are suffi-
cient,

A specific property of elementary atomic-molecular
processes in a nonequilibrium plasma is that the trans-
lational and rotational energies are much smaller than
the vibrational energy of the molecules. This is es-
pecially important, since it is the vibrational energy
that is most effective in surmounting the energy thresh-
olds of endoergic reactions.®**"*7 If, to illustrate, we
assume that the vibrational energy E only shifts the
reaction activation barrier by an amount aE(%; (E, Ty
~expl(aE ~ E,)/ T,l), the relative importance of molec-
ular-vibration excitation will be determined by the co-
efficient @, which has come to be known as the vibra-
tional-energy utilization efficiency and is now widely
used in interpretation of experimental results,’*’ The
correlation of the coefficient a with the enthalpy change
in the reaction is evident from Table III, and this is an
indication that the acceleration of endoergic processes
is due precisely to molecular vibrations,

The present status of experimental and theoretical
research on the interactions of vibrationally excited
molecules with active atoms has been illuminated quite
fully in the review by Nikitin ef al.® Here we note only
that the dynamics of the elementary events can still
be described reliably only by the classical-trajectory
method.* This description encounters difficulties in
determining the nature of the potentlal-energy sur-
faces,’!"®*%" and, moreover, does not permit effective
allowance for the possible nonadiabatic transitions.?"*
In some cases, however, it is possible to describe the
elementary processes within the framework of simpli-
fied, including statistical, models®"; one of these
variants will be considered below as exemplified by the
synthesis of nitrogen oxides in a plasma.

The kinetics of these plasma-chemical processes are
most significantly influenced by the nature of the vibra-
tional population of highly excited states, which is de-

5 A reaction is considered endo- or exoergic if the difference
between the ground energy levels of the reagents and the pro-
ducts is negative or positive, respectively. We note thata
reaction is regarded as endo- or exothermal in accordance
with the sign of the difference between the energies of the
levels from which the equilibrium temperature distribution
is reckoned.
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TABLE IV. Rate constants of vibrational relaxation of single-
component gases (T;=300 K).

Molecule k, cm® /sec Molecule k, cm® /sec Molecule k, cm? /sec
0, 5-10-18 HCl 3-10-1¢ H,0 16-1 — {019
Cl, 3-1G-18 DCl 5.10-18 80, 5.10-14
Br 16-14 HBr 2.4(-14 CH,CI, 1012
I, 3.10-14 DBr . 5.40-1 CH, 10-1¢
N, 10-18 — 4012 HI 10-13 CH,Cl 16-19
cd 1g-10 CH, 1012 cull, 5.40-13
H, 1-18 N,0 1018 CCl, 5.40-13
NO 1G-13 COS 34514 D, 410718
HF 2-40-12 CS, 5-40-14
DF 5.40-18 CO, 5-10-1%

termined by competition between vibrational pumping
(eV), VV and VT relaxation processes (Table IV),
chemical reactions, and radiation. An extensive liter-
ature®®*® has been devoted to this problem, most of it
concerned with description of gas lasers. Here a dis-
tinctive aspect of the plasma-chemical problems is
detailed allowance for the influence of chemical reac-
tions on the form of the vibrational distribution func-
tion. Since this problem has been solved with the great-
est clarity for the case of a gas of dlatomic molecules,
we shall discuss it in greater detail. Extension of the
proposed approach to the case of polyatomic molecules
is possible only in the approximation in which vibra-
tional modes are separated®’’ or, on the other hand, on
the assumption that the modes are in equilibrium, with
the introduction of vibrational statistical weights.

Treanor*® was the first to propose analytic X(E) rep-
resentation of the vibrational-level population in VV
relaxation with allowance for anharmonicity, but be-
cause of divergence in the vibrational energy E this
distribution was found to be valid only for relatively low
vibrational quantum numbers (v < (1/2X,) Ty/ Ty) X, is
the constant of anharmonicity and Ty is the vibrational
temperature determined using the first few levels.
Numerical calculations with further allowance for VT
relaxation and radiation were made*®* to determine
the populations of the highly excited states. The ap-
proximate analytic expressions for X(E) that were
found in Refs. 42, 44, and 49 describe only particular
cases that are of no significant interest for plasma-
chemical applications; the approaches proposed are al-
80 quite unwieldy and do not permit consideration of the
effects of chemical reactions on the vibrational distri-
bution function.

An analytic solution that takes into account the influ-
ence of endoergic reactions can be derived within the
framework of a diffusion approximation of the molecu-
lar fluxes along the vibrational energy spectrum.*®
This approximation is valid if many relaxation-inter-
action events take place during the characteristic time
of variation of the distribution function, a condition that
is usually satisfied in a nonequilibrium plasma. The
continuity equation in energy space, with VV and VT
relaxation processes and reactions, can then be written
in the form

%X(E, t)+72r(fvv+]'vr—-ln)=0: (1.1)
where the flux J; determines the loss of excited par-
ticles in chemical reactions:
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E
JRr (E) =Jo— S kr (5) nox (b) d(-),
0
Jy=Jg (E=0) is the total flux of particles into the reac-
tion (if n, is the concentration of the molecules, W=n¢J,
is the over-all rate of the process) and kg (g) is the
elementary-reaction rate constant, which can be ex-
pressed, for example within the framework of the sta-
tistical theory of Ref. 34, in terms of the frequency v,
of formation of an intermediate complex, the effective
number S of its degrees of freedom, and the activation
energy E, in the form

(1.2)

kn (E):%:-(i“_""t)s”.

E (1.3)

In the diffusion equation (1.1), jyyv and jy o are the
fluxes along the vibrational spectrum due respectively
to VV and VT processes. The flux jyr is found in the

thermal-reservoir approximation in the form®’

(1.4)

here Zw is the vibrational quantum, the diffusion coeffi-
cient is given by Dy ((E) = by ((E)ny(fiw)? and the temper-
ature parameter B, is defined by the relation Byiw=1

- exp (-%w/Ty). We note that at high temperatures,
(To> nw)By= T3 =B,, and equating the relaxation flux
(1.4) to zero naturally results in a Boltzmann distribu-
tion, But as the temperature decreases below the vi-
brational quantum B, < By= T;! which makes the VT re-
laxation “nonclassical” and weakens the flux (1.4) as
compared to the purely classical approximation of the
continuous vibrational energy spectrum.*®

fvr=—Dvr (E) [55 X (B)+RX (B) ] 5

In the general case, the expression for the relaxation
flux jyy is rather unwieldy®® owing to the involvement
of two vibrationally excited molecules in the VV-ex-
change process and its consequent strong nonlinearity.
At average vibrational energies that are not very high:

Ty < fiw (‘5vvﬁm + 2X,§—v In —Lof@ )—‘,
0

2X T3 (1.5)

which are characteristic for the plasma-chemical sys-
tems under study, nonresonant VV exchange with weak-
ly excited molecules prevails, and the expression for
jyv can be linearized®’:

jov= =Dy (B) [ 55 X (B) +B:X (B —2BoXe 5 X (B |3 (4 )
here By = 73, the diffusion coefficient is Dyy(E)
=kyv(E)ngliw)?, and kyy ~Ee®vvE is the rate constant
of VV relaxation with reservoir molecules (E < Ty).
Unlike the flux (1.4), which gives a Boltzmann distri-
bution in the stationary case (jyr=0), the VV flux
(1.6) contains a third term that takes into account the
overcoming of the anharmonic resonance defect in VV
exchange at the expense of translational energy. Asa
result, we obtain Treanor’s distribution*® under sta-
tionary conditions in the presence of VV exchange alone
(jyv=0):

Xz (E)=Bexp (—BvE+BuXepr ) - (1.7)

At high values of the average vibrational energy, when
the condition converse to (1.5) is satisfied, VV ex-
change results in the formation of a plateau on the dis-
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tribution function. In this case, the presence of the
resonant terms | (E; — Ey)byy | <1 in the general expres-
sion for the flux leads to an additional term 3(X*E®)/3E,
which determines the distribution of the vibrational
population X(E) ~ E-l .e) 42 ,44 51,52

The interaction of vibrationally excited molecules
with the electron gas is not taken into account explicitly
in Eq. (1.1). Actually, it is assumed that the elec-
trons pump only the lower vibrational levels, which
determine the reservoir temperature Ty, which sets
a boundary condition for the logarithmic derivative of
X(E) and figures later in the form of the parameter
By = T",‘. Here the nature of the distribution function is
determined only by the competition of VV and VT relax-
ation and the reaction. At high degrees of ionization,
however, when the frequency of excitation of molecules
by electron impact becomes comparable to the ire-
quency of the above relaxation processes, interaction
with the electron gas also results in a change in the
very nature of the population of the upper vibrational
levels.***3%¢ The influence of this effect, which in-
cludes stepwise vibrational excitation and second-or-
der impacts, is taken into account by introducing an
additional flux into the continuity equation (1.1)%:

Jov=—Dev (B) [ X (B)+BX (B) |, (1.8)
where the diffusion coefficient is given by D,y (E)
= e (E)ny(fw)?, n, is the electron concentration, 8,
= T is the temperature parameter, kly(E) is the rate
constant of single-quantum vibrational excitation of
molecules with energy E, and the parameter X deter-
mines the contribution of multiquantum eV vibrational-
excitation processes. Unlike VV and VT relaxation,
multiquantum eV processes take place with compara-
tively high probability. Thus, the transfer of Av
quanta is characterized by a small parameter -
exp (~aAy). where, for nitrogen molecules as an exam-
ple, @=0.5-0.73%""® Transfer occurs with the highest
probability on excitation of Av=2/c quanta, and, on
the whole, the contribution of multiquantum processes
reduces basically to an increase in the effective diffu-
sion coefficient; here the parameter »~2/a® and, nu-
merically for the nitrogen molecule, A=10,

Comparison of the diffusion coefficients Dyy, Dyr,
and Dy indicates that the influence of eV processes
on the form of the distribution function is manifest
only at high degrees of ionization,

ne \2 kvv (E=0)kyr (E=0)
(n—n) = ¥y (E=0) '

(1.9)

and results in a gentle exponential decrease of X(E)
with an exponent 8,E (practically a plateau). At lower
electron concentrations, as we noted, the role of the
eV processes reduces to the contribution to the inte-
gral vibrational-energy balance alone.

The VV, VT, and eV fluxes discussed above are those
of a single-component gas; in the case of a mixture of
gases, VV'’ exchange between various vibrational modes

$ An analytic solution of the corresponding nonstationary prob-
lem (1.1) in the plateau region was given in Ref. 32.
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of the system becomes significant. This case has not
been considered in as much detail in the litera- - -
ture.’®*?®! Intermode VV’ exchange results in excited-
state enrichment of components with lower vibrational
frequencies (this would be the heavier isotope in the
case of an isotope mixture). In the simplest case of a
two-component mixture, the VV’ flux for the ith com-
ponent can be written in the form®

Jovr= =Dy [ 35 Xi (B) = 2XBo 5o Xe ) +BuXe (B)] 5 (1.10)
here Dy, = k¥, (Eyng(Wiw,)?, n, is the concentration of
the jth component, k¢, (E) is the rate constant of VV’
relaxation of the jith component on molecules of the vi-
brational reservolir of the jth component, the tempera-
ture parameter 8, is defined by

wy wi—wy
Biy= T rRT

(1.11)

and T, is the vibrational temperature of the jth compo-
nent. We note that at mode quasiequilibrium, the rela-
tion between the vibrational temperatures of components
i and j can be expressed on the basis of the flux (1.10)

in the form of Treanor’s formula*®

=t (1.12)

We see that the higher the frequency under nonequili-
brium conditions (T, > Ty), the lower is the vibrational
temperature.

The relations obtained for the fluxes jyv , jvt, evs
and jyy. can be used to solve the problem of the charac-
teristics of the vibrational distribution function with the
complete set of relaxation processes being taken into
account. Let us consider the simultaneous allowance
for VV and VT relaxation in greater detail. Under sta-
tionary conditions Eq. (1.1) (jyy +jyr=0) is written

X A+ + X (By—2WoXe e+ k) =0, (1.13)

where £(E) =k .(E)/kyv(E). After integration, the solu-
tion of (1.13) can be presented in the form”

XO (E) =Bexp[ —BvE-+BoXe iy — e ln (14+D)],  (1.14)

where £ (E) =exp{A(T)LE - E*(T,)]}; the parameters
A(Ty) and E*(Ty) are given in Ref. 50 for a number of
molecules. We note that the population (1.14) can be
brought to a discrete form consistent with the results
of Refs. 37 and 63-65. By way of example, Fig. 1
shows the X®(E) distribution in nitrogen. The accom-
panying comparison with the results of Refs. 49 and 66
shows that the assumption that the VT relaxation con-
tribution is significant only at &y (E) > vy (E)®® results
in a high value for X™(E), while the purely classical
approximation of the relaxation fluxes (By=8,) gives

a high contribution from VT relaxation and lowers the
population.t®

Simultaneous consideration of VV, VT, and eV pro-
cesses within the framework of the present diffusion
theory was analyzed in detall in Ref. 55. We note only
that integration of the corresponding stationary equa-

The superscript (0) indicates that the influence of reactions
was not taken into account in calculating the population.
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FIG. 1. Population of vibrationally excited states of nitrogen
molecules at Ty=3000 K and T,=900 K. 1) According to Boltz-
mann; 2) according to Treanor®; 3) according to Bray®; 4)
according to Brau!®; 5) present calculation®’; 6) distribution
function for the heavy isotope, 52

tion is more complicated than in the case of (1.13).
Numerical machine computation of this case over a
broad range of the parameters was described in Ref.
54,

Also of special interest is calculation of relaxation
processes in mixtures (with VV’ relaxation), which
makes it possible to describe the isotope effect in the
kinetics of nonequilibrium plasma-chemical reac-
tions. ¥ A typical vibrational distribution function
for an isotope mixture is shown in Fig. 1.% We see
that the vibrational-level population of the heavy ad-
mixture is noticeably higher on the initial X(E) seg-
ment. On the other hand, the function X(E) for the
heavy component (usually a small admixture) is deter-
mines by VV’ exchange, the rate of which, owing to the
resonance defect, is lower than that of VV exchange,
which determines the population X(E) for the light
component. Accordingly, the distribution function for
the heavy component i8 broken off earlier by VT relax-
ation, as can be seen clearly in Fig. 1.

