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2. Objectives 

This AASERT program has enabled the training and support of four graduate stu- 
dents (Richard Gessman, Ph.D. 1999, Edward Wahl, Ph.D. 2000, Kate Snyder, Ph.D. 
2002, expected, and Jonathan Flad, Ph.D. 2002, expected) in the framework of the Air 
Plasma Ramparts MURI program entitled "Mechanisms of Ionizational Nonequilibrium 
in Air Plasmas," with Prof. Charles H. Kruger as the Principal Investigator and Dr. Robert 
J. Barker (AFOSR) as Technical Monitor. 

The goal of the Air Plasma Ramparts program is to investigate energy efficient 
methods for creating and sustaining large volume atmospheric air plasmas with electron 
number densities greater than 10'3 cm"3 that can be employed to shield aircrafts or other 
sensitive components from electromagnetic radiation. Our approach at Stanford Univer- 
sity has been to enhance ionizational nonequilibrium by means of applied electrical dis- 
charges. Our investigations have focused on two types of discharge, namely direct- 
current (dc) and repetitively pulsed discharges. The AASERT students involved with this 
program have provided support in the study of the dc discharges in air and nitrogen plas- 
mas. The outcome of this work is presented in the following section. 

3. Accomplishments/New Findings 

We first describe our two-temperature chemical kinetic models of air plasma dis- 
charges. The influence of departures from a Maxwellian distribution of the free-electrons 
are examined with a simplified collisional-radiative model coupled with a Boltzmann 
solver for a nitrogen plasma. We then present results of experiments in atmospheric pres- 
sure air and nitrogen, using either cold or preheated process gas, in which the electron 
density was raised to above 1012 cm"3 by means of a DC discharge. The modeling and 
experimental results obtained with these DC discharges have led us to design pulsed dis- 
charge experiments in which electron densities of more than 1012 cm"3 in air are produced 
with approximately 12 W/cm3, a factor 250 times lower than the power required for a DC 
discharge. 

3.1. Two-Temperature Kinetic Models 

Two-temperature chemical kinetic models were developed to understand the 
mechanisms governing ionization and electron recombination in discharges produced by 
an applied electric field. The two temperatures are the electron temperature, Te, and the 
gas temperature, Tg. Rate coefficients describing the air plasma chemistry were derived 
using the Weighted Rate Coefficient (WRC) method presented in ref 2. In this method, 
rate coefficients are calculated as a weighted average of elementary rates over the internal 
states of atoms and molecules.   Elementary rate coefficients are calculated from cross- 



section data assuming Maxwellian velocity distribution functions for electrons and heavy- 
particles, and are then averaged over the internal energy levels, assuming Boltzmann dis- 
tributions at the electronic temperature Tci, vibrational temperature Tv, and rotational tem- 
perature Tr. It is further assumed that Tc] = Tc and Tr = Tg. The remaining parameter, Tv, 
can only be determined by means of a collisional-radiative (CR) model of vibrationally- 
specific state-to-state kinetics. We have developed a CR model to determine the relation 
between Tv and Tg and Tc in atmospheric pressure nitrogen plasmas (ref. 3). It was 
shown (ref. 4) that the steady-state concentrations determined with a two-temperature ki- 
netic model assuming that Tv = Tg are in close agreement with the CR model predictions 
in the range of electron densities of interest here, and are at worse within a factor 5 of the 
CR model predictions at electron densities greater than about 1017 cm° (region B in 
Fig. 1). In contrast, the often-used assumption Tv = Tc would produce steady-state elec- 
tron number densities several orders of magnitude greater than those obtained with the 
CR model at the electron densities of interest. We extend these results to atmospheric 
pressure air by calculating all WRC rate coefficients with the assumption Tv = Tg. Two- 
temperature kinetic calculations were made with the CHEMKIN solver (ref. 5) modified 
to account for two-temperature rates (ref. 6). Electron attachment reactions are neglected 
because the equilibrium concentrations of (V and O" are negligible relative to the 
concentration of electrons in atmospheric pressure air above ~1500 K. 

3.2. Two-temperature Chemistry Simulations 

We consider first the case of an air plasma in equilibrium at 2000 K and 1 atm at 
time zero when an elevated electron temperature is instantaneously prescribed, in an ide- 
alized way modeling an electrical discharge in a reactor section. Species concentrations 
are calculated for various electron temperatures while keeping the gas temperature con- 
stant at 2000 K. For Tc > 6000 K, electron-catalyzed ionization reactions become impor- 
tant and the steady-state electron number density increases rapidly with the electron tem- 
perature. The small circles in Fig. 1 represent the predicted steady-state electron number 
densities as a function of the electron temperature in atmospheric pressure air at fixed Tg 

= 2000 K. An abrupt change in electron density occurs for Tc = 17,000 K where the pre- 
dicted steady-state electron number density suddenly increases from -10 to 
~4xl 017 cm"3. 
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Fig. 1. Steady-state electron number densities predicted by CHEMKIN and analytical solution 

In the reverse case where steady-state electron concentrations are calculated from 
an initial composition given by the steady-state solution at Tg = 2000 K and Tc = 22,000 K 
(corresponding to nc

