D.C.—ARC PLASMA GENERATOR
FOR NONEQUILIBRIUM
PLASMACHEMICAL PROCESSESY

KVALTIN, 1.2), Prague

The conditions for nonequilibrium plasmachemical reactions are discussed, espe-
cially those for high threshold synthesis. The analysis of conditions for the gener-
ation of the nonequilibrium plasma is made and the design of the d.c.—arc plasma
generator is suggested on the basis of a chosen criterion. The measured E-I-u
characteristics of atmospheric pressure Ar arc are presented as well as the positive
plasma column potentials of that generator.

I. INTRODUCTION

The vibrational energy of molecules E, is the most effective energy in realizing
the endothermic high threshold reactions, e.g. the simple reactions of the type:

A+BC=AB+C (1)

The translational energy of the particles E; contributes to the energy E, during
the collision if the exchange of atoms occurs (see [1]). Macheret et al. suggested
to determine the reaction rate coefficient K(T,,T,) by integration of the crossec-
tion function o[E;, E,], which depends on both these energies. For a given energy
distribution functions fi(E;), fu(Ey) [1] then is

K(T,,T,) ~ \ \ o(By, B)EY2Fi(E) fo(E)AEdE, . @)
E(=F(E,)

The effective threshold of reaction is defined by a threshold curve £y = F(E,), not
only be the activation energy of reaction E,. From the analysis of (2) it follows
[1] that the reaction threshold as well as the value of the reaction rate coefficient
K(T,,T,) depends on values of the gas temperature T, and on the nonequilibrium
degree T, /T, simultaneously. The efficiency of reaction is connected with the excess
of all energy ~ (T, + T,) over the reaction enthalpy @, and also with the excess
of vibrational energy ~ (T, /T,) if the reaction and relaxation runs.

1) Contribution presented at the 8th Symposium on Elementary Processes and Chemical
Reactions in Low Temperature Plasma, STARA LESNA, May 28 - June 1, 1990
2) Institute of Plasma Physics, 182 11 PRAGUE, CSFR
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The nonequilibrium conditions in the discharge can be reached by the free elec-
tron excitation of the vibrational levels (e~V). The Treanor up-pumping mecha-
nism (V-V) can lead to the dissociation if the gas temperature Ty is sufficiently
low. Of course, the energy electrons can dissociate the molecules directly (e — D).

Coupling between the electron distribution function EDF and the vibrational
distribution functions of the ground N, or the electronically excited N; states
occurs in the low-energy (0.5 < 7 < 3eV) discharges. The second-kind collisions
tend to equalize the electron temperature T, to a vibrational T,. This mechanism
can enlarge the relaxation process by an order of magnitude. Capitelli et al.
(2] estimate the value of T, in the afterglow of this low-pressure discharge by
the criterion ¢ = (E/N)n.r/p, where 7 is the residence time of particles in the
discharge and p is-the—pressure.

The vibrational energy E, is dispersed mainly by its conversion on the trans-
lational one (V-T). An increase of the gas temperature T, progressively elimi-
nates the nonequilibrium effects and shifts the Treanor distribution (or the similar
nonequilibrium one) to the Boltzman distribution. The gas temperature T, ~ 6 kK
is the upper limit by some authors [2] when the relaxation (V-T) overcomes the
up-pumping processes (V-V) in the low pressure system. Moreover, this limit can
be lower for the reactions of polyatomic molecules [3].

The dissociation rate constants K4 are described in some cases by the depen-
dence on the reduced electric field E/N or E/p only. For nitrogen gas N, e.g., the
pure vibrational mechanism (PVM) runs up to the value of EJ/N ~ 6x10716Vem?,
for the higher values of E/N the direct electron impact mechanism (DEM) can
prevail. Moreover, the small amount of hydrogen Hs can strongly reduce the im-
portance of PVM [4].

The importance of keeping a low gas temperature T, is seen also from the
equilibrium calculations of systems in which the condensed phase appears [5, 6].
Solids originate at the gas temperature T, much lower than that for the dissociation
of the reagent molecules.

Some first conclusions about the effective running of the high-threshold, high-
pressure synthesis can be made on the basis above-mentioned notes (condensation
of solid we will demand): 1. high nonequilibrium degree T, /T, (or T, /T,) of gen-
erated plasma is demanded; 2. sufficiently low gas temperature Ty is necessary; 3.
quick mixing of the proper chosen reagents in afterglow is required to utilize the
short relaxation time.