Let us now proceed to description of the influence of
chemical reactions on the shape of the vibrational dis-
tribution function. The condition for validity of the
diffusion being considered here places limits on both
the vibrational temperature and the region of the vibra-
tional spectrum:

o<tv<)/ T2 E<@Xa 1B <1 (1.15)
Nevertheless, the admissible energy range is still
broad enough for use in calculating the rate constants
of plasma-chemical processes. The primary reason
for this is that, in contrast to the dissociation of dia-
tomic molecules, which usually takes place at high vi-
brational energies E > E* £(E) > 1] and has been analy-
zed quite fully,**'3® endoergic exchange reactions usual-
ly come about at E< E*, i.e., at energies at which
£(E) <1. To consider the influence of the reaction on
the form of the distribution function on the basis of
(1.1), we go over from the homogeneous equation (1.13)
to the corresponding inhomogeneous equation:

U+ X (By—BoXe i+ Fik) = — o Tr (B (1.16)

Solution of Eq. (1.16) by variation of the constants
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leads to the relation

r
- VO o ¢ Jr(e)de
X (E)= X (E) [1 S T T J
Q

(1.17)
This relation has been analyzed in detail*’**® and can be
used with the known function X'*(E) [see, for example,
(1.14)] for self-consistent determination both of the
population X(E), which takes the chemical process into
account, and of the over-all rate of the chemical pro-
cess itself. In particular, given sufficiently rapid dif-
fusion along the vibrational spectrum

(1.18)

the reaction perturbs the distribution function X°(E)
only weakly, and the over-~all rate of the chemical
process is determined by the trivial relation

Dyvy (Ep) > kp (E = E, + ho) ng (ho)?,

Wong \ hp () ngX @ (&) de. (1.19)
i

On the other hand, if diffusion is slow enough and the
condition converse to (1.18) is satisfied, the vibrational
population drops off sharply in the range £> E,, in
proportion to

knho de }

Jobyy (-3 )
El\

L"p’ —

A particular case of such a distribution function appears
in Fig. 7. In this case, when the process is limited by
diffusion along the vibrational spectrum, the over-all
rate of the plasma-chemical reaction can be written in
the form

E'\

de -1
W ongdy nl,[ } AT YE T :'E.)J .
0

(1.20)
We observe that direct comparison of the results (1,19)
and (1,20) again leads us back to inequality (1.18),

Up to this point, everything has pertained to quasi-
stationary vibrational distribution functions. In some
cases, variation of the distribution function with time
is important for description of the kinetics of nonequi-
librium plasma-chemical processes. The resulting
nonstationary problem has been solved numerically by
computer for several cases.”” Analytic solutions of
nonstationary diffusion-theory problems present con-
siderable difficulty, and thus far have been found only
for occasional specific cases.*®"”® Thus, assuming that
the Treanor term has little influence, we have for VV
exchange with a variable diffusion coefficient Dy (E)
=DgeOvvE

JX

= Dot VE (2K LBy ). (1.21)

This equation reduces to an ordinary differential equa-

tion on introduction of the variable f =Dy6% exp (<8yyE):

eXg+ X1 (2—L2 )] £ x =0,

= Svv ©

(1.22)

In particular, £=1 describes the propagation of the

Boltzmann-population front, and when ¢ <<1 we obtain

the asumptotic solution
X(E, 8 ~exp (~+—pvE). (1.23)

On the whole, it is evident from relations (1.19) and
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FIG. 2. Energy efficiency of CO, dissociation under quasi-
equilibrium conditions vs. temperature and rate of quenching.
1) 10° deg/sec, 2) 107 deg/sec; 3) 10° deg/sec; 4) ideal
quenching.

(1.20) that the rates of plasma-chemical processes are
determined basically by the nature of the vibrational
population; the dependence on the form of the specific
elementary-event cross section is weaker and, in
some cases (1,20), absent altogether. The essentially
non-Boltzmann nature of the distribution function leads
to high rates of reactions that proceed via vibrationally
excited states of the reagents. High reaction rates
make it possible to suppress energy losses to vibra-
tional relaxation and reverse reactions and to reach
extremely high energy-~efficiency values. This effect
is clearly illustrated by comparison of the energy going
into dissociation of CQ; in a glow discharge, where the
process comes about via electronically excited states
of the reagents and the energy yield does not exceed
2.5+107 molecule/eV, and in high-pressure nonequili-
brium hf and microwave discharges, where the reaction
proceeds through vibrationally excited states of the
molecules and a yield of 0.27 molecule/eV is reached.”
Let us now use the general vibrational-kinetic charac-
teristics that we have obtained to describe specific
nonequilibrium plasma-chemical processes.

2. DISSOCIATION OF CO, IN A NONEQUILIBRIUM
PLASMA

The role of vibrational excitation of molecules in
bringing about highly efficient plasma-chemical reac-
tions is clearly illustrated by the decomposition of
carbon dioxide:

CO, = CO+ 4-0;, AQ~2.9 eV; 2.1)

here AQ is the minimum energy needed to accomplish
the process (2.1).

Decomposition of CO; has been investigated in num-
erous experiments and in various discharge systems.
For example, Ref. 72 reports a study of process (2.1)
in thermodynamically nonequilibrium electric-arc plas-
mas. The maximum energy efficiency in this system
was ~15%. The theoretical maximum efficiency of pro-
cess (2.1) in a quasiequilibrium plasma has been calcu-
lated™'™ and found to be ~43% (Fig. 2). An increase
in efficiency is possible, as discussed above, only on
transition to nonequilibrium systems, where the bulk
of the discharge energy input can be localized on pre-
ferred chemical-process channels. In the stationary
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variant, nonequilibrium conditions are realized most
simply in low-pressure systems.“ However, the usual-
ly relatively high value of E/p in these systems pre-
dominantly results in dissociation via electronic exci-
tation, and this lowers the energy yield of the process
(specific characteristics of this dissociation channel
appear in Figs. 3 and 4). Thus, the energy efficiency
of the glow discharge (e.g., with a full cathode) is 0.6~
8g, 1511

The highest efficiency of CO; dissociation via excita-
tation basically of electron states (~30%) has been ob-
served in plasma-radiolysis experiments.””™ A de-
tailed discussion of this dissociation mechanism will
be found in Refs. 1 and 7. The plasma-beam discharge
has a special place among the low-pressure systems;
here, probably due to a contribution of dissociation via
vibrational excitation of the CO,, the efficiency of the
decomposition (2.1) ranges from 20%’® to 50%.'"

Higher efficiencies have been attained in medium-
pressure systems. Thus, an efficiency of ~60% has
been observed in a pulsed microwave discharge with a
magnetic field under electron cyclotron resonance con-
ditions at pressures of 30-100 Torr.” Similar effi-
ciencies have been obtained under similar conditions in
a nonequilibrium hf discharge.®® The highest energy
efficiency in the decomposition of CO; (~80%) was ob-
tained in a nonequilibrium steady microwave discharge
at medium pressure (50-200 Torr), where the energy
input was ~3.7eV molecule.!**® These experiments
~ will be described briefly below.

We note that this process of CO; dissociation in plas-
ma is of great practical importance in metallurgy,® the
chemical industry,®® and in the production of new types
of motor fuels.’”® Further, the carbon monoxide that is
generated can be used in a thermocatalytic process for
the production of hydrogen with practically no further

expenditure of energy™:
H,0 4 €O — H, + CO,, (2.2)

—which is especially important for atomic-hydrogen
power engineering.

AQ =~ —0.4 eV,

727-75 |
&cm?

Y

P/l

N D rvan N

su 7

V7S

37

FIG. 3. Cross sections of dissociation of molecules via elec-
tronically excited states vs electron energy. 1—CH,; 2—0,;
3—NO; 4—N,; 5—C0,; 6—CO; 7—H,.
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FIG. 4. Rate constants of dissociative sticking (k,), ionization
(), and dissociation via electron excitation (¢ §) for CO, mo-
lecule.

Securing maximum efficiency is, as we noted above,
dependent on conduct of the net process (2.1) via vi-
brationally excited states of the reagents, in accor-
dance with the scheme
(2.3)

2.4)

To determine optimum conditions for the dissociation
(2.3)-(2.4), it is necessary to analyze the kinetics and
over-all energy balance of the process in the plasma.

€0t —~CO=0, D=55¢V,
0-C05>CO=0p AQ=0.3eV.

a) Kinetics of dissociation of CO, via vibrational excitation
of ground electronic state

At T,=1-2 eV, a major part of the discharge energy
input is concentrated on excitation of the antisymmetric
vibrational mode of CQO, (allowance for an admixture
of CO increases the concentration of energy on this
type of vibration)*'*® (Fig. 5). Since, at the same
time, the VT relaxation from this mode is relatively
slow, it is the antisymmetric vibrations that basically
determine the dissociation of the CO,. Basically, the
plasma electrons exclte lower vibrational levels of
COy; population of the states that participate in the
chemical event of decomposition takes place for the
most part in the VV relaxation process. Population of
states with energies sufficient for dissociation along
the antisymmetric mode [D{CO,) =5.5 eV is prevented
by VT and intermode VV'’ relaxation process. But
when E <D(CQ,), the contribution of these collisional
relaxation processes is found to be relatively small
(Fig. 6) owing to the smallness of D{CO;) compared to

w r
W%

80+

vibrations

60+

frection of symmetric
{ modes

- ~

40

eiectron
20 I exciration electron

ionization

4 7 2 3 e, 8V

FIG. 5. Distribution of energy lost by electrons in CO, among
excitation channels.
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FIG. 6. Relaxation of antisymmetric CO, vibrational mode.
1) VV relaxation; 2) VT relaxation; 3) VV’ relaxation: Ty,(K)
=103 (a), 2+10% (b) and 3-10° (¢c); 4) transition to mode equili-
brium; a) uniform pumping of all types of vibrations; b) pre-
ferential pumping of antisymmetric mode; 5) energy of CO-O
dissociation.

the energy necessary for dissociation of CO; via the
adiabatic channel for the antisymmetric mode.*

Before calculating the dissociation rate constant, we
note that the frequency of dissociation is considerably
higher than the frequency of population of states with
energy D(CO,) in the process of VV exchange® ¥:

(2.5)

here P is the probability of a nonadiabatic transition on
dissociation. In the case of (2.5), the dissociation rate
is limited by diffusion along the vibrational spectrum
and is determined by relation (1.20). Here, recogniz-
ing that the vibrational temperature is the same for
Fermi-resonant symmetric modes® and taking account
of intermode anharmonicity®® (the constant x,, =12
cm™), we may, neglecting dissociation, take the popu-
lation of the antisymmetric mode in the form

Poa > kyvv (D) ng dvvho,)s

1 ox "_ E . ZeaE?
Tva P17 Fva 7 Tohes
ET 1 . A(E—E*)
. Teastive - In {1A exp[_ ( J}JY

fitwaer Ty haoy

X~

(2.6)

here x,,=5'10% is the constant of anharmonicity of the
antisymmetric vibrations and the diffusion-theory
parameters A and E* can be estimated® *° for T, =300~
1000 K at A=0,5 and E*>D(C0O,). The above function
X“(E) enables us to determine both the final form of
the vibrational population of the antisymmetric mode
with dissociation [the results of a calculation of X (E)
with relation (1.17) appear in Fig. 7] and the rate con-
stant of decomposition of CO;, expressed in terms of
the normal probability distribution:

KTy, Too e (0) G2y [0 (D) (2
1 Toha 1 %10)
- Tva l/ o-’-'ca )—.(D ( - Tya l/ ‘)-l'eaa )J.

2.7

We note that the expression for the rate of dissociation
of CO, in terms of symmetric-mode excitation #§ ( Ty,,

Y Here and consistently below, the subscripts “a” and “s” re-

fer to antisymmetric and Fermi-resonance symmetric vi-
brational modes.
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FIG. 7. Population of antisymmetric CO, vibrational mode.

T, is qualitatively similar to the above, but becomes
quantitatively less important at 7y,> Ty,. The disso-
ciation rate (2.7) then depends on two vibrational tem-
peratures, and for this reason the above approximation
is called the two-temperature approximation 7%

Above we described the dissociation of CQO; in terms
of excitation of the antisymmetric vibrations to the
energy D(CO,) with a subsequent nonadiabatic 'Z°~*B,
transition. However, it is necessary to consider the
possibility of collisionless intramolecular VV’ relaxa-
tion associated with intermode anharmonicity and the
Coriolis interaction and resulting in mixing of various
types of CQ; vibrations. This effect is strongest when
the intermode anharmonicity x,,v,v, exceeds the reso-
nance defect Aw=2300 cm™. In the case of strongly
selective pumping of the vibrations by electron impact,
in which the average number of quanta on the symmet-
ric modes is small:

1 hwaAw

ves Teas T(COQ) ’

(2.8)

this relaxation has practically no influence on the dis-~
sociation of carbon dioxide via the antisymmetric mode
(see Fig. 6). In this case, the rate of the process is
described by (2.7); we shall call this the two-tempera-
ture approximation, since the dissociation rate is de-
termined by two vibrational temperatures—antisym-
metric and symmetric.