(t=0) = 1018 cm"3), the predicted steady-state electron number densities 
(large circles in Fig. 1) start by decreasing along the same upper curve as in the previous 
case, but instead of the abrupt decrease at 17,000 K, continue their smooth decrease until 
the electron temperature reaches ~14,000 K. When Tc is further decreased below 14,000 
K, the steady-state electron density abruptly decreases and then retraces the solution of the 
previous case. Thus the electron number density as a function of the electron temperature 
presents a hysteresis. Detailed examinations of the mechanism and rates were made to 
determine the main reactions controlling the steady-state electron number density in re- 
gions A and B (ref. 6): 

Region A: When the electric field is applied, the electron concentration rises rap- 
idly as a result of three-body electron-impact ionization of N2 and O2 and of electron- 
impact dissociation of 02 followed by electron-impact ionization of O. The charged spe- 
cies produced by these processes undergo rapid charge transfer to NO+, mainly via 0+ + 
N2 => NO+ + N. The main electron removal reaction is the two-body dissociative recom- 
bination reaction NO+ + e =» N + O. When the concentration of NO+ becomes suffi- 
ciently large, the rate of dissociative recombination balances the rate of electron produc- 
tion and the plasma reaches steady-state. Thus in Region A, the termination step of the 
ionization process is the two-body recombination of a molecular ion. 

Region B: The initial electron number density increase occurs by the same proc- 
esses as in region A, i.e. electron-impact ionization of N2, 02, and O. Unlike in Region A, 
however, charge transfer reactions are not fast enough to produce sufficient NO+ for the 



rate of dissociative recombination to balance the ionization rate. This is because the latter 
reactions are controlled by the gas temperature, whereas electron impact ionization reac- 
tions are controlled by Tc. The limit between Regions A and B corresponds approxi- 
mately to the electron temperature for which the rate of the charge transfer reaction 0+ + 
N2 =» NO+ + N is comparable with the rate of avalanche ionization by electron impact. 
Above this critical electron temperature, the avalanche ionization process continues until 
all molecular species are dissociated. Eventually the rates of three body electron recom- 
bination reactions balance the rate of ionization, and steady-state is reached. 

Analytical solution: The kinetics in Regions A and B can be described with a 
simplified subset of reactions that take into account the dominant channels discussed in 
the foregoing section. With this simplified mechanism, the steady-state concentrations of 
major species are obtained by solving the species conservation equations of electrons, 02, 
O, NO+, 0+, 02

+, and N2
+. By elimination of n0, no2, n0+, no2+, nN2+ and nNo+, a tenth de- 

gree polynomial in nc is obtained, with coefficients that only depend on Tg, Tc, nO2
(0) and 

nN2
(0). The roots of this polynomial are plotted in Fig. 1 along with the CHEMKIN predic- 

tions obtained with the full kinetic mechanism. As shown in Fig. 1, the analytical solution 
generally agrees with the CHEMKIN predictions in regions A and B, but it also exhibits 
an extra solution (Region C) that could not be attained with CHEMKIN. If CHEMKIN is 
initialized with a point in Region C, a new steady-state electron number density is ob- 
tained on either the lower (Region A) or upper (Region B) limb of the steady-state 
CHEMKIN curves. 

3.3. Experimental DC Discharges 

For comparison with the kinetic model, the "S-shaped" curves of ne vs. Te have 
been converted into more readily measured current density vs. electric field by use of 
Ohm's law and the electron energy equation. The latter incorporates the results of the col- 
lisional-radiative model to account for non-elastic energy losses from the free electrons to 
the molecular species. The electrical discharge characteristics of Fig. 4 in the following 
section exhibit variations that reflect both the S-shaped dependence of electron number 
density versus Tc, and the dependence of the inelastic energy loss factor on the electron 
temperature and number density. 

To test the predicted S-shaped curve, DC discharge experiments were conducted 
with low temperature, atmospheric pressure flowing air and nitrogen plasmas. The ex- 
perimental setup is shown in Fig. 2. Process gas is injected in the discharge region with 
low initial temperature and electron density. Spectroscopic and electrical measurements 
are made of the temperature, electrical conductivity and electron density as a function of 
the applied discharge current. 
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Fig. 2. DC Discharge schematic. 

3.3.1. DC Discharge Experiments in Air 

Fig. 3a shows a photograph of the air plasma plume at a temperature of approxi- 
mately 2000 K in the region between the two electrodes without the discharge applied. 
Fig. 3b shows the same region with a DC discharge of 5.2 kV and 200 mA applied. The 
interelectrode distance is 3.5 cm. The bright center region in Fig. 3b corresponds to the 
discharge-excited plasma. The discharge diameter is approximately 3.2 mm (at half- 
maximum intensity) and the electron concentration determined from electrical conductiv- 
ity measurements is approximately 1012 cm~\ The temperature profile was measured 
from rotational lines of the OH (A-X) transition in the case without the discharge, and of 
the N2 (C-B) transition with the discharge applied. The centerline temperature decreases 
from 2300 K at the cathode to 2020 K at the anode when no discharge is applied. With 
the discharge, the measured temperature remains approximately constant at 2300 K along 
the discharge axis. Radial temperature profiles measured at 1.5 cm downstream of the 
cathode are shown in Fig. 3 c. It appears that the discharge does not noticeably increase 
the rotational temperature of the plasma under these conditions. 
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Fig. 3. (a) Air plasma at 2000 K without discharge, (b) Air plasma at 2000 K with discharge (1.4 
kV/cm, 200 mA). Interelectrode gap: 3.5 cm. Measured electron number density in the discharge 
region: ~1012 cm-3, (c) Rotational temperature profiles at 1.5 cm above the bottom electrode. 

