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Abstract 
The use of microhoUow cathode discharges (MHCD) as plasma cathodes has allowed us 
to generate stable, direct current atmospheric pressure glow discharges in air with 
dimensions up to centimeters, electron densities of lO'^ cm ^ and temperatures of not 
more than 2000 K. By sustaining the discharge through consecutive electrical pulses, 
rather than a dc voltage, the electrical power density required to sustain such nonthermal 
plasmas could be drastically reduced. This effect is due to pulsed electron heating, a 
temporary shift of the electron energy distribution toward higher energies, and 
consequently, a strongly increased ionization rate. By keeping the pulse duration short 
enough that glow-to-arc transition can be avoided, and applying the pulses with a 
repetition rate such that the electron density does not decay below a set value, a high 
average electron density air plasma can be generated. Experiments with 10 ns long 
pulses in single and dual pulse operation have shown that the gas temperature increased 
to 2200 K for only 10 ns after the pulse, and then fell to values at or below 2000 K. The 
electron density, which was measured using either heterodyne laser interferometry or a 
conductivity method, increased during an applied pulse with a reduced electric field of 
220 Td to values greater than lO'^ cm , before decreasing to lO'^ cm'^ due to 
recombination over a time of several microseconds. The values of the measured power 
density agree with that of a simple rate equation model. Minimum electrical power levels 
of 850 W/cm'^ for the sustainment of an ionized air plasma with electron densities greater 
than lO'^ cm"^, and 18 W/cm'^ for electron densities greater than lO'^ cm" were 
calculated. In a continuation of dc studies of the plasma cathode, it could be shown that, 
by blowing atmospheric pressure air through the MHCD, it was possible to generate 
micro plasma jets with gas temperatures as low as room temperature. 



Summary 

Direct current and pulsed gas discharges in atmospheric air with dimensions into the 
centimeter range were studied by means of electrical and optical diagnostics. The 
atmospheric pressure plasma was generated and sustained by using microholiow 
discharges as plasma cathodes (MHCDs). The atmospheric pressure plasma was 
generated between the plasma cathode and a metal anode. The length of the glow 
discharge colunm was varied up to 2 cm, with the sustaining voltage increasing linearly 
with length. The MHCD sustained discharges can be operated in parallel and the 
discharge plasmas were found to merge for discharge distances of 0.4 cm if the gap 
length exceeds 0.5 cm. Increasing the gap length and placing the MHCD sustained 
discharges in parallel can generate homogeneous, large volume, atmospheric pressure air 
plasmas. A patent on this method, which allows the generation of stable high pressure 
plasmas in any gas, has been issued. 

Gas temperatures in the MHCD sustained plasma were measured spatially and temporally 
resolved using emission spectroscopy. The gas temperature in the MHCD sustained direct 
current plasmas did not exceed 2000 K for electron densities of lO'^ cm"^. For pulsed 
operation with 10 ns pulses, the temperature increased to 2,200 K for 10 ns after the 
pulse. The electron density, which was measured using heterodyne laser interferometry 
and a method based on the measurements of the plasma conductivity, increased during an 
applied pulse with a reduced electric field of 220 Td, to values greater than lO'^ cm"^. 
After the pulse application, the electron density decreased, due to recombination, to lO'^ 
cm'^ over a time of several microseconds. The results show that repetitive pulsing with 
nanosecond voltage pulses serves as a means to reduce the power consumption for glow 
discharges in atmospheric pressure air, when compared to direct current operation. 

By using a simple rate equation model, with recombination assumed to be the only 
electron loss mechanism, the electrical power required to sustain plasmas with electron 
densities exceeding a given value was calculated. The results of this model agree well 
with measured power values. The minimum electrical power for the sustainment of an 
atmospheric pressure air plasma with electron densities greater than lO'^ cm"^ is, 
according to the model, 850 W/cm^, and 18 W/cm^for electron densities greater than lO'^ 
cm'^. Dual pulse operation has shown that even without the presence of a direct current 
driven background plasma, which was previously assumed to be required to keep the 
plasma temperature above the value where attachment is negligible, strong power savings 
can be achieved. 