Let us now consider the contrary case, in which, as
a result of a small difference in mode pumping for the
vibrational energies:

W05 Aw
E>rz1/—-——azcas ~ 3ho,, 2.9)

separation of the populations by normal-vibration types
makes no sense. The values of T, that correspond to
this case are shown in Fig., 5. In this variant, when
the modes are completely “mixed,” it is impossible to
speak of the populations of specific vibrational levels,
but only of the vibrational-energy distribution f(E) of
the molecules. The function f{E) depends on a single
vibrational temperature, and for this reason we shall
call this approximation the single-temperature approxi-
mation 268

To determine the distribution function f(E), it is
again necessary to use the diffusion eguation (1.1).
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Here, however, in contrast to the single-mode case
examined above, the density inhomogeneity of the vi-
brationally excited states along the energy axis is
essential in writing the relaxation fluxes [the density

of states p(E) ~E*" takes into account the effective num-
ber S of vibrational degrees of freedom of CO,]. Also
in the single-temperature approximation, in contrast to
(1.8), the VV flux does not contain a term with anhar-
monicity, and diffusion is resonant in nature: Dy,
=kynghw,E (Byy =ko=10"" cm®/sec). A detailed dis-
cussion of diffusion theory for the case of equilibrium
of the CQO, vibrational modes will be found in Refs., 86
and 87. Here the dissociation rate constant is obtained
in the form

kY, s

Tor e (— ) 3

el

fe+r+1) yir4+1, 8) .

(s—1)Ir! @BvDy ° (2'10)

k=

here I'(s) is the gamma function, ¥(»r+1, 4) is the in-
complete gamma function, and A <8,D [a small devia-
tion of A from ByD results from elimination of the di-
vergence of f(E)*" near zero energy]. The sum in the
right-hand side of (2.10) depends weakly on Sy and A
and, according to a machine calculation, 0.58yD <A
<PByD varies In the range 1.1-1.3 at T\, =1000-4000 K.

It is interesting to note that the numerical values of
the dissoclation rate constant in the single-temperature
(2.10) and two-temperature (2.7) approximations do not
differ by very much. This is because the Treanor fac-
tor, which determines the deviation from the Arrhenius
relation in the two-temperature approximation, is ac-
tually offset by the multiplier (D/7y)®, which takes
account of mode mixing in the single-temperature ap-
proximation.

Given that condition (2.5) or the analogous condition
in the vibrational-mode equilibrium approximation is
satisfied,®” when the rate of the process is limited by
VV relaxation, the rate constant is practically inde-
pendent of the specific mechanism of the elementary
event. Thus, for example, the final answers (2.7) and
(2.10) pertain not only to the direct process (2.3), but
also, and equally, to the formation of the intermediate
stable 3B, state (Fig. 8), which collapses after dispro-
portionation: CO,(*B;) +C0,~COy +C0.»

S7aV  55eV

.

1 !

2.5 10

PR
1520 £y, A

FIG. 8. Diagram of lower electronic terms in CO, molecule.
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The rate constants (2.7) and (2.10) given above per-
tained to reaction (2.3), which limits the decomposition
process. Here the total carbon monoxide yield is co-
determined by the secondary reaction (2.4), which, by
virtue of its endoergic nature, is also stimulated by
vibrational excitation of the CO,. Unfortunately, we do
not yet have reliable information on the kinetics of this
reaction under nonequilibrium conditions. Moreover,
even our data on the activation barrier of process (2.4)
are contradictory,” ™ Nevertheless, estimate calcula-
tions indicate that even at 7y = 0.1 eV, the rate of this
secondary process prevails over the main alternative
channel—three-particle recombination of atomic oxy-
gen,

b) Vibrational kinetics and energy balance of the CO2
decomposition

Available data on the kinetics of dissociation enable
us to write the balance for the effective number of
quanta 7, ,=[exp(Hw,, /Ty, ) — 1] on the antisymmet-
ric and symmetric modes. The energy-balance rela-
tions form a system of nonlinear equations that take
into account vibrational pumping, relaxation, reaction,
and energy exchange between modes®**®;

A — keuned (By — kevnehioat) — ks (To) no [ (1 +10)°

—e-t/Tond (14 ma)] — Kk (Tvas Tohmo o, (2.11)

s 2 Ko (To) ma[mg (1 + no)* —e~¥Tm (1 + mg))
— Koy [Rs—ns (Tys=To)l — ki (Tvs, To) o hlo))s , (2.12)
o gk (T0) ng s —ns (Tys= To)l hos. (2.13)

The interaction between the modes is specified in (2.11)
and (2.12) by nonlinear multipliers that describe, in a
harmonic approximation, the forward and reverse
processes of conversion of a single antisymmetric-
vibration quantum to three symmetric valence-vibra-
tion quanta.’™"®* Here Ey is the energy introduced into
the discharge per molecule of CO,, 6=500K is the
energy defect in decay of one antisymmetric quantum
into three deformation quanta, y=0.5 is a coefficient
related to the translational and rotational heat capacity,
and &, (7o) and k% 1(T,) are the rate constants of energy
exchange between the antisymmetric and symmetric
modes and of the VT relaxation of the deformational
vibrations, which is much stronger than the relaxation

from other modes’""™

THE
4000,

3009
2000

7000

FIG. 9. Variation of principal temperatures of CO, in time at
specific energy input Ey=0.5 eV/molecule). 1—n /n,=3°10%;
2—n,/ny=10"; 3—n,/n,=3°10"T; 4—Ty,; 5—Ty,; 6—T,.
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Numerical solution of the system of nonlinear equa-
tions (2.11)-(2.13) enables us to follow the dependence
of the three principal system temperatures Ty, Ty,,
and T, on time at various degrees of ionization and
various specific energy inputs Ey. The results of a
numerical calculation for Ey =0.5 eV appear in Fig, 9.
We see that the relative departure from thermal equili-
brium 7y,/ T, decreases with decreasing »,/ny; in
addition, oscillation energy transfer between vibra-
tional modes appears at relatively low degrees of ioni-
zation.™

Knowing Ey and the final steady temperature ( 7Ty,
= Ty, = Tp), we can determine the fraction of the vi-
brational energy that went into the chemical process
and the fraction expended on translational degrees of
freedom (we shall call the corresponding efficiency 7y
the relaxation efficiency). The dependence of 7y ¢ on
the degree of ionization at a fixed energy input Ey =0.5
eV is represented in Fig, 10. Figure 11 shows the
similarly computed dependence of nyr on Ey at a fixed
degree of ionization [ log (n./ng) ==5.5].

The basic qualitative aspects of the CO,-dissociation
energy balance can be traced clearly in an analytic cal-
culation of the relaxation efficiency, which can be per-
formed in the single-temperature approximation,®®®®
Using expression (2.10) for the rate constant and re-
membering that ky(Ty, T;) depends weakly on Ty, we
write an equation that describes the variation of the
average vibrational energy of the molecules

v (1) =3 e 2.14)

and the translational temperature T:
d;:" = hevnefi©,0 (Ev — keviehwat) — krioD — kv ritohas, (2.15)
€t (To) = ke (To) nohdy; (2.16)

here ky (T =ksexp(—BT;"), i is the number of the
vibrational mode, and g, is the degree of degeneracy.
Equation (2.16) can be integrated to determine the time
during which the translational temperature of the mole-
cules rises from the initial value T'i" to a certain final
value T

2.17)

6r! (ujn)™ '

tyr (T(i)'.' T§H =1vr 2 Banl 3t 8 .
e

here & =u,, -, and u,,,, = B(T{**)™®, The dependence
of ty{T$"T§) on T§ at Ti* =300 K is shown in Fig. 12

S EEUUUIIED SR S S S
-85 67 -55
L3(7e/7p)

FIG. 10. Relaxation efficiency of CO, dissociation vs degree of
ionization (Ey=0.5 eV/molecule).
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FIG. 11. Relaxation efficiency of CO, dissociation vs specific
energy input. 1) single-temperature calculation: I, II, III)
degree-of-ionization regimes (see below in text); 2) two-tem-
perature calculation; 3) numerical calculation of total effi-
ciency in single-temperature approximation; 4) experiments
with microwave discharge!3®; 5) hfc discharge®®%; 6) hfi
discharge.13:100

on the basis of a calculation in Ref. 87, and actually
determines the variation of the translational tempera-
ture with time. From relation (2.17) and Fig. 12 we
can derive the characteristic vibrational relaxation
time

(2.18)

such that at # < 7y g the relaxation proceeds relatively
slowly with a constant £y ¢(7%") and the temperature
rises linearly with time, while a sudden explosive rise
in translational temperature occurs at ¢> Ty .

With the condition k,ynfiw, > ky (T X nefiw,, it fol-
lows from (2.15) that a steady-state value of the vibra-
tional temperature is established after a time ~(k,yn,)™

st [ Bev nyDhwy D \*
V=Dl l[ eV ncTHT (S) hwop (T_:‘-) ]
The total vibrational-pumping time of the molecules is
determined by the expression

(2.19)

Ey
kevashw, °

(2.20)

The energy stored in vibrational degrees of freedom
continues to be used for the most part in the chemical
reaction for a time 7, (afterglow time) after pumping
stops; during this time, Ty decreases from Ty = T%!
to Ty = TP'*, which can be determined from equality

Tev =

FIG. 12. Increase of translational temperature with time
(single-temperature approximation).
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of the energy fluxes going into the chemical reaction
and into VT relaxation:

kyyD D s
min _ -1 vV
79" =Dln [m (rr.)r(-)r"v“"( P ) ]

where Tg is the translational temperature of the gas at
% =T, i.e., at the time the chemical reaction ends.
We note that the value introduced for the critical vibra-
tional temperature (2.21) describes an important quali-
tative feature—the threshold nature of the dependence of
relaxation efficiency on specific energy input. Actually,
the vibrational temperature is relatively low, Ty < T&®,
at specific energy inputs Ey < g, (Ty = T9™"), and the
reaction rate is quite far below the rate of VT relaxa-
tion (ny7—0). The exponential dependence of dissocia-
tion rate on vibrational temperature results in an equal-
ly sharp efficiency increase as the energy input and,
consequently, the vibrational temperature pass through
the threshold value.

(2.21)

Integrating Eq. (2.15) for the case ¢>7,y, we find the

time to accomplish the reaction after vibrational pump-
ing stops, i.e., the reaction time in the “passive”
phase of the discharge:

1 e (TP
=Wt Do, 2.22)
here c,,(T9") is the vibrational heat capacity. Com-
paring (2.18) and (2.22), we may draw the important
conclusion that 7, < 7y 4, i.e., the relaxation time in
the afterglow is always smaller than the vibrational
relaxation time,

Tp

The calculated characteristic times of the process:
T.v (2.20), the time of reaction in the active phase of
the discharge, 7, (2.22), the reaction time in the after-
glow, and, finally, Ty (2.18), the vibration relaxation
time—can be used to analyze the qualitative features of
the relaxation efficiency as a function of degree of ioni-
zation. Accordingly, we shall distinguish and discuss
in succession three regimes that differ in their degrees
of ionization.

1) High degree of ionization

e o kvr (T8) EvDhas
() kev (Te)  cyjp Rwg (TR °

(2.23)
In this case, the time scales array themselves in the
following order:

Tev (—:f‘) K Tr X TvTe (2 .24)

Here the translational temperature 7§ at the end of the
chemical reaction (7Ty = ") is

evip. (T

T3 =10+ =5 (2.25)

and differs oniy insignificantly (~80 K) from the initial
temperature. In this case the relaxation efficiency

PR, (T3 _ Tv=79"
Nwr=1— EvD Ev

(2.26)
is at maximum and, what is essential, does not depend

on n,/ng—a further increase in the degree of ionization
no longer lowers the relaxation losses (see I in Fig. 11).
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2] Intermediate degree of ionization

kve (I8 Evhasuin o Mo o kvi(T8) __ EvDhos

kev (Te)  3c,TiRw, = % kev (Te)  coyp hog (TFM)2 (2.27)
In this case the time scales

e (22) v (2.2

are such that the temperature begins to rise as the
degree of ionization decreases:
n 4) Ao
m=rt 5 fie @29
Here the relaxation efficiency decreases together with
the degree of ionization (see II in Fig, 11).

3) Low degree of jonization:

ne _ kvr (T Evhosui,
Ro kev (Te) 3:,7‘5“7‘0)8'

(2.30)

In this case, relaxation prevails over vibrational pump-
ing, T,y (n,/ny) 27yq, and the energy efficlency drops
off sharply (see Il in Fig. 11),

Figure 11 ghows the final form of the 1y (Ey, n,/ng)
relation for the three degree-of-ionization regimes in
the single-temperature approximation. Comparing the
results for 7y ¢ in the single- and two-temperature ap-
proximations, we observe two characteristic differ-
ences, First, owing to the higher vibrational heat
capacity, the threshold of the ny(Ey) relation is some-
what higher in the single-temperature approximation
and, second, since VT relaxation from the symmetric
mode i8 more effective than relaxation from the anti-
symmetric mode, 7y is somewhat lower at a given de-
gree of ionization in the mode-equilibrium approxima-
tion.