Plasma nonequilibrium degree in the atomic gas discharges is estimated for
example by the Finkelnburg criterion. For the elastic collisions in the weak electric
field there is {7, 8]

(T. - T))/T. = (M/4m.)[X.eE/(3/2)kT,)?, (3)

where X, is the mean free path of electrons, m, is the mass of the electron. The
relative value of the nonequilibrium degree is determined mainly by the fraction of
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electron energies, i.e. the one obtained from the electric field, and of the thermal
energy. This formula also shows the way how to increase the nonequilibrium degree
in the case of prevailing inelastic collisions in the molecular gases, i.e. to increase
mainly £. Maximal electric field intensity £ was measured in the linear type of
a d.c.—arc generator. The field intensity £ = 250V /cm was reached in the air or
nitrogen type discharge if the transpirational channel wall was used, in contrast
to the value of £ = 60 V/cm only in the smooth wall channel [9, 10].

Panasenkoet al. [11] studied the breaking of LTR on the atmospheric pressure
argon arc. Nonequilibrium AT = T, — T, ~ 1 kK exists on the arc axis and also on
the whole radius R for the current I = 5A. We can see from the model results that
magnification of the nonequilibrium degree T, /T, is possible also by decreasing the
discharge current I. Elongation of the nonequilibrium zone along the 2 axis in the
afterglow is caused due to the increase of the gas flow rate g as well.

IL. CRITERION OF NONEQUILIBRIUM

Estimation of the nonequilibrium degree, or at least estimation of the conditions
under which the nonequilibrium in the plasma appears, can be useful.

Pfender states that the value assumed for thermal plasmas can be E/p =
10 V/mkPa, while this value in nonequilibrium plasmas can exceed 10* V/mkPa
[12]. Another simple criterion is cited in the mentioned work of Panasenko. mwoB
the values obtained in the Lelevkin measurement it follows that the nonequilibrium
exists on the axis of the atmospheric pressure argon arc for I/d < 100 A/cm [11].

The gas T, and the electron T, temperatures strongly influence the flow of
the cold gas through the discharge. While T, decreases monotonically with the
rise of the gas velocity u (we assume a sufficiently large channel radius R), the
electron temperature T, increases with the rise of u only. Then we can estimate
the nonequilibrium degree by the formula:

Te/Ty ~ [I(E/p)(u/D)]. (4)

This formula is in agreement with the previous ones. It can be also in agreement
with the results of model [11] if some dependence between the gas flow rate g, the
discharge channel diameter d, and the gas velocity u is assumed, though the model
is a simple one. The dependence can be valid also for molecular gases and it can be
linear in some interval of electron energies. The value of ¢°* = (E/p)(u/I) ~ (10~3+
10-2)Q/s Pa is estimated for the origin of the nonequilibrium degree T /T, > 1
on the argon arc axis.

III. EXPERIMENTAL

The best conditions for the nonequilibrium UHF synthesis exist if the tMermal-
ization of the generated plasma is minimal, further if the given device operates at
the lowest power [13]. The power or enthalpy cannot characterize sufficiently the
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plasma generated for the aim of nonequilibrium synthesis [14]. The described type
of the d.c.—arc atmospheric pressure plasma generator can enable to study these
conditions.

The generator design issues from the mentioned criterion. First, we endeavoured
to get maximal values of the electric field intensity £ by a maximal velocity u of
the cold gas. The gas has to influence the discharge along all its length, thus the
transpirational wall of the channel is suitable to be used. Secondly, the minimal
current I was required for the atmospheric pressure arc discharge (p =~ const). Of
course, stable burning is also required. The radius R = 0.4cm of the discharge
channel was chosen (approximately 1/2 of the characteristic diffusion length), to
further the increase of the field intensity E. The length of the arc is { — 6.5cm.

The beginning of the arc is carried out between the cathode and the assistance
anode by high-frequency, high-voltage circuits. The arc is then switched-over on
the anode [15). The potentials are picked-up along the channel by metallic rings
which introduce the gas flow into the channel simultaneously. The discharge has

been studied in the argon gas up to this time. The schematic diagram of the
generator is in Fig. 1.