Attempts to generate atmospheric pressure plasmas on surfaces (without using a counter 
electrode to the plasma cathode) were made by flowing air through the microholes that 
form the plasma cathode. By flowing the gas at high pressure through the microholiow 
cathode discharge, which is sustained between two molybdenum foils separated by a 250 
|im-thick alumina spacer, a well-defined plasma jet is generated with typical dimensions 
of millimeters in the axial direction. The power consumption ranges from 1 W to 10 W. 
The gas temperature was measured by means of micro-thermocouples. Increasing the gas 
flow rate from 0 to 200 ml/min at a constant discharge current resulted in a decrease of 



gas temperature to values close to room temperature. By placing the microjets in parallel, 
large area plasmas can be generated. This cold plasma jet offers the opportunities for 
applications such as surface treatment of sensitive materials. A patent application on this 
new method of generating cold atmospheric pressure plasmas has been submitted. 

A spin-off project of atmospheric pressure air plasma research was a study of the effect 
of dc and pulsed plasma on the chemistry of polluted air. The direct current glow 
discharge has been used to study the remediation of methane and benzene, two of the 
most stable volatile organic compounds (VOCs). The removal rate for 300-ppm methane 
in atmospheric pressure ak, flowed through the 0.5 mm thick plasma layer, with a 
residence time of the gas in the plasma of less than 1 ms was measured at 80%. For 
benzene, the remediation rate is as high as 90%, comparable to results obtained with low- 
pressure glow discharges. However, the energy efficiency for benzene remediation is 0.9 
g/kWh, higher than that obtained for benzene remediation in low-pressure glow 
discharges in noble gases. 
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Removal of Volatile Organic Compounds in Atmospheric Pressure Air by Means of Direct Current Glow 
Discharges 

Chunqi Jiang, Abdel-Aieam H. Mohamed, Robert H. Stark, James H. Yuan*", and Karl H. Schoenbach 

Physical Electronics Research Institute, Old Dominion University, Norfolk, VA 23529 
♦Department of Chemistry and Biochemistry, Old Dominion University, Norfolk, VA 23529 

Abstract 
A non-thermal plasma with an electron density on the order of lO'^ cm"^ and a gas temperature of 2000 K was generated 

in atmospheric pressure air, using a microhollow cathode discharge as plasma cathode. The plasma was sustained in a 
micro reactor with dimensions on the order of 1 mm^ by applying a voltage of 470 V to the electrodes, separated by a gap 
of 1.5 mm, at currents ranging from 8 mA to 18 mA. The microhollow cathode discharge required a sustaining voltage of 
400 V. The direct current glow discharge has been used to study the remediation of methane and benzene, two of the most 
stable volatile organic compounds (VOCs). The removal rate for 300 ppm methane in atmospheric pressure air flowed 
through the 0.5 mm thick plasma layer, with a residence time of the gas in the plasma of less than 1 ms was measured at 
80%. For benzene, the remediation rate is as high as 90%, comparable to results obtained with low pressure glow 
discharges. However, the energy efficiency for benzene remediation is 0.9 g/kWh, higher than that obtained for benzene 
remediation in low pressure glow discharge in noble gases. In addition to experimental studies, the VOC dissociation 
mechanism in a VOC/dry air mixture plasma was modeled using a zero-dimensional plasma chemistry code. The modeling 
results have shown that atomic oxygen impact reactions are the dominant dissociation reactions for VOC destruction in this 
kind of glow discharges. 

Index Terms- Glow discharge, atmospheric pressure air, non-thermal plasma, chemical decontamination, volatile 
organic compounds 

Introduction 
Volatile organic compounds (VOCs) such as toluene, xylene, trichloro-ethylene (TCE), trichloroethane (TCA), 

benzene, and acetone are widely used as solvents and for substrate cleaning [1]. Although most of the VOCs are chemically 
inactive at atmospheric pressure and room temperature, they pose considerable hazards to our health and the environment. 
For example, inhalation of toluene with concentrations of 600 ppm for more than eight hours causes headache and dizziness 
[2]. Benzene is carcinogenic with long term exposure [2]. Some of the VOCs, for instance, methane, are known to 
accumulate in the upper atmosphere and are one of the reasons for global warming [3]. 

Conventional methods to eliminate VOC pollutants in air streams include thermal oxidation, catalytic oxidation, 
adsorption, biofiltration, UV-oxidation, and thermal plasma oxidation [1,4]. In general, conventional VOC remediation 
methods are mainly used for VOCs with high concentrations (>1000 ppm). They are not practical for diluted VOC 
mixtures. Thermal oxidation and thermal plasma oxidation require heating of the ambient gases and raise the capital cost 
for cooling systems. In comparison, catalytic oxidation, adsorption, biofiltration and UV-oxidation are more energy 
efficient. However, the catalysts, adsorbents, or biofilters require regeneration and disposal. Additionally, both biofiltration 
and UV-oxidation require long residence times. 