The total efficiency of the system is influenced by
the following factors in addition to the vibrational re-
laxation considered above:

a) losses to excitation of inefficient decomposition
channels, especially to electronic excitation (the rela-
tive fraction of these losses is indicated in Fig, 5; we
see that it is small at T,~1 eV, ~5-10%);

b) losses related to the relaxation of CO; on atomic
oxygen [the rate of exchange between the antisymmetric
and deformation modes, k,(T;) is one-and-a-half to
two orders of magnitude higher in this case]; the
smallness of the atomic-oxygen concentration lol/
[C0,] enables us to neglect this effect when Ty <0.8
ev;

¢) the losses governed by the nonresonant nature of
VV relaxation within modes owing to the anharmonicity
of the vibrations (in the two-temperature approximation,
this effect results in an efficiency loss ~x,.D/hw, <0.1);

d) losses related to the excess of the activation bar-
rier of reaction (2.4) over its enthalpy (this excess
amounts to 0.2—1 eV®' ™ and cannot lower efficiency

by more than 10%);

e) losses related to possible reverse reactions—the
decomposition products CO and O, react basically by a
branched-chain mechanism, the threshold of which is
characterized by a rather high translational tempera-
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FIG. 13. Variation of principal charged- and neutral-particle
concentrations with time.

ture when dilution is taken into account; we note that
the establishment of quasiequilibrium between the for-
ward and reverse reactions with vibrational excitation
of CO and Ty > T, would lower the over-all efficiency
by ~30%.°

A single-temperature numerical determination of the
basic elementary reactions and the vibrational and
translational energy balance was made with a compu-
ter®” to find the total efficiency at a fixed degree of
ionization. Among other things, the computation inclu-
ded vibrational relaxation processes on atoms and re-
verse secondary processes.” On the whole, the results
confirmed the dominant influence of relaxation pro-
cesses on the total efficiency and made it possible to
find the temperature and the concentrations of the prin-
cipal charged and neutral particles as functions of time
(Fig. 13).

c) Experiments on the dissociation of CO; in nonequilibrium
medium-and high-pressure plasmas

We indicated above that the highest energy efficiency
of CO; decomposition is obtained under nonequilibrium
conditions (7, > Ty) with stimulation of the process by
vibrational excitation of the ground electronic state of
the CO, molecule., Here the optimum discharge param-
eters are: specific energy input Ey =1 eV/molecule
(~5 J/cm®- atom), electron temperature 7,~1 eV, de-
gree of ionization n,/ny210%, Below we shall consider
certain specific types of medium- and high-pressure
discharges in which near-optimum regimes developed.

1) Microwave discharges.®"* ¥ Figure 14 shows a

microwave reactor for the decomposition of CO,. Up
to 1.7 kW of microwave radiation at 2400 MHz entered
the 72X 34-mm rectangular waveguide. The reactor
was a quartz tube 38 mm in diameter that crossed the
waveguide perpendicular to its wider wall. The power
input into the plasma was measured with a calorimetric
load and a directional coupler that recorded the power
reflected from the discharge. The power absorbed by
the plasma ranged from 1.2 to 1.4 kW, depending on
discharge conditions. The gas was fed into the reac-
tor by a gas distributor that set up a tangential velo-
city component around the reactor axis. The discharge

% Because it is exoergic, the reverse reaction CO* +0,— CO,
+ 0O is evidently weakly stimulated by vibrational excitation
of carbon monoxide molecules in plasma.
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H M —
To pump

To chromatograph and
mass spectrometer

FIG. 14. Schematic diagram of stationary plasma-chemical
microwave apparatus. 1) Magnetron; 2) directional couplers;
3) reactor; 4) matched calorimetric load; 5) gas-delivery sys-
tem; 6) sampling tap; 7) metering plate.

was separated from the tube walls and had the shape

of a cylinder 20 mm in diameter and 30 mm high.
These studies were made at reactor CQ, pressures of
50 to 200 Torr and at gas flowrates of 0.25-0.5 liter-
atm/sec, which correspond to specific energy inputs
into the discharge of 1.4 to 0.7 eV/molecule of CO;.
The quantitative yield of the product (CO, O;) was deter-
mined by several independent methods—chromatograph-
ic, manometric with condensation of the CO;, mass-
spectrometric, metering-plate, etc. Under the condi-
tions of the experiments, the conversion increased
from 15 to 309% with increasing energy input; the aver-
age amount of energy going into dissociation was 3.8
eV/molecule of CO,. When the energy input was re-
duced to 0.2 eV/molecule of CO,, the efficiency dropped
sharply, an indication that the process has a threshold.

Complete curves of the energy efficiency of CQO, de-
composition plotted against specific energy input and
pressure appear in Figs. 11 and 15, respectively.

Diagnostic experiments were performed to confirm
the nonequilibrium nature of the process and to estab-
lish the basic parameters of the plasma. The vibra-
tional-level populations were determined from the vi-
brational emission spectra in the infrared (2.5-3.1 pm).
It was found that the temperature of the antisymmetric
vibrational mode (7y,~4500 K) is indeed higher than
that of the symmetric mode {7y, 1500 X) and still high-
er than the translational temperature T;. The electron-
temperature was estimated (7, =15 000 K) and the elec-
tron concentration measured [, = (6-8) - 10" cm™] by
means of two-frequency microwave interferometry.

The translational temperature at the exit from the dis-
charge zone was measured with a thermocouple and
found to be ~800 K. Measurements of the temperature
of the neutral component, aided by analysis of the rota-
tional structure of molecular spectra and the Doppler

FIG. 15. Energy efficiency
vs pressure at Ey=0.5eV/
molecule. 1) Calculation®;
2) experiment. 8°

—7
+-2
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broadening of the atomic-oxygen lines*® also confirm
that the discharge is far off equilibrium. Spatial in-
homogeneity of the temperature field in the discharge
was detected at the same time: a narrow central zone
of the discharge was heated to 1100 K. On the whole,

it is evident that the experiment described here did in-
deed bring about the aforementioned optimum dissocia-
tion regime, and that this was why such a high energy
efficiency was attained. In particular, this made it
possible to consider scaling of the above experiment,
i.e., attainment of equally high efficiency under simi-
lar conditions, but in systems of considerably greater
capacity and, consequently, productivity. This has now
been done in a microwave discharge using 70-100 kW,
where the efficiency exceeded 60%.® Further increases
in microwave plasmatron power will require gas-flow
velocities through the reactor that approach the speed
of sound in order to sustain the required departure
from equilibrium; this will evidently call for the de-
velopment and testing of nonequilibrium plasma-chemi-
cal discharges in gas dynamic nozzles.

2) High-frequency discharges. 309100301 Here it ig

necessary to distinguish CQ, dissoclation experiments
in hic (capacitative) and hfi (inductive) discharge sys-
tems. Since the electric field is much smaller for a
given generator power in the hfi case, while similar
values of the parameter E/p are required to sustain the
discharge, the working pressure is lower in the hfi
variant than in the hfc discharge.

Since the working pressures were 1~5 Torr**"'® in

the case of the hfi discharge, the specific energy input
was relatively high, at 4-8 eV/molecule of CO,, and
the process efficiency was ~30% (see Fig. 11). On the
other hand, the high specific energy input resulted in a
high degree of conversion, ~70-90%.

Higher discharge pressures and, accordingly, lower
speclific energy inputs are obtained in hfc plasma-
chemical systems.’"® Experiments were performed
at frequencies of 60, 20, and 5 MHz at discharge pow-
ers ranging from 1 kW to several tens of kW in a quartz
chamber. The hf discharge was struck between cylin-
drical stainless-steel electrodes. The working gas was
fed in along the wall through a hole in the electrode
in order to hold the discharge zone on the chamber
axis. This zone was 1 cm in diameter and 8 cm long.
In a reactor with electric-field excitation of the dis-
charge, it was possible to raise the working pressure
to 100 Torr and higher while maintaining nonequilibri-
um, to lower the heat load on the chamber walls, and
to increase the gas flowrate significantly. Plotting the
efficiency against working-gas flowrate at pressures
of 30 to 75 Torr in the reactor produces a curve show-
ing saturation in the range of flowrates above 0.2-0.25
liter-atm/sec (see Fig. 11). The efficiency maximum
(40-60%) is reached at a pressure of 70 Torr in a CO;
flow 0.3 lter-atm/sec, which corresponds to a speci-
fic energy input of 0.7-1.0 eV/molecule. Here the
conversion efficiency was 15-20%.

3) Non-self-sustained discharge sustained by a heavy-
current relativistic-electron beam. ®"'%® This type
of discharge is characterized by lower specific energy
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inputs than the microwave and hf variants. In particu-
lar, this results from the fact that the pressures are
higher than in the above cases, at 1-3 atm. The
threshold effect in the dependence of energy efficiency
on specific energy input is most conspicuous in this
type of discharge. CO, is not decomposed in the dis-
charge at specific energy inputs smaller than 0.25 eV/
molecule of CO;. At energy inputs above the threshold
value, CO, dissociation efficiency increases with ener-
gy input up to the maximum value obtained in the ex-
periment (0.6-0.7 eV/molecule of CO;). The maximum
efficiency reached values around 149 in the experi-
ments.® 1%

On the whole, these results of experiments with the
dissociation of CO; in plasmas, and especially in non-
equilibrium microwave discharges, demonstrate the
feasibility of obtaining optimum carbon dioxide decom-
position regimes in practice via vibrational excitation
of the ground electronic state.

d) Complete dissociation of CO, and reduction of carbon
in plasma

In addition to the process considered above, in which
CO, is decomposed to carbon monoxide, the single-
stage reduction of carbon in plasma is also important

and interesting™"**%:

(2.31)

In addition to its chemical-engineering applications,
the process (2.31) is interesting as a physicochemical
model of the reduction of metals from their oxides and
halides.®

CO,—>C+ 0,, AQ = 11.5¢eV.

The complete dissociation (2.21) requires not only
the decomposition (2.1), but also destruction of the
carbon monoxide molecules, which is somewhat diffi-
cult because of the extremely high (~11 eV) bond energy
of this molecule. The disproportionation process

CO* + CO* - C + CO, (2.32)

is important here. Its activation barrier, though quite
high (E,~6 eV), is smaller by almost a factor of two
than the bonding energy of the carbon monoxide mole-
cule.'®"'2 The high energy threshold is effectively
overcome by the essentially non-Boltzmann nature of
the population of the vibrationally excited states of

Col(ﬂ 10):

W=n, X0 (E') X (E*) kg (E*, E"ynodE’ dE%
E+EDE,

(2.33)

here k& (E’, E”)n, is the frequency of the elementary
event at fixed energies E’ and E”, which are concen-
trated in the vibrations of the carbon monoxide mole-
cule, A specific form of ks (E’, E”) can be prescribed,
for example, within the framework of the statistical
theory of bimolecular reactions, as in Ref. 107, Here
X“(E) is determined within the framework of the diffu-
sion theory (1.14). The integral of (2.33) can be evalu-
ated by the method of steepest descent, assuming E*

10)The contribution of disproportionation with the electroni-
cally excited CO (a°Il) molecule is evidently significant only
at relatively high electron temperatures.




< E,<2E*. The problem then reduces to finding the
maximum of the exponent in the integrand of (2.33)
along the line £’ + E” =E,, This maximum occurs at
two points: E=E_,and E=E,~E_, (E,,>E,/2),
which are defined by

1
Eop=E*——71In (2.34)

It is important that E < E* at most of the parameter
values considered (it can also be shown that E,,> E,
where E_ is the point of reversal on the plots of the vi-
brational-population logarithm®®). Problems in the
kinetics of reactions in which two vibrationally excited
molecules participate are discussed in greater detail in
Ref. 50. Here we present only the rate constant of the
disproportionation of CO as a function of the vibrational
and translational temperatures:

1
2BoX. 2E*—Eq) *

k
ke (T, To)=gb—exp [ —BvE, = Boz -

2Bgze (2E* — Ep) J

ad (2.35)

Relation (2.35) reflects an important property of plas-
ma-chemical reactions of vibrationally excited mole-
cules: despite the fact that E,> E*(7%), the breakoff
of the distribution function at E > E* due to VT relaxa-
tion does not influence the rate of the process, be-
cause the main contribution to the kinetics of the reac-
tion comes from molecules having energies E=E_,

< E*(Ty).

The non-Boltzmann corrections in the argument of
the exponential function in (2.35) raise the rate con-
stant by several orders of magnitude and make it pos-
sible to explain the available experimental results on
the disproportionation of carbon monoxide,™*:1%-108
In general, the disproportionation proceeds quite vigo-
rously in the CO plasma,; experimental reduction of
carbon directly from CQ, in plasma is a much more
complex problem. Here the process is complicated by
the influence of the strong reverse reaction COf +C
-2C0,'®* which can be suppressed only if the discharge
parameters are precision-adjusted in such a way as to
ensure heterogeneous stabilization of the carbon on the
discharge-chamber walls.!” This problem is discussed
in detail in Ref. 69, Such parameters have been obtain-
ed experimentally in medium-pressure systems in a
microwave discharge with a magnetic field operating
under electron cyclotron resonance conditions; com-
plete decomposition of CO; (2.31) and reduction of car-
bon were obtained.”