Fig. 1. Arrangement of the d.c.-arc plasma generator. 1 — cathode, 2 —— assistance anode;

3 — ring section (metal and insul. rings); 4 — anode; 5 — H.F.-H.V. circuits;
7 — ring potential terminals

6 — gas inlets;

IV. RESULTS

Obtained E-I-u characteristics for the argon arc are illustrated in Fig. 2.

The electrode voltage drop was assumed AUjg = AUe = 5V [see 13]. The
characteristic gas velocities u in the slots of the metalic rings were evaluated from
the gas flow rate g. The picked-up plasma column potentials AU between the
metalic rings are recorded in Tab. 1 (the rings are numbered from the cathode).
The obtained values of field intensity E are in agreement with those obtained on
the pore-like transpirational wall plasma generator [see 10]. The graph of potentials

for the current 7 = 30 A is in Fig. 3. The temperatures of the plasma T, T, have
not been measured.
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Fig. 2. The E-I-u characteristics of the Fig. 3. Potentials D.Q Umaiwo: the

argon arc (p =~ 10°Pa). u — velocity in  metallic rings. Terminals of rings are

slots of rings numbered from cathode. (I = 30A,
g=09g/s, u=3m/s)

Table 1

Potentials AU and electric field intensity E on the plasma column

N° of term 1.-3. 3.-5. 5.-9. 9.-13. Cond.

T 19.40 20.30

AU [V] 8.75 9.75 .

E [V/m] 975 1080 1080 1120

E {V/m] ~ 600 2
Conditions -1 T =48A;9=22gs" 1, 2R=8x10"%m; L/2R=38

-2{11: I =60A; g=1.1gs7;2R=10x10"3m; L/2R =5

V. CONCLUSIONS

If we use the Polanyi-Semenov rule F, = 46.12 + 0.75Q [16] to estimate nr.m
activation energy of the equilibrium reaction, we can obtain really high quanti-
ties {extreme for the silicon nitride enthalpy Q = 7.5 x 102 E\ABQ am. Hro
primary interest is to get the lower synthesis threshold and SmmE@. the reaction
rate coefficient K(7},T,). The use of the d.c-arc generator can bring some ad-
vantages with respect to the UHF synthesis, but a minimal gas temperature T,
and a high nonequilibrium degree T, /T, (or T./Ty) of the plasma are necessary.
Another problem is to choose proper reagents and mix them in the m.somm to utilize
the short relaxation times. The study of new conditions for nonequilibrium plasma
generation can also be useful. o

The previous results confirmed the conception based on the stronger criterion
of the nonequilibrium. From the E-I-u characteristics we can see the growth of
the electric field intensity £ depending on the growth of the gas velocity u. The
field intensity £ grows also with the drop of the current I if the pressure p is :m.w_n_
constant. The mutual dependence of quantities exists due to the plasma conductiv-
ity, thus some deviation in the course of the characteristic can be measured. The
sum of potentials AU is smaller also in comparison with the between-electrode
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potential, owing to the thickness of the metallic rings.
It will be necessary to carry out in future the measurement of temperatures
on the argon gas (or chosen gas mixtures). The knowledge of the electron concen-

tration can be useful also, because decrease of the discharge current can cause an
increase of the reaction gain [9, 18, 19].
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7 TOKA
BOM 'EHEPATOP IJIA3MEI HOCTOSAHHOTO
h%m%:m HEPOBHOBECHBIX IMJA3MOXUMUUYECKNX
IPOIIECCOB

B @P@OH@ O@O%%hpsﬂﬁm YCHAOBUA B HEPOBHOBECHBLIX =bwwgoxsg:£wnxsw
mpoueccoB C LEJI0O U3YUEHUA BbHICOKONNOPOIroOBOI'0 CHMHTE3aA. HaJIN3 %Obwmmn.”\—ml
reHepanmnm Im—uomzowmnﬂcﬁ nja3Mbl UCIIONL3YETCA NpPU NOEOH—U%T”HMG o
paTopa nna3MeHHo Ayru noCTOAHHOI'O TOKa. :U@&mbm:o u3Mepe Q.O—AOZ
TaxXe NoTEHUHAJa I1JIAa3MEHHOI'o NHYTA CeHepaTopa NpH P..ESOO%@@:&
NaBJIEHVH Ar.
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