As alternative approaches, non-thermal plasma techniques [5-11] have received considerable attention because of their 
high efficiency [1,4]. Non-thermal plasma techniques, which can effectively treat VOCs with concentrations in the range 
from I to 10,000 ppm [4], utilize either electron beam generated plasmas or gas discharges (barrier, corona or glow). In the 
non-thermal plasma, the average electron temperature is much higher than the gas temperature. The high-energy electrons 
in the electron energy distribution of such plasmas cause efficient VOC dissociation. 

Electron beam reactors for VOC remediation [4] can be operated in dc, ac and pulsed modes at any pressure. Since the 
generation of energetic electrons requires a vacuum system and high voltage, the capital cost for these reactors is high. 
Dielectric-barrier discharges and corona discharges are two types of most promising non-thermal plasma technologies for 
VOC removal [5]. Barrier discharges can be operated over a wide pressure range including atmospheric pressure, and a 
high destruction rate can be achieved with a relatively low input of electric power. For example, 90% or 99% removal 
efficiency was obtained for CFC-113, acetone, trichloroethylene and isopropyl alcohol by using the surface induced plasma 
chemical processing when the residence time was about 1 second and the input electric power for a 16 cm^ reactor was 
about low [6]. Barrier discharges are normally driven by 50 Hz to 10 kHz ac power supplies with operating voltages of 5 
kV to 20 kV [4]. Dielectrics used in barrier discharges for plasma stabilization are often heated to high temperature due to 

1 
Chunqi Jiang, Abdel-Aleam H. Mohamed, Robert H. Stark, James H. Yuan, and Karl H. Schoenbach, "Removal of 
Volatile Organic Compounds in Atmospheric Pressure Air by Means of Direct Current Glow Discharges," submitted to 
IEEE Trans. Plasma Science. 



' dielectric losses, and consequently, a cooling system is needed. Corona discharges can be operated in dc or pulsed 
mode at any pressures. DC corona discharges with point-to-plane electrodes [7-8], however, are not stable, and need to 
operate at a high gas flow rate (about 100 m/s) for cooling. Otherwise, glow-to-arc transitions will terminate the nonthermal 
plasma state. With pulsed corona discharges, using a nanosecond-pulsed corona reactor [9], a removal efficiency of 95% 
was achieved for methylene chloride. In general, pulsed corona discharges require high pulsed voltages, ranging from 30 
kV to 200 kV [4]. 

Low and medium pressure glow discharges, operating at relatively low voltages (200 V to 2 kV), are the basis of yet 
another nonthermal plasma technique for VOC remediation. Dissociation of benzene and methylene chloride by dc and 
pulsed low pressure glow discharges has been studied [10-11] in VOC/rare gas mixtures, and a 99.8% removal rate has 
been achieved. It was found that the destruction efficiency increased with increasing pressure [10-11]. Higher pressure 
operation, ho\yever, requires an increased sustaining electric field. This causes conventional glow discharges to become 
unstable and to undergo glow-to-arc transitions. The plasma in the arc mode is thermal and consequently has an electron 
energy distribution with a strongly reduced concentration of high-energy electrons. 

Direct Current Atmospheric Pressure Glow Discharge 
Operation of air plasma reactors at atmospheric pressure allows us to simplify the reactor design considerably, since 

vacuum systems are not required. In addition, the high gas density allows the processing of large quantities of contaminated 
air per unit of time, important for practical applications. In order to avoid glow-to-arc transitions, various techniques have 
been developed [12-19]. The use of microhollow cathode discharges [20] as the external electron source (plasma cathode) 
to sustain a larger volume air plasma at atmospheric pressure is one of the techniques. For a self-sustained discharge, the 
largest electric field occurs in the cathode fall region, and therefore, the glow-to-arc transition is most likely to be initiated 
in this region. The microhollow cathode discharge provides a plasma which reduces the cathode fall: it serves as a plasma 
cathode [17-19]. 