3. PRODUCTION OF HYDROGEN IN NONEQUILIBRIUM
PLASMA-CHEMICAL SYSTEMS

Direct decomposition of water vapor is the most
natural method of producing hydrogen. However, a
number of physical limitations, primarily the high vi-
brational relaxation rate of the H, O molecule, make it
difficult to use this process. We shall therefore con-
sider below certain alternative methods for the produc-

) Heterogeneous stabilization can also be ensured by clustering
in the volume, but this would involve additional difficulties
in propagating and sustaining the discharge.!?*%
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tion of hydrogen, some of them including a preliminary
stage with CO;, dissociation in plasma.

The high energy intensity of nonequilibrium plasma-
chemical systems and the high gas flowrates through
the discharge result in a high specific productivity and,
consequently, small outlays of metals and optimum
bulk and weight characteristics in the plasma-chemical
reactors. Plasma-chemical methods for the produc-
tion of hydrogen are especially interesting from this
standpoint within the framework of atomic-hydrogen
power engineering. These methods have energy effi-
ciencies approaching those of other electrical process-
es (thermoelectrochemical, electrolytic), and specific
productivities several orders of magnitude higher.!?"%

Despite the special importance of plasma-chemical
hydrogen-producing methods in solution of various ap-
plied problems, there have been comparatively few
experimental studies of this problem. Until recently,
these studies have related chiefly to the decomposition
of hydrocarbons in the glow discharge and have been
characterized by extremely low energy efficiencies.’
Higher efficiencies have been obtained in recent years
in experiments with direct decomposition of H,O in
glow and microwave discharges; they will be discussed
in greater detail below.

a) Direct decomposition of water vapor in plasma

The direct decomposition of water vapor with produc-
tion of hydrogen in a plasma,

HO - H, 50, AQ~28eV, (3.1)

can be brought about by various mechanisms, How-
ever, the highest decomposition efficiencies would be
expected in systems in which the electron temperature
is not high enough for strong excitation of the electron-
ic state and most of the energy introduced into the dis-
charge is concentrated on excitation of vibrational de-
grees of freedom and, in contrast to the case of CQy,
on dissociative sticking of electrons in H;O molecules.
Figure 16 shows curves of the fractions of the energy
that are localized in the various electron-molecule
interaction channels as calculated approximately on the
assumption of a Maxwellian electron energy distribution
function.”! We see that at T, <1.5 eV, the decompo-
sition (3.1) should be determined basically by vibra-
tional excitation, while dissociative sticking should be-
come significant at higher temperatures.

Dissociative
sticking

Electron
axcitation

4 79 2.0 3.4 4.0

FIG. 16, Distribution of energy lost by electrons in H,O among
excitation channels.
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1) Decomposition of H,0 via vibrationally excited
states of the reagents. In this case, the mechanism
of hydrogen formation is determined by the following
successive stages:

1) Excitation of lower H,O vibrational levels (in con-
trast to the case of C(Oy, it is difficult to indicate a
preferentially pumped mode here'l®),

2) Population of high excited states in VV relaxation;
here it is important that the rates of intermode ex-
change v1(A;) =21,(A;) and Fermi-resonant vibration
exchange v3(B;) =1 (Ay) are close to the rate of intr-
mode VV relaxation,''? o that the same temperature
can be assumed for the various vibrational modes [the
st:(zng]est VT relaxation takes place from the mode
(A,

3) The chemical reactions that determine the over-all
process (3.1) take place by an unbranched chain mecha-
nism initiated by the dissoclation H,O—H + OH, the rate
constant of which can be estimated as follows in the
single-temperature approximation (2.10):

ks Kov () exp (= 57). (3.2)
where D(H;0) is the dissociation activation barrier.
Termination of the chain occurs in a three-particle H-
OH recombination with the constant 2,=3-10! cm®/
sec. Vibrational excitation of the water molecules sti-
mulates chain-continuation reactions:

H+ H,0*—>H, + OH, AH,=06eV, E, =09ev, (3.3)

OH + H,0* > H,0, + H, AH,=26¢V, E,, =30ev. (3.4)

Here the rate of process (3.1) is determined by the

length of the chain (v=10% at Ty =0.5 eV, [H,0]=3- 10"
cm-ﬁ 113 .l“):

Va =k, [H,OP l"/ ko D+ Eart Eay

T [H,01 °¥P (— Ty ). (3.5)

Let us further consider the energy efficiency of the
above water-decomposing and hydrogen-producing pro-
cess. The over-all process efficiency 7 is determined
by the energy loss 7,, in unproductive excitation chan-
nels in the discharge, the efficiency 7,,,, which is
related to the losses in the exoergic forward reactions
and reverse reactions, and, finally, by the vibrational
relaxation efficiency 7vr of the reaction.

1.1) Discharge efficiency. 7,, depends on 7T, and can
actually be determined from the plot of Fig. 16.

1.2) The chemical efficiency of the chain process de-
pends on the length of the chain:

~ AH,+AH,
Nehent ™ (T) (D—Eag) T Ear+ Ean *

(3.6)

Numerically, 7g..=85% at v=102, as compared to
Nenen? =1) *50% in the absence of a chain process.

Chemical efficlency may also be lowered by reverse
reactions involving free radicals. Thus, owing to the
rather high threshold of reaction (3.4), the OH concen-
tration may prove to be relatively high'*®:

[OH] \?_ &k
(0T} = T ol (3.7)

The influence of the biradical reaction OH + OH—H,;0

exp ( Eu—TEvu—D ).
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+ O was described in Ref. 115; it limits the vibrational
temperature. The most important requirement for sus-
taining the 7,,,, that has been reached is suppression

of the reverse reaction OH + H; ~H + H,0 (£, 0.5 eV/
molecule), which limits the yield of the product and the
temperature of the system:

Lty (3.8)
This requirement is more rigid than that imposed by
the explosion hazard of Hy-0;-H;O mixtures, which is
reduced by the parameters of the water at elevated
pressures. Figure 17 shows the admissible tempera-
ture range. Reverse reactions lower 7,,, sharply; an
estimate of this effect is given in Ref. 6.

E Ty — EasTy )
TvT, .

<<exp(

1.3) Energy losses in vibrational VT relaxation take

" place in both the active and passive (n,=0) zones of the

discharge. This loss channel may prove to be most
conspicuous because of the anomalously high value of
kyr=10"% cm®/sec.!'® Vibrational relaxation in the
active discharge zone is ineffective when the rather
rigid criterion

fle kvr
1H.0] kev

(3.9

is satisfied. Meeting condition (3.9) makes it possible
to raise the vibrational temperature above the critical
value:

Dt Ear+Ea

ko Fatfas 1/
21”(1.-\;} e b

min
T

(3.10)

ka 11\13-.,01 )
at which the reaction rate becomes equal to the relaxa-
tion rate. The dependence of 7yt on the specific en-
ergy input E, with allowance for losses in the active
and passive discharge zones, and also the limits on the
overall heating of the mixture when condition (3.9) is
satisfied, are given in Refs. 114 and 115. In this case,
in exactly the same way as in the dissoclation of CO,
the ny¢(Ey) relation is of distinctly threshold nature
{the threshold is, of course, determined by the critical
value 7% of the vibrational temperature).

Estimates of the efficiency components can be used
to follow the dependence of the total energy efficiency
(N =7, MNeenNv ) on specific energy input in the case of a
dissociation mechanism with vibrational excitation
(Fig. 18).M*'1% The figure shows that this relation is
roughly similar in form to the corresponding curve for
CO, (see Fig. 11),

7 eV .
vs® c
8
2
a
X
a3t Z
-
(3]
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'Reverss
reactions
4rr
X0 s00 500 K

FIG. 17. Temperature limitation in direct decomposition of
water vapor via vibrational excitation of molecules in plasma.
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2) Contribution of dissociative sticking to the decom-
position of H,0. At T,=21.5 eV (see Fig. 16), a con-
siderable fraction of the energy may be concentrated
on dissociative sticking of electrons to water mole-
cules. The attainment of high energy efficiency in this
plasma-chemical reaction channel (Fig. 19) is limited
by the loss of an electron in the elementary chemical
event. Here it is essential that the transition from the
electron to the negative ion sharply accelerates recom-
bination and actually results in the loss of energy (=30
eV) that was previously expended on formation of an
electron-ion pair.’***®* Dissociative sticking becomes
energetically effective only when an electron formed
in the plasma can participate in the reaction more
than once. This process is possible in the presence
of an effective channel in which negative fragment ions
are destroyed (and an electron released) at a rate ex-
ceeding the rate at which they are lost in the fast ion-
ion recombination process. In addition to associative
unsticking,'’*!® destruction of negative ions by electron
impact is found to be effective in a number of cases
(Fig. 20)."'"'1® For example, repeated utilization of
one electron in dissociative sticking in the decomposi-
tion of H,0 is possible in the chain process®®'***

e+H,0-2H-4OH, H-4e— H 2. (3.11)

Under the action of a heavy-current relativistic-elec-
tron beam (REB), for example, the dissociative-stick-
ing multiplicity u [length of chain (3.11)] is determined
by the degradation-cascade method!?!:
I I
p.zSeZ(e)ds-(eajZ(e)dg)_l’ (3.12)
0 0
where I is the ionization energy and Z(¢) is the REB
degradation spectrum in a molecular gas [Z(¢)de is
proportional to the average number of electrons that
had an energy ¢ in the deceleration process]. For e¢<I,
the degradation spectrum can be represented approxi-
mately in the form'?
Z(e)z?(1+%)-Aln(2+—;)+(1+%)_2, (3013)
On substitution of (3.13) into (3.12), we obtain the mul-
tiplicity u =1, which is actually limited by the energy
of the subthreshold electrons. Larger L are possible
in electrical discharges, where the multiplicity of use
of a single electron is limited by termination of the

[274 %
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FIG. 18. Energy efficiency and degree of conversion of water
vapor in plasma. 1) Calculation; 2) experiments at pressures
p(Torr)=35 (3), 40 (4), and 60 (5).
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FIG. 19. Cross sections of dissociative sticking of electrons
to various molecules. 1) CO; 2) H,0; 3) Oy; 4) CO,; 5) Hy;
6) I,.

chain (3.11) in ion-ion recombination (H™+H,0"'—H,
+OH; k!'=~10" ¢cm®/sec) and the ion-molecule reaction
(H"+H,0~H; + OH; k,0~10" cm®/ sec)*?"2%;

_ katk ko ((H:0)ine)
k}-"" k1o ([H,0)/ne)

(3.14)

here k,=10® cm®/sec is the rate constant of H- des-
truction by electron impact. To attain p>>1 in this
case, it is necessary to have a high degree of ioniza-
tion:

Ne kio
TLOT = e - (3.15)
The efficiency of the process has been calculated for
condition (3.15),2'12%1!! 3 the results appear in Fig.
18. Here we observe only that the threshold of the
7{Ey) relation is much lower in this case than in the
case considered under the preceding heading.!

Thus, it has been shown that the decomposition of
water vapor and the production of hydrogen in a plasma
can be conducted with efficiencies of 50-70%. To ob-
tain such high efficiencies, however, it is necessary
to meet rather stringent requirements in the discharge.
Whether the H,0 is decomposed via vibrationally exci-
ted states of the reagents or via dissociative sticking,
the main limitation is the requirement that the degree
of ionization be quite high. For different physical rea-
sons, conditions (3.9) and (3.15) result In the same
limit on the electron concentration: n,/1H,0]>3:10%,
which would appear difficult to bring about at 7,=1-3
eV in experimental medium-pressure systems.

b) Experiments with direct decomposition of H,0
in plasma

The above rigid limitations on the parameters of the
discharge in H,O vapor make it difficult to attain the

2
~ v e+l —He+2e
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FIG. 20. Destruction of negative ions by electron impact.
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highly efficient decomposition regimes considered
above in practical experiments. In the glow discharge,
for example, the maximum efficiency was ~12%.'%°

In the medium- and elevated-pressure variants, ob-
taining the necessary degree of ionization at 7,=1-3
eV will evidently require the use of non-self-sustained
volume discharges sustained by heavy-current relati-
vistic electron beams'® or plasma radiolysis by nu-
clear-fission fragments.'* At this time, the highest
energy efficiencies in plasma-chemical decomposition
of water (40%) have been obtained in a nonequilibrium
microwave discharge with a scheme similar to that
described in subsection c) of Sec. 2 (see Fig. 14), Let
us discuss this experiment in greater detail.!’ The
water-vapor flow from the evaporator to the reactor
was varied from 0.35 to 1.6 liters-atm/sec. The upper
limit of this flow was determined by the output of the
evaporator, and the lower limit by the discharge jump-
ing to the reactor wall. A water-cooled heat exchanger
was installed at the reactor output to lower the temper-
ature of the reaction products. The discharge was
stable at pressures from 35 to 60 Torr. The micro-
wave power put into the discharge was measured cal-
orimetrically with a water load, and amounted to 1.2—-
1.7 kW,

Mass spectrometry and chromatography were used
to analyze the products., They were hydrogen and oxy-
gen in stoichiometric proportions. Simultaneous mea-
surements of the power absorbed by the plasma, of the
flowrate of the H; -~ O; gas mixture, and of the H,0
flowrate through the reactor made it possible to deter-
mine the plasma-chemical efficiency of dissociation
and the conversion ratio of the water vapor in the sys-
tem. Figure 18 shows the basic 7(Ey) relations gb-
tained in the experiment at various pressures. Com-
parison with the calculated results shows that in this
case the production of hydrogen was most probably
supported by dissociative sticking. In addition to the
positian of the n(Ey) threshold, this conclusion is also
supported by the increase in energy efficiency with
decreasing reactor pressure at a given energy input {a .
pressure decrease results in increases of E/p and T,,
which ultimately increases the fraction of energy ex-
pended on dissoclative stocking; see Fig. 16). The
fact that the efficiency limit reached in this experi-
ment (~40%) is still below the theoretical maximum can
be explained by the fact that the degree of ionization
in the system was evidently not high enough to suppress
the ion-molecule reaction H"+ H,O0—~H; + OH” [see
(3.15)]. A small increase In the electron temperature
in the system (obtained by raising E/p) would apparent-
ly raise the efficiency of the main experiment both by
increasing the degree of ionization and by increasing
the fraction of the energy localized on dissociative
sticking of plasma electrons to H,O molecules.

c) Production of hydrogen in nonequilibrium H,0-CO,
plasma-chemical systeams

The direct decomposition of H,O vapor in a nanequi-
librium plasma comes up against limitations associated
with the degree of ionization (3.9), (3.15) and with the
action of the OH radical. Both of these limitations are
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FIG. 21, Mixture-composition limits and energy efficiency
in production of hydrogen in CO,~H,0O plasma-chemical systems.

relaxed significantly when CQ; and its decomposition
product CO are added to the system. In fact, the

- presence of carbon monoxide in the system lowers the

concentration of free OH radicals in the practically
threshold-free reaction OH+CO—~H+CQ;; on the other
hand, CO and CO; have cross sections for vibrational
excitation by electron impact that are two orders of
magnitude larger than that of H;O, and this makes it
possible to lower the degree-of-ionization require-
ment significantly. Essentially, CO, may act as a
physical catalyst for the production of Hy from H, O

in plasma and, without being depleted, eliminate the
difficulties that arise in decomposing pure water vapor.