The measured discharge characteristics for plasma temperatures ranging from 
1800 to 2900 K are shown in Fig. 4. Also shown are the predicted discharge characteris- 
tics at temperatures of 2000 and 3000 K. A more detailed description of our theoretical 
work on discharge characteristics may be found in ref 6. Good agreement is obtained 
between the measured and predicted discharge characteristics over a range of experiments 
spanning over three orders of magnitude in current density. 
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Fig. 4. Measured (symbols) and predicted DC discharge characteristics in air at 1 atm. 

3.3.2. Discharge Experiments in Nitrogen 

Discharge experiments were also conducted with atmospheric pressure nitrogen 
either at room temperature or preheated to temperatures between 1800-2250 K.  For the 



room temperature experiments, nitrogen is injected between the electrodes at a velocity of 
about 2 m/s. The gas heats up to temperatures between 2200 and 2800 K as a result of 
discharge-induced Joule heating. For the experiments with preheated nitrogen, the gas is 
injected at about 450 m/s. Owing to the relatively fast flow rate, the gas temperature re- 
mains practically constant in the discharge region. The discharge diameter is about 1.7 
mm in the room temperature nitrogen experiments, and 5 mm in preheated nitrogen. The 
difference in discharge diameters is due to the larger radial thermal gradients in cold ni- 
trogen than in the preheated flow. In all cases the measured cathode fall is about 300 V, 
which is typical of a glow discharge. The measured discharge characteristics are shown 
in Fig. 5, along with the characteristics calculated with the nitrogen CR model. As shown 
in Fig. 5, the measured characteristics support the results of the chemistry and discharge 
models. 

The foregoing calculations were performed using Maxwellian distribution func- 
tions for the translational energies of the electrons and heavy particles. To investigate the 
limitations of this simplification, the electron Boltzmann equation was solved for nitrogen 
plasmas in conjunction with a somewhat simplified form of the collisional-radiative 
model. The results, shown in Fig. 6, do not differ significantly from those with the Max- 
wellian version. 

1800 

Current density, j (A/cm ) 
Fig. 5. Measured (symbols) and predicted DC characteristics in nitrogen at 1 atm. 
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Fig. 6. Predicted discharge characteristics in atmospheric pressure nitrogen at 2000 K. 

3.4. Summary and Conclusions 

Two-temperature (Tc>Tg) kinetic models accounting for ionizational, chemical, 
vibrational and electronic nonequilibrium, and incorporating a collisional-radiative model 
with over 11,000 transitions have been developed to understand the mechanisms of ioni- 
zational nonequilibrium in atmospheric pressure air and nitrogen electrical discharges. 
These models predict that (even) at atmospheric pressure energetic electrons driven by the 
discharge can establish and maintain electron-density nonequilibrium of over six orders of 
magnitude. An unexpected result is an "S-shaped" dependence of ne on Tc at steady-state 
for a given gas temperature. This behavior results from a transition between predomi- 
nately molecular ions to atomic ions at a critical value of Tc and values of nc above about 
IO14 cm"3. Above this critical value of Tc, the electron density increases dramatically so 
that three-body recombination can maintain a steady state. Departures from a Maxwellian 
distribution of the free-electrons were found to have a negligible effect on the predicted 
steady-state characteristics, at least for the case of a nitrogen plasma. 

The feasibility of such nonequilibrium discharges was demonstrated in atmos- 
pheric-pressure nitrogen and air at both room temperature and around 2000K with elec- 
trode spacings of cm scale. Stable, diffuse DC discharges have been achieved at atmos- 
pheric pressure for a range of gas flow and temperature conditions including those which 
produce nc of 1012 to 10B cm"3 without significant gas heating. Good agreement between 
theoretical and measured discharge characteristics has been obtained for both air and ni- 
trogen discharges over a wide range of conditions including electron densities greater than 
IO12 in air and 10Ll in nitrogen. 

The good agreement between the predictions of the two-temperature chemistry 
model and the measured discharge characteristics provides validation of the proposed 
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mechanism of ionization in two-temperature air and nitrogen plasmas. These results en- 
abled us to propose a repetitively pulsing strategy with ultrashort (10 ns) high voltage 
pulses, as a way to reduce the power required to produce electron densities in excess of 
1012 cm"3 in atmospheric pressure air. Both single-shot and repetitively pulsed diffuse 
discharges at 100 kHz have been demonstrated (refs. 7-9), with power reductions of over 
two orders of magnitude for average electron densities greater than 1012 cm'3. 
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