Microhollow cathode discharges (MHCDs) [20] are high-pressure, direct current gas discharges with electrodes having 
100-200 /an diameter openings. Since the sustaining voltage of a discharge is a function ofpD (the product of pressure and 
the cathode hole diameter) [21], the discharge can be operated at higher pressure by decreasing the hole diameter and 
maintaining a constant voltage. Experiments [17-20] have shown that MHCDs can be operated in atmospheric pressure in a 
direct current mode in noble gases or in air. When operated in the hollow cathode discharge mode, electrons can be drawn 
through the microhollow anode opening and will support a stable plasma between the microhollow anode and a positively 
biased third electrode. 
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Figure 1 Schematic cross-section of a MHCD-sustained, 
laterally confined atmospheric pressure glow discharge 

The gas temperature of the MHCD sustained (MCS) atmospheric pressure air plasma was obtained by means of 
emission spectroscopy. Comparisons of the modeled and measured spectra of the 2"'' positive system of nitrogen showed 
that the gas temperature of this plasma reached values of 2000 K [22]. The electron density was measured by using infrared 
heterodyne interferometry [23]. For a dc MCS atmospheric pressure glow discharge, at a current of 10 mA, the electron 
density is lO'^ cm"' in the center, decreasing to half of this value at a radial distance of 0.21 mm. Compared with the dc 
high pressure glow discharges obtained by Akishev et. al. [24-26], the electron density of the MCS atmospheric pressure 
glow discharge is about two orders of magnitude higher. 

In order to apply the MCS atmospheric pressure glow discharges to VOC remediation, all the processing gas needs to 
pass though the plasma. This was achieved by confining the discharge plasma in a channel with Macor or alumina walls 
(Fig. 1), through which the gas flowed. The gas temperature of the confined atmospheric pressure air plasma was measured 

2 



Wy using the same diagnostic method as for the free-standing air plasma [22]. For the dielectric-confined atmospheric 
pressure air plasma, the gas temperature was measured as 2000 K to 2200 K (with an error margin of ± 50 K) in the current 
range of 8 mA to 18 mA at a constant MCS glow discharge voltage of 570 V (Fig. 2), linearly fitted using an algorithm for 
least squares. This temperature is slightly higher than that measured in free-standing atmospheric pressure glow discharges 
[23], and the laterally-confined glow discharges operate at a higher voltage. This increase in sustaining voltage is assumed 
to be due to the increased diffusion loss of charged particles to the dielectric walls [27]. 
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Figure 2 Gas temperature versus glow discharge current at a constant 
voltage of 570 V in humid air at one atmosphere. The discharge is 
confined by two 1.5 mm wide and 1.5 mm deep alumina plates, 0.5 mm 
apart. 

Experimental Setup and Procedures 
The apparatus used for VOC remediation consists of a plasma discharge cell (Fig. 3(a)) and a gas analytic system. The 

schematic diagram of the remediation system is shown in Fig. 3(b). The discharge chamber is made of three 2.75-inch 
diameter Conflat stainless steel flanges. A 1 mm wide and 1.5 mm deep slit is cut into a 5/8-inch diameter Macor rod, 
embedded in one of the flanges, in order to generate a narrow channel for the gas flowing through the plasma (Fig. 3(a)).' 
The electrodes for the microhollow cathode discharge (MHCD) and the anode are made of molybdenum. The anode of the 
MHCD, which is separated fi-om the anode of the glow discharge by a gap of 1.5 mm, is at ground potential. The plasma in 
the reactor is generated by first igniting the MHCD (sustaining voltage: -400 V) and then igniting the glow discharge. The 
sustaining voltage for the MCS atmospheric pressure air glow discharge is 470 V, corresponding to an average electric field 
of2.85kV/cm. 
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Fig 3(a) cross section of the discharge chamber (including 
cross section of the glow discharge). 
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A premixed mixture of air and diluted VOCs was flowed through the treatment chamber. VOC/air mixtures were 
provided by Matheson Company. Benzene in dry air (benzene: 296 ppm, dry air: 99.97%) and methane in dry air (methane: 
300 ppm, dry air: 99.97%) were used for the experimental study. Hexane in dry air (hexane: 306 ppm, dry air: 99.97%) is 
used as a calibration VOC. Before introduction of VOC/air mixtures, the whole flow system including the sampling 
reservoir is evacuated to pressures of less than 1 millitorr. In the experiments, the gas was flowed through the reactor at a 
rate of 100 seem at atmospheric pressure (760 torr). 