1) Nonequilibrium plasma chemistry of the CO,-H,0
mixture. The formation of hydrogen in a C0,-H,0 mix-
ture may proceed in accordance with the following
mechanism. The decomposition of CO; to CO (2.1) fol-
lows the kinetics described in Sec. 2. The greater part
of the atomic oxygen enters into reaction with CQ,
molecules [ see (2.4), activation barrier E,], but some
of the oxygen atoms react with water vapor (O +H,0*
~OH+OH, E =1 eV/molecule), initiating a chain pro-
cess of reduction of molecular hydrogen:

(3.16)

The length of the above unbranched chain is found with-
in the framework of the single-temperature approxi-
mation in the form'*

OH + CO— H + CO,, H + H,0* —~H, + OH.

[CO.] . Ey—Ey
(1,0 exp ( Tv )

(3.17)

Clearly, hydrogen forms at a high rate when > 1,
However, vibrational excitation of the CQ,-H; O mix-
ture may result in the formation of various byproducts.
The range of the parameters specifically corresponds
to the production of hydrogen is limited primarily by
the reactions OH+ OH—~H,0+,;, H+CO,~OH +CO,

and H+ p—~OH+ Q. Figure 21 shows the admissible
mixture compositions as a function of vibrational tem-
perature.

The overall efficiency of hydrogen production in this
system is determined basically by relaxation losses
and losses in side chemical reactions. The relaxation
losses limit the degree of ionization; Fig. 22 indicates
the lowest admissible degrees of ionization in the CO-
H, O mixture. The losses in reverse reactions limit
the parameter region in much the same way as indi-
cated in Fig, 17. Calculated total efficiencies are
shown in Fig, 21.!® We see that the efficiency may
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FIG. 22. Degree-of-ionization limits in CO,-H,0O plasma-
chemical systems.

reach ~609% in the optimum regime {energy consump-
tion ~5 eV/molecule of Hp).

2. Nonequilibrium plasma chemistry of the CO -0 ,-
H,0 mixture. Although the above process in the CQO;-
H, O mixture makes it possible to gvercome the basic
difficulties in direct decomposition of H,0, it injects its
own deficiency, which is typical of mixtures: a narrow
region of admissible parameter values {see Fig. 21).
Solution of this problem involves division of the single
hydrogen-generating process into two stages. CQ, is
decomposed in the first stage (2.1) (the undecomposed
digxide is easily separated from the mixture), while
in the second stage water vapor is added to the system
and hydrogen is produced in a CO-0;-H; O mixture (the
two-stage cycle is closed with respect to the carbon
dioxide, and it is not consumed in the overall pro-
cess'®). In describing the reactions in the CO-0;-
H; O mixture we can distinguish three qualitatively
different regimes. The first corresponds to a branch-
ed-chain explosion,'?® the second to slow oxidation of
CO under the heterogeneous-catalytic action of HzO,m
and, finally, the third regime is specific for the non-
equilibrium plasma and hydrogen can be generated effi-
ciently in it. The kinetics and energetics of this plas-
ma-chemical regime were discussed in Ref. 115, The
amount of energy consumed in production of hydrogen
is shown in Fig. 23 for this case. The optimum energy
expenditure is ~1 eV/molecule, and the relative hydro-
gen yield ~5%. Thus, the process is an interesting
example of a plasma-chemical reaction in which the
expenditure of electrical energy is smaller than the
expenditure of “chemical” energy. Actually, ~1 eV
is used to form one H; molecule, while the enthalpy of
its formation is three times larger. Thus, the plasma
functions not to feed energy into theé reaction, but only
to direct it into the necessary channel.

Thus, we have shown that these plasma-chemical sys-
tems can be used to produce hydrogen from water with
about the same energy efficiencies, 60-709 (4-5 eV/
molecule). Here the direct decomposition of water
vapor is simplest from a physical standpoint, but it
imposes very rigid requirements as to the degree of

12) The displacement reaction (2. 2) which converts CO to H,
thermocatalytically, is a more natural second stage of the
cycle. However, the conduct of reaction (2.2) requires pre-
liminary separation of the CO-O, mixture at a rate adequate
to the first plasma—chemical stage (2.1), and this is a com-
plex problem in itself.11?
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FIG. 23. Energy consumption to produce hydrogen in plasma
in a CO—-0y~H,0 mixture.

ionization of the plasma. Introduction of additives {such
as CO;) makes it possible to relax electron-concentra-
tion requirements significantly, but on the other hand it
narrows the range of admissible mixture composition.

4. SYNTHESIS OF NITROGEN OXIDES IN A
NONEQUILIBRIUM PLASMA

The oxidation of atmospheric nitrogen in plasma is
one of the most widely used plasma-chemical process-
es. It is especially interesting because nitrogen mole-
cules can be vibrationally excited quite strongly by
electron impact and are characterized by the lowest
known vibrational relaxation rate (see Tables II and IV).
The synthesis of nitrogen oxides in plasma is also an
important example of the conduct of an endoergic chain
reaction stimulated by vibrational excitation of the
ground electron state of the molecules in the plasma.

The first studies of the plasma-chemical oxidation of
nitrogen were carried out by Cavendish and Priestley
in the electric arc at the end of the nineteenth century.
The process was first put to use on an industrial scale
by Birkeland and Eyde in 1900. The typical energy
yield was ~25 eV/mgolecule of NO {efficiency ~4%).
According to current conceptions, '*® an energy effi-
ciency of ~119, is the best possible for thermodynami-
cally quasiequilibrium systems (energy expenditure ~9
eV/molecule of NO); in principle, it can be obtained at
pressures of 20-30 atm and temperatures of 3000-3500
K. We see that the energy efficiency is low even at the
optimum. Fixation of the oxides that are formed also
requires high cooling (quenching) rates, ~10'-10° deg/
sec,”” and it is difficult to obtain these rates in prac- -
tice; as a result, it has not yet been possible to obtain
NO yields exceeding 4-5% in an equilibrium plasma at
expenditures smaller than 20 eV/molecule in real sys-
tems.

Beginning in the 1930’s, the synthesis of NO in non-
equilibrium plasmas was investigated experimentally in
the glow discharge.*®'*! The efficiency of the synthesis
remained low in these systems. Somewhat higher effi-
ciencies were obtained in non-self-sustained discharges
at atmospheric pressure that were sustained by heavy-
current relativistic electron beams.'®"'*? These experi-
ments showed the threshold nature of the dependence of
energy yield on specific energy input, with the threshold
at ~0.1-0.2 eV/molecule (it is remarkable that there
was practically no oXide yield at lower specific energy
inputs in the similar experiments of Ref. 153). The
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highest energy efficiency obtained in these systems is
now about 149 (energy expenditure 7 eV/molecule of
N0'®), Similar results were obtained in a pulsed
microwave discharge with pulse widths of 5-10-107°
sec, a repetition frequency of 10° Hz, and pulse pow-
ers of 0.5-1.5 MW. Here the energy expenditure rang-
ed up to 6 eV/molecule, which gives an efficiency of
~16%." Higher energy efficiencies and degrees of con-
version have been obtained in experiments conducted
in a microwave discharge with a magnetic field™ %
and in plasma-beam® discharges, respectively. We
shall discuss these experiments in greater detail in
subsection f) of this section.

a) Mechanisms of oxidation of nitrogen in plasma

The nitrogen oxide synthesis

+N;++0,~NO, AQ~1eV, (4.1)

is determined in a plasma by the set of the elementary
processes, among which the limiting processes are
those in which the strong (~10 eV) bond of the N; mole-
cule is broken:

1) Reaction with participation of vibrationally excited
molecules in the ground electron states'®:

4.2)

This reaction follows excitation of low vibratignal lev-
els of N; and population of highly excited states in the
VV relaxation process. The chain mechanism of the
synthesis is then closed by the expergic reaction

O(3P) - N3 (123, v) > NO () +N(:8), E,~3 eV.

(4.3)

2) Reactions via electron excitation are initiated by
dissociation of nitrogen through the states Ny(a'r,, B*n,,
b'm,) with a rate constant k,=10" e¢m®/sec (T,=1 eV).
Here the direct synthesis of NO takes place, for exam-
ple, in the exoergic process (4.3).

3) Dissociative recombination (e + N; =N +N; k' =10
cm®/sec at T,=1 eV) also results in the formation of
nitrogen oxides by further continuations of (4.3).

N+0,"5NO+0, AQ~ —1eV.

4) Ion-molecule reactions, e.g., Q'+ N;—~NQ'+ N
(kro=10"-10" ¢cm®/sec); further production of nitric
oxide in (4.3) is also a possibility here.

The abgve synthesis mechanisms use sharply differ-
ent amounts of energy. As in the case of dissociation
of carbon dioxide, the energetically most efficient chan-
nel (4.2)-(4.3) involves vibrational excitation of the
nitrogen, where most of the energy introduced into the
discharge is concentrated (Fig. 24). At T,=1 eV, this
mechanism is much faster than the alternative channels
because of the inequalities

fo o me
AQ ngy

kevio [0*]
k:'AQ ’ Re

kevho

ky < kev a0 *

<

(4.4)

Below we analyze the elementary reaction (4.2) and the
kinetics of the synthesis of nitrogen oxides in plasma

—

3)The reaction O('D) +N; (T, v) — NO(*r) + N(?D} is not sig-
nificant in medium- and high-vressure noneauilibrium plas-
mas owing to the high rates of extinction of O(!'D) on nitrogen
molecules, 33133
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FIG. 24. Distribution of energy lost by electrons in nitrogen
among excitation channels. 1) Elastic losses; 2) vibrational
excitation; 3) electron excitation; 4) ionization; 5) Ty — 0;

6) expl—fiw/Ty)=0.2; 7) expl—Kw/Ty)=0.5.

when the process is stimulated by vibratignal excita-
tion of molecules.

b) Elementary reaction of NO synthesis with participation
of vibrationally excited nitrogen molecules

In contrast to the dissociation of CQ, where the rate
of the process is limited by diffusion across the vibra-
tional spectrum, the synthesis of nitrogen oxides is
limited by elementary process (4.2), so that special
interest attaches to its analysis (see subsection c).

Reaction (4.2) can be brought about as a direct (adia-
batic, aMbNc in Fig. 25) or as a nonadiabatic reaction
(aMd’'Ne¢). The probability of the adiabatic channel can
be obtained from the detailed balance principle®:

oo

Wo @)= | | Foler €08 (er+ Eamhov—en) 8 (er)
0

Ty

__Ver 4.5
x T (3/2) T3 (4.5)

dep deq;
here £r and % are the relative energies of translation-
al motion before and after the reaction, I" and 6 are the
Euler and Heaviside functions, and F (e, €%) is the
translation-energy distribution of the products of the
reverse reaction N+NO—~N;(v) + 0. If we use F, (e,
£4) in the form of the a prior: function of the informa-
tion-theory approximation'™?