Processed gas samples were collected in the sampling reservoir by opening a Diaphragm valve, connecting the reservoir 
from the reactor output, without influencing the flow rate and the pressure of the discharge cell (flow rate fluctuation <2 
seem, pressure variance <10 torr). At room temperature, the sampling reservoir was filled with processed gas at a pressure 
of 200 torr and the filling process is slow enough to have the resevoir pressure holds constant at 200 torr for an indefinite 
period of time after the reservoir is isolated from the reactor. Then the calibration VOC was added to the reservoir to a total 
pressure of 8(X) torr. The same sampling procedure was repeated with the unprocessed gas mixture. A 200 [iL gas sample 
was drawn by the syringe from the reservoir and analyzed by the GC/FID. The normalized VOC concentration (the 
fi-actional VOC) is the ratio of the area under the treated VOC peak to the area under the hexane peak for the processed case 
(Fig. 4 (a)), to the ratio of the areas for the unprocessed case (Fig. 4 (b)). 

Fig 4(a) Fig 4(b) 
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Figure 4 Chromatograms for benzene and hexane (which served as calibration VOC), measured by 
means of GC/FID: (a) chromatogram without plasma processing, and (b) results after plasma treatment. 
The benzene peak has been reduced to less than 10% of its initial value. 

One of the most important parameters that determine the applicability of non-thermal plasma techniques for pollution 
control is the efficiency of the process [27]. The energy efficiency, or chemical processing efficiency [27], refers to the 
amount of the pollutants removed or decomposed for a given amount of energy deposited into the plasma. Since the energy 
density is related to the input plasma power and the residence time (the time for the gas molecules to pass the plasma 
column), the VOC concentration was measured with the discharge current at a constant discharge voltage, and with the 
flow rate as variable parameters. 

We have focused in our studies on methane and benzene (300 ppm methane or benzene/dry air mixtures), respectively. 
Methane and benzene are two most stable and common VOCs with symmetrical chemical structures. In addition, both 
gases are relatively well-explored regarding their gaseous electronics characteristics, such as cross sections and rate 
coefficients. This allows us to simulate the chemical kinetics, as discussed in the modeling section. 

Experimental Results 
The efficiency of the removal of VOCs in a carrier gas, in our case, air, is measured in terms of fractional VOCs 

dependent on the input energy density. The term, fractional VOC, refers to the ratio of the VOC concentration after 
treatment to the initial VOC concentration. The fractional VOC versus the MCS glow discharge current is plotted in Fig. 5. 
The measured standard error for the fractional VOC is 0.02-0.03. The MCS glow discharge voltage was kept constant at 
470 V and the flow rate was set to 100 seem. The MCS glow discharge behaves like a normal glow discharge, with voltage 
independent of current [17,18]. For both methane and benzene, the fractional VOC decreases with increasing current in the 
range from 12 mA to 15 mA. For currents in excess of 15 mA, the fractional VOCs approach a constant value. 
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Figure 5 Normalized VOC (benzene and methane) concentrations versus current. The 
voltage was kept constant at 470 V at a flow rate of 100 seem. 

The input energy density is the input electrical power deposited in a unit volume times the average time, T, of 
replacement for the gas in the volume (Vol): 

e = r = —, (1) 
Vol        F 

where V, /, and F are the MCS glow discharge voltage, the MCS glow discharge current, and the gas flow rate, respectively. 
The input energy density can be altered by varying the glow discharge current at constant glow discharge voltage and flow 
rate. For a voltage of 470 V and a flow rate of 100 seem, the fractional VOC is plotted versus input energy density in Fig. 6. 

The decrease in fractional benzene and methane, respectively, can be expressed analytically by the following equation: 

^VOC = ^res + ^VOCO eXp(- «• s) (2) 

where NyQ^^Q and Nyg,^ are the concentration of the VOCs (benzene or methane) before and after the plasma processing, 

respectively,   N^^^  is the residual VOC concentration (the lowest obtainable VOC concentration by the MCS glow 

discharge under the current condition), and a is a constant to measure the destruction efficiency for a specific VOC. The 
inverse of a is the energy density needed to reduce the VOC concentration to 1/e of its initial concentration, for the case 

that the residual VOC concentration is negligible. Equ. 2 was used to fit the data in Fig. 6 and N^^^ and a were determined 

using an algorithm for least squares. For benzene, the residual concentration, A^„^, is O.OSNyQco ^"^^ *^ measure of 

destruction efficiency, a, is 0.80 L/kJ. The concentration of methane decreases with a a number of 0.60 L/kJ, lower than 

that for benzene, and saturates at a value of 0.14 Nyo^o - higher than that for benzene. Thus, it takes more energy to reduce 

methane than to reduce benzene to the same concentration. 
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Figure 6 Fractional VOC (benzene and methane) concentrations 
versus energy density at a flow rate of 100 seem and a constant MCS glow 
discharge voltage of 470 V. 