] 2 ) ,
Fy (eq, eT) = (Eau::_)z 0(E, —er—er) (4.6)
to obtain an estimate, integration of (4.5) yields
1 Ey—h
Wo (v) = zexp [(—E]—Q—U)Q(Eu~hwu)]. (4.7)
20y en/2,
£ NOC)+N (D)
00m) +N, (23)
__z_,
______ 1%
0w, ')
"iu!(rzo)
7
FIG. 25. Possible pathways of NO synthesis reaction.
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We note that the statistical scatter of (4.6) is not quite
characteristic for the adiabatic reverse-reaction chan-
nel, and F,(er, £5) may be more deterministic, e.g., it
may be possible to approximate it as a 6 function. In
this case, the probability of the adiabatic channel is
obtained in the following form after integration of (4.5):

Wow=ow (2t )o( L2~ B,);

(4.8)

here £=0.3 is the fraction of the energy of the expergic
reverse reaction that is transferred to translational
and rotational degrees of freedom. Expressions (4.7)
and (4.8) actually define the upper and lower limits of
the probability of the adiabatic synthesis channel: nu-
merically, for fiwv 2 E, and TOZIO" K, the probability
is found to be rather low, ~10°-10%, It is important
that the adiabatic-channel probability [especially (4.8)]
increases significantly with increasing 7. This effect
is confirmed by a calculation of the adiabatic channel
(4.2) by the classical-trajectory method in Refs. 30 and
134,

The nonadiabatic synthesis channel (4.2) results from
the formation of an intermediate vibrationally excited
complex:

(4.9)

The first stage of the process (recombination) is char-

acterized by the probability*?****

nvz_.
hAF

O(P)+ N (Z v) > N;O* (*Z¥) - NO(l) + N (‘S).

’I( 2y)Fal® 1—exp {— (Eo/To) [1— (T4/8) In (1/y%)])
T, ¥ 1 (T,/5) In (1/v%0) ,

(4.10)

where V,, =100 cm™ is the matrix element of the in-
teraction of the vibronic terms '=* and *1I of the linear
complex N,O, AF is the difference between the slopes
of terms '=* and 31T at their quasiintersection points.'*?
7 is the change in the equilibrium N - N distance in the
transition relative to the amplitude of the zero-point
vibrations of Ny, 1 is the reduced mass of the reagents,
Ey=0.8 eV is the potential barrier on path aMb’ (Fig.
25), and the parameter 5=0,15 eV.*2 The probability
(4.10) is determined by the overlap integral S,,,-s, of
the vibrational wave functions of N; (v —~v — Av) in the

nonadiabatic transition®®:

_Wl (v)=

S vopeme- ¥ LA (4 Y BY LY, 29, (4.11)

where L7(x) is a generalized Laguerre polynomial.

The problem of deriving the probability (4.11) was in-
vestigated in detail in Refs. 32 and 135 in an analysis
of nonadiabatic transitions on a net of vibronic terms.

The second stage of (4.9)—breakdown of the interme-
diate complex—can be described within the framework
of the statistical theory.?***7**® This approach can be
used because the characteristic time of energy exchange
modes is small compared to the lifetime of the complex
(this is aided by the nonadiabatic nature of the break-
down) and the frequency of the VT relaxation of N,0" is
low compared to the frequency of reaction (4.9)."*® In
the semiclassical Marcus-Rice approximation with cor-
rections for anharmonicity, the probability of break-
down has the following form as a function of the vibra-
tional Ziwv, translatignal £4, and rotational ¢ energies:
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2E,Xe J( fiww —ere + ergr— Ea )S—f '

Wa=as[ 1 - 2225 | (o Taeren=r

(4.12)
Here A, ~1 is the frequency factor,”® $=3 is the num-
ber of effective degrees of freedom of N;O*, and gqg,
<1 are parameters with which the conservation of total
angular momentum is taken intg account, It was shown
in Ref, 57 that g, =1- (r,.2/7*)?, where r,; are the
maximum impact parameter of complex formation and
the radius of the active molecule, respectively, and r*
is the characteristic radius of the activated molecule
(since the complex forms nonadiabatically and the trans-
ition localized in a narrow range of N; — O distances, we
have g, *gr=g,). Figure 26 shows the o(u) curve (x is
the velocity corresponding to £1) for a fixed total ener-
gy, it illustrates the preferential effect of vibrational
energy on the rate of reaction (4.9). The relation ob-
tained is similar to the result found by the classical-
trajectory method for the synthesis of NO via O(*D)
+N#(*Z, v), an indication that the statistical theory
can be used to describe the elementary synthesis reac-
tions.! Finally, the probability of the nonadiabatic
channel is written at relatively low temperatures T,
<£10° K in the form

W hne mn Eo/d z.E§ hov—E, \8-1
Wa () = 35 ]/TT v2) e"p( 5 )(ﬁmu—E., ) -

The probability of the nonadiabatic synthesis channel is
characterized by a weak dependence on Ty and numeri-
cal values of ~107% to 10®, Comparison of (4.7), (4.8),
and (4.13) indicates that the main synthesis channel at
Ty 210° K is the direct adiabatic reaction and, con-
versely, when the plasma is off thermodynamic equili-
brium and Ty < 10° K, the nonadiabatic mechanism may
be dominant. Numerical calculation by the classical-
trajectory method®®™"!* gave a value T;=2 *10° K for
the transition temperature.

(4.13)

For a nonequilibrium plasma at 7T, <1000 K, there-
fore, the dominant mechanism of the elementary syn-
thetic process may be (4.9), which is fundamentally
different from the dominant mechanism under equili-
brium conditions.

¢) Population of highly excited states of the nitrogen
molecule, and the rate constant of the synthesis

To determine the rate constant of process (4.9) at Ty .
> Ty, it is necessary to average the expression given
above for the probability of the elementary process
(4.13) over the vibrational distribution function. The
vibrational population of the nitrogen molecule can then
be written in the diffusion approximation (1.14) (see
Fig. 1). The diffusion-theory parameters A(7Ty) and
E*(Ty), which take VT relaxation into account, can be
expressed for nitrogen in the form A(7,) =a/fwv Ty,

E* =rw[(1/4x,) - bV Ty) where a=11 deg’? and b=0.38

2ot
s
$45 FIG. 26. Qualitative
Y olu) curve.
7 7 2
a4 70 %emisac
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deg™?. It is important here that, in contrast to the
case of CO; dissociation that was considered earlier,
the vibrational population of the nitrogen mplecules
is only weakly disturbed by the chemical reaction of
synthesis. The condition permitting neglect of the dis-
tortion of the vibrational distribution function is stated
as smallness of the atomic~oxygen concentration and
smallness of the probability of the elementary process
relative to VV exchange:
8-1 y
(£7)" Mt (4.19)
The problem of rate-constant calculation is discussed
in detail in Ref, 135. Here we present only the final
results for the case 2x E, T,/ Tfiw<1:
SV E (v et (2)° )

kr =[ko-

(4.15)

We see that, in contrast to the dissociation of C(O, the
rate constant of the synthesis depends strongly on the
characteristics of the elementary event. We note that
the above relation does not consider the contributions of
translational and rotational degrees of freedom to the
rate of the synthesis reaction. Allpwance for this ef-
fect would result in an additional multiplier 1 + (g, T,/
Ty)*?, which differs little from unity at Ty > T,. Rela-
tion (4.15) for the synthesis rate constant has been writ-
ten in quasi-Arrhenius form with the argument of the
exponential corresponding to the Treanor distribution.
We note for subsequent numerical estimates that at 7Ty
=3-10° K and T, <10° K, the pre-exponentlal factor in
the square brackets amounts to 4,510**-10"° ¢m®/sec.

d) Kinetics and energy balance of the plasma-chemical
synthesis of nitrogen oxides

The vibrational-energy balance equation can be rep-
resented in the following form for this case:

26V — kevnehwd (Ey — kevghot) — kg (0] E,
— (kvrro+ kvr [O]) (e¥—Evo)i
(4.16)

here ¢y is the average vibrational energy of the nitro-
gen molecule, which is related to temperature by
Planck®s relation (the conditions for validity of this
relation with non-Boltzmann level populations are
stated in Ref. 135) eyg=¢y (Ty = Ty), and the rate con-
stants kyg and ky ¢ describe the relaxation of the nitro-
gen molecules on N; and O, respectively. We note that
since the N,=N; VT relaxation is much slower than the
CO,~CO, relaxation (see Table III), the effect of vibra-
tional relaxation on atomic oxygen is strong in this
case, in contrast to the case discussed in Sec. 2. Ac-
tually despite the low concentration of O atoms, the
relaxation associated with them is of a nonadiabatic
nature and has a rate comparable to that of the relaxa-
tion on nitrogen.®® Thus, both the reaction and relaxa-
tion rates depend on the concentration of oxXygen atoms,
which are formed by dissociative sticking (¢, =10
cm®/sec) and by direct electron-impact dissociation
and are remgoved for the most part in the three-mole-
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cule ozonation reaction (k3 =10 ¢m®/sec).!*® 'Y Then
the steady-state oxygen concentration is

(4.17)

and, numerically for n,/ny= 103, equals[0);= 10 cm™,

It is evident from (4,15) and (4.16) that the VT-relaxa-

tion losses can be neglected by comparison to the ener-

gy input into the reaction if the vibratignal temperature

exceeds the critical value

Ay exp (zeE2/Thiw) [0] Eq
(kvrn,+ky [O)) fo

ne k
(Ol == 42

min __ -
TV —En In™t (4.18)
As in the dissociations of CO, and H,Q, this critical
temperature determines the threshold of the dependence
of energy efficiency on specific energy input. General-
ly, the existence of the critical temperature T7'*, like

‘the threshold behavior of 7(Ey), is characteristic in all

plasma-chemical processes that are stimulated by vi-
brational excitation. Then the steady-state value of the
vibrational temperature is given by

Ay exp (zeEL/Tohw) [0) E
kev!nehm . (4.19)
VT relaxation can be neglected in the active phase of

the discharge (73'> TP™) if

H =E,ln!

ne  kvr | Kvr [0)
ny > kev + kev np

(4.20)

When this condition is satisfied, the power put into N,
vibrations is expended basically on the reaction, and
the rate of the process in the active phase is

(4.21)

; fiw
W kevneno TQ_ .

Numerically with z, =10" c¢m™ and 7y=10" cm™, we
obtain W=3+10* cm™/sec, which is considerably high-
er than the rate of NO production in the alternative
mechanisms (see Sec. 1). Inthe passive phase of the
discharge, the oxide synthesis will continue owing to
the presence of previously generated excited Nf (=}, v)
molecules until the vibrational temperature has drop-
ped from T3'to TP'". The energy-balance equation
for the passive discharge phase is obtained from (4.16)
by specifying the law according to which the atomic-
oXygen concentration falls: [0] =[0]exp (~ksnd 0,)0).
This equation can be integrated analytically for tem-
peratures abgve the critical point and times that are
not sufficient for significant ozonation,'*® giving the
relation

T =% {1+ 5 [ oxp (F+ 355) aot00 ()1}
(4.22)

From this we find the reaction time in the passive
phase:

T o (4.23)
we see that 7, is smaller than the VT relaxation time.
This means that the reaction can be brought about effi-
ciently in the passive phase retaining the necessary
degree of departure from equilibrium, Considering

the similar results for CO; (subsection b of Sec. 2),

we may conclude that the condition 7, < 7y 1 is an im-

TR

14) pyrther oxidation of NO also contributes significantly at
high oxide yields.

Rusanov et al. 468




portant general qualitative property of nonequilibrium
plasma-chemical processes stimulated by vibratignal
excitation.

Let us now consider the efficiency of the synthesis,
which it is convenient, as in the case of H,O dissocia-
tion, to break up into three cofactors: 71="0,Mv 1M qem;
here 7,, is the part of the efficiency governed by losses
of energy in the discharge to unproductive excitation
and ionization channels (Fig. 23 shows that 7,,~0.8-0.9
at T,=1 eV), nyr describes the VT relaxation lpsses,
and Ny, is the chemical efficiency, which is related to
the losses in exoergic reactions. Given condition
(4.20), nyr is determined basically by the fact that in
the passive phase, when Ty drops to T+'*, practically
all the remalining vibrational energy is used to heat the
gas by vibrational relaxation. Actually, the energy
expended on vibratipnal relaxation according to the en-
ergy balance for the passive discharge phase amounts
to
(he)? d (1/Tv)

To

_f + 1y -1
Bvr= | ~ oy s [+ exp B (g =7y ] (4.24)
v,

and, accurate to terms of the second order of small-
ness fiw/E,, equals Ey =gy (Ty = TP'"). On this basis,
we obtain an estimate for the relaxation efficiency:

Ey—ey (Ty=T3M)

EV ." (4 025)
which, of course, includes the threshold (E, #0.5-0.8
J/cm®-atm) determined by the critical vibrational tem-
perature.

Nvr =

The chemical efficiency is sensitive to the specific
mechanism of the process. The energy released into
the products of the expergic reaction (4.3) obviously
cannot be used in useful reaction channels and goes
into heating of the gas.'”® Even for a long chain (4.2)-
(4.3), the chemical efficiency is limited to 74,, *50%.

Figure 27 shows the total efficiency as a function of
specific energy input'®® for comparison with experi-
mental results gbtained in various types of nonequili-
brium discharges. We see that the principal feature
of the plot, the n(Ey) threshold, is confirmed qualita-
tively and quantitatively by experiment.

e) Stability of oxides to reverse reactions

It is convenient to distinguish two classes of reverse-
reaction product losses. First there is the depletion
of NO under the action of free atoms and radicals,
which takes place as the plasma-chemical process ad-
vances, and then there is the decomposition of the
“finished” product as a result of gverheating at the
exit from the system. Reverse reactlons of the form-
er type include the process N +No—~ N,+O, which is
determined by atomic nitrogen. In a quasistatignary

15) The possible reaction NO* + 0, ~NO, +O, which uses the
excited NO* molecule from reaction (4.3), results in branch-
ing of the synthesis chain and in an increase in [O], but has
practically no effect on the energy characteristics of the
process as observed in experiments in a microwave dis-
charge with a magnetic field. ™42
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FIG. 27.

Energy efficiency of synthesis vs specific energy
input. 1) Calculation'?®; experiments with microwave dis-
charge; 2) Refs. 79 and 142; 3) Ref. 1; experiments with non-
self-sustained discharges; 4) Ref. 102; 5) Ref. 152; 6) Ref.
153.

approximation, the nitrogen-atom concentration varies
during the passive phase of the discharge in accordance
with the law

[N} (&)= 0], 20Tl

(4.26)

where the variation of Ty with time is determined by
relation (4.22). Writing the equation

exp (-—kzny [0y] £),

4[N0] _

dz (4.27)

—kn [NOJ [N] (2)

for this reverse reaction and integrating it, we find the
NO decomposition time 74 ,,'*

neke Ky Ea \2-

Tz::emi "okv‘; P[ N (ﬁ_(ﬂ) J (4.28)
The depletion of nitric oxide in reverse reactions of
this type is insignificant when 1',/1',=,,e‘,n <« 1, which is the
case at the parameter values considered, with the oxy-

gen temperature above 10° K (see Ref. 138 for the vari-
ous oxygen-excitation channels),

Reverse reactions of the second type—reactions of
nitric oxide at the exit from the system (primarily
NQ +NQO—N; + O;)—are characterized by comparative-
ly high activation barriers and become significant only
at T, 21500 K,’®® Statistical quasiequilibrium of the
reactions N, + O, =N+ NQ is established by this over-
heating; its constant 2, can be expressed in terms of
the standard thermodynamic constant %, and the values
of the equilibrium X,(E,) and nonequiltbrium X(E,) vi-
brational populations near the activation barrier:

0 (T, To) ==y (Tg) 28 (4.29)

It is seen that when the subsystems are kept off equili-
brium[7y > T; and X(E,) > X (E )], the existence of de-
tailed balance of the forward and reverse reactions on
several vibrational levels does not yet significantly
lower the energy efficiency, k,>k,. However, the
temperatures become comparable as vibrational re-
laxation progresses, with the result that the constant
k, tends to its equilibrium value, giving rise to signi-
ficant energy-efficiency losses. We note that a kind of
relaxation process with exchange of vibrational quanta
via the reaction products is also significant here. Like
VT relaxation, which results in establishment of a
Boltzmann distribution and failure of nonequilibrium,
this process can be described within the framework of
statistical mechanics.**#
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Assuming the absence of gverheating above the tem-
perature limit (7, <1500 K), we gbtain ~5 J/cm®-atm
for the largest admissible specific energy input. Thus,
the optimum process regime for medium- and elevated-
pressure systems corresponds to an energy input of 2-
3 J/cm3-atm (efficiency ~35%) and gives a relative
oxide yield of 10-15%.

f) Experiments on the synthesis of nitrogen oxides
in plasma

As we indicated above, the maximum energy efficien-
cies attainable in the synthesis of nitrogen oxides in
nonequilibrium discharges (~35%) are low, compared,
for example, to the dissociation of CO; and H;O. This
is primarily the result of irreversible energy losses in
the exoergic stages (4.3) of the synthesis chain. How-
ever, as was evident from the brief review of experi-
mental material given at the beginning of the present
section, difficulties are encountered in attaining even
this relatively low efficiency.

As of this writing, the highest energy efficiency in
the synthesis of nitrogen oxide (~30%, energy consump-
tion ~3 eV/molecule) has been obtained in a nonequili-
brium microwave discharge with a magnetic field work-
ing under electron cyclotron resonance (ECR) condi-
tions. Let us examine this experimental system, which
is shown schematically in Fig. 28, in somewhat greater
detail.”®¥? The equipment worked both in a pulsed
mode (with a magnetron radiation source) and in a
continuous mode (in which case the source was a kly-
stron) at pressures of 10 to 100 Torr (N,]:{0,]=1:1).

The magnetron generator (A=3 mm) had a power of
~30 kW, a pulse duration of 0.3 psec, and repetition
frequencies up to 10° Hz; the klystron (A=8 mm) had a
power of ~30 W, Pgwer was fed from the microwave
generator to the reactor via a standard rectangular-
section waveguide (7.2Xx3.4 mm). The reactor walls
were cooled with liquid nitrogen to prevent a possible
overheating of the system. The equipment produced
the following range of discharge parameters: n,=10"—
10% ¢cm™, 7,=600-1300K, and T,=1-2 eV.

Forevacuum pump

CI
5.

FIG. 28. Diagram of microwave apparatus with magnetic field.

1) Reactor; 2) Wave-type converter; 3, 4) Solenoids; 5)
Vacuum pump; 6) Nitrogen trap; 7) Refrigeration; 8) Gas cy-
linders; 9) Control volumes; 10) Vacuum gauge; 11,12) Dif-
ferential manometers; 13) Directional coupler; 14) Spectro-

graph; 15, 16) Microwave detectors; 17) Semitransparent mir-

ror; M) magnetron; K) klystron; S) diagnostic window.
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Under ECR conditigns, the plasma absorbed over
90% of the power supplied, whereas in the absence of
the magnetic field only 3-5% of the power was absorbed.
We note that ECR not only optimizes the absorption of
microwave energy, but also makes it possible to con-
trol the average energy of the electrons and, conse-
quently, the degree of ionization. Detailed chemical
analysis of the products, including mass spectrometry,
showed a record-high synthesis energy efficiency of
~30%, which is near the theoretical limit, in pulsed
operation under optimum conditions.

In an interesting experiment on the synthesis of nitro-
gen oxides in a plasma-beam discharge, a relatively
high product yield (~20%) was obtained at a specific
energy input of 2 eV/molecule and comparatively low
energy efficiency (~10%).**''® However, it remains
unclear whether the synthesized oxides were stable in
this system, where the translatignal temperature
reaches several thousand degrees.

CONCLUSION

The above analysis of plasma-chemical process kin-
etics shows that the processes most promising from the
standpoint of energy efficiency are those that proceed
selectively via vibratipnally excited states of the mole-
cules with a considerable difference between the vibra-
tional and translational temperatures. The theoretical
calculations and the brief review of experimental re-
sults indicate that such processes are simplest to
bring about in gases that admit of strong vibrational
excitation and relax relatively slowly—N;, CO, and
C0Q;. According to the data now available, the dissocia-
tion of CO, and the synthesis of nitrogen oxides are
most effectively stimulated by vibrational excitation.

The energy efficiencies of plasma-chemical reac-
tions stimulated by excitation of molecular vibrations
depend strongly in turn on the conditions in the dis-
charge. The highest efficiencies are attained in a nar-
row range of plasma parameters—the electron tem-
perature must be held at around 1 eV and must be con-
siderably higher than the translational temperature
(T, <10® K), the degree of ionization must be no lower
than 107-10"® (in particular case of the decomposition
of water, this requirement is several orders of magni-
tude more rigid), and, finally, the specific energy in-
put should be 1 eV/molecule (~5 J/cm®-atm).

Practical realization of gas discharges with the
parameters that ensure the best energy indicators is
an independent and extremely complex problem that is
beyond the scope of the present review. Nevertheless,
considering the urgency of this problem, we offer a
number of comments on the usefulness of specific types
of discharges in bringing about the aforementioned
optimum conditions in the plasma-chemical processes.

The requirements imposed on discharge systems in
nonequilibrium plasma chemistry have much in common
with the requirements that arise in the construction of
powerful molecular-gas lasers, It is interesting that
this parallel is legitimate in spite of the fact that the
specific energy input is an order of magnitude higher
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at the optimum in plasma-chemical systems as com-
pared to laser systems. As in the case of molecular
lasers, electric arcs of hf and microwave quasiequili-
brium discharges, which usually involve high (z10°
Torr) pressures, offer little promise for initiating

the processes discussed above, since it is not possible
to obtain the necessary separation of the vibratignal
and translational temperatures.“‘ Low-pressure

(<1 Torr) systems, where, despite the comparative
simplicity of maintaining the nonequilibrium state (7,
> Ty), energy efficiencies are still low, are also for
the most part unattractive in plasma chemistry. In the
case of the traditipnal low-pressure, constant-field
glow discharges, this results basically from the fact
that the parameter E/p (at pR << 10 Torr*cm), which
determines the electron temperature and the specific
energy input Ey, is higher than optimum.®®*? Asa
result of this, on the one hand, the high values of E/p
cause localizatipn of a significant fraction of the pow-
er on unproductive electronic-term excitation channels
and, on the other hand, the energy that has already
been concentrated in molecular vibrations at “excess-
ively high” energy inputs (Ey > 1 eV) relaxes easily,
sharply lowering the efficiency of the process. Simi-
lar effects lower efficiency in the low-pressure hfi
discharges discussed in subsection ¢) of Sec. 2. We
note that the pressures are higher (10-50 Torr™®®) in
present-day glow discharges, which operate in a fast
gas flow, and that the basic parameters are closer to
optimum. In principle, the transition to gptimum pa-
rameters in low-pressure systems is possible in the
plasma-beam discharge, which has undergone inten-
sive development in recent years.’*® In this discharge,
beam instability results in transformation of electron-
beam energy into plasma oscillations, the field of which
heats the electrons to the necessary energy. Unfor-
tunately, realization of the necessary optimum dis-
charge conditions in these systems requires an ex-
tremely high level of Langmuir noise ¢ = E,/4mn,T,

2 (bey/kea)iw/T,~0.1 (where %, is the rate constant

of elastic scattering of electrons by molecules), while
Langmuir noise with a level no higher than £=10?%-10%
has thus far been recorded in experiments with beam-
plasma interaction at pressures <107 Torr, '™ In
general, low-pressure systems are characterized by
comparatively low specific productivity and by the use
of large amounts of energy for gas transport, which
makes them much less interesting from a technological
standpoint.

Non-self-sustained atmospheric-pressure discharges
sustained by relativistic electron beams (REB) or UV
radiation appear most promising for the develppment
of powerful gas lasers.!®!1:2#:167+18 They provide the
necessary degree of ipnization and electron tempera-
ture and maintain the necessary nonequilibrium condi-
tions: T, Ty > Ty. An important advantage of these
discharges is their spatial homogeneity., However, the
specific energy inputs gbtained thus far are still not
high enpugh to make an approach to the optimum plas-
ma-chemical regime. Nevertheless, the specific
energy input has exceeded the critical threshgpld value
in a number of experiments performed by the Physics
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Institute of the Academy of Sciences (FIAN),'? the In-
stitute of Atomic Energy (IAE),'® and the State Scien-
tific Research and Planning Institute of the Nitrogen
Industry and Products of Organic Synthesis (GIAP),'®
and an efficient reaction stimulated by vibrational exci-
tation was observed. The chief ogbstacles to higher
energy inputs in such systems are instabilities, which
are now under intensive study.'®?"'® Above we discuss-
ed pulsed or stable-frequency non-self-sustained dis-
charges at atmospheric pressure; as concerns the ana-
logous steady discharges,'®®''"" their use is now limited
by the low REB current densities and the resulting
comparatively low degrees of ionization. Further im-
provement of steady atmospheric-pressure discharges
may, in the future, make them the most interesting
plasma-chemical systems from both the physical and
the technological standpoints. This statement applies
not only to non-self-sustained discharges sustained by
REB, but also to other nonequilibrium, spatially homo-
geneous discharges excited at atmospheric pressure
using subsonic and supersonic gas flows.'®®

An important fundamental difference between plasma-
chemical and laser systems is that the former are ngt
subject to such rigid requirements as to the spatlal
homogeneity of the nonequilibrium discharge over the
entire volume. Medium-pressure nonequilibrium hf
and microwave discharges are interesting in plasma
chemistry for this reason (see subsection c) of Sec. 2).
Despite the lack of spatial homogeneity, it is these
systems that have recently made possible the best ap-
proach to the optimum #,/ng, 7T, and Ey, the initiation
of reactions stimulated by vibratignal excitation, and
attainment of the highest energy efficiencies in the
endoergic processes discussed in this review. Once
past the difficulties of scaling these nonequilibrium dis-
charges,!® their powers can now be raised to 100 kW*
while retaining high chemical-process efficiencies (up
to 80%), so that they are even now tehcnologically
promising.

Ty this brief comparative analysis of the various dis-
charge schemes we should add the remark that it is
still impossible to designate a specific type of dis-
charge in which it is simplest tg arrive at the gptimum
plasma-chemical reaction conditions described in this
review., The fact that the best energy-efficiency indi-
cators are currently obtained in medium-pressure
microwave discharges does not prove that they are ex-
ceptional, especially when we consider powers exceed-
ing 100 kW. It is even pgssible that each specific plas-
ma-chemical process may require the construction of
individual gas-discharge systems with characteristics
that are optimal for this process algpne. Nevertheless,
it can be stated with certainty even now that nonequili-
brium-plasma chemical processes stimulated by vibra-
tipnal excitation of the reagents by plasma electrons are
capable of productivities up to 10 m® of product gas per
hour from 1 cm® of active plasma volume at energy effi-
ciencies up to 80%. These indicators of the endoergic
processes (first of all, the production of hydorgen and
carbon monoxide), and especially their specific pro-
ductivities, are far superior to those of alternative
methods and can already be used today to solve various

Rusanov et a/. 471



important problems in atomic-hydrogen power engin-
eering and metallurgy with the aid of nonequilibrium
plasma chemistry.
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