The energy efficiency is defined as the mass of VOC molecules that are dissociated per energy input (reduced VOC 
mass density/ electrical energy density). In the experiment, the MHCDs functioned as the electron source to sustain the 
large volume glow and did not directly contribute to the reduction of VOCs. Thus, the power consumption of the MHCDs, 
ranging from 2.9 to 5.8 W, was not included in the efficiency evaluation. The reduced VOC mass density, the mass of the 
reduced VOC per unit volume, is given as 

Mass of reduced VOC = RxN^x{l- N^^c /^voco )>^Mvoc /^avs • (^) 
where R is the VOC concentration in air (300 ppm in our experiment), Ng is the gas number density, Mvoc >s the molecular 
weight of a VOC molecule, Nay,g is Avogadro's number, and Nyg^/Nygca '^ *^ fractional VOC. The molecular weight of 

benzene is 78 and that of methane is 16. The calculated energy efficiency for benzene destruction decreases from 0.87 
g/kWh to 0.53 g/kWh for the energy density ranging from 3.37 kJ/L to 6.03 kJ/L [Fig. 7]. For methane, it decreases from 
0.10 g/kWh to 0.15 g/kWh for the energy density increasing from 3.38 kJ/L to 5.36 kJ/L. 
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Figure 7 Energy efficiency versus electrical energy density in a direct 
current atmospheric pressure glow discharge in air 
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Figure 8 Methane and benzene dynamics: (a) fractional VOC 
versus flow rate, and (b) fractional VOC versus residence time at a 
discharge voltage of 470 V. The discharge current was 17 mA for 
methane/dry air, and 14 mA for benzene/dry air. 

The VOC removal rate also depends on the residence time for the gas in the plasma column (equ.l). The residence time 
can be varied by changing the gas flow rate. At atmospheric pressure, the residence time for the VOC/dry air mixture flow 
to pass the plasma is: 

-    v,„,    (F/60). (7^300) 

where T^^^ is the residence time in s, d is the diameter of the plasma column in cm, Vfl„„ is the flow velocity in cm/s, A is 

the area of the flow cross section in cm^, and F is the flow rate of the gas mixture in seem. For the plasma column, an 

average gas temperature, T , of 1000 K wath a diameter, d, of 0.5 mm were assumed. The area of the flow cross section is 

1.5 mm^. Consequently, the residence time is 

r„, =13.5/Fms (5), 
with the flow rate varying from 150 seem to 50 seem, it increases from 90 ]is to 270 fis. 

The effect of residence time on the development of methane and benzene concentration in atmospheric pressure glow 
discharges was studied by varying the flow rates of the gas while keeping the discharge voltage and current constant (Fig. 
8). For the methane/dry air plasma, the discharge voltage was 470 V, the current was 17 mA, and the flow rate was varied 
from 150 seem to 50 seem. For the benzene/dry air plasma, the discharge voltage was 470 V, the discharge current was 14 
mA, and the flow rates varied from 100 seem and 50 seem. The standard error for the fractional VOCs was measured to be 
0.03 to 0.05. Due to the sampling procedure, the error was larger for lower flow rate. In the error range, the fractional 
VOCs were found to be independent from the flow rate in the range from 50 seem to 150 seem. These indicate that neither 
fractional methane nor fractional benzene decreases when the residence time is increased in the range of flow rates used in 
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' otir experiments. The nearly constant value of the fractional VOCs indicates that there is a limitation of hydrocarbon 
extinction [44] within the applied flow rate range for this method. For lower current value (less than 10 mA) or higher flow 
rate (higher than 160 seem), the MCS glow discharge becomes unstable, and therefore, no further measurement was 
conducted. 

Modeling of the VOC Kinetics 

The VOC kinetics in VOC/dry air plasmas was simulated by using KINEMA [28], a zero-dimension plasma chemistry 
simulation code. KINEMA includes a plasma chemistry kinetics simulator and an electron energy distribution function 
solver (5LENDIF [29]). ELENDIF allows us to calculate the temporal development of the electron energy distribution 
function by solving the Boltzmann equation. As a result, KB^IEMA is able to model the plasma chemistry reactions in a 
non-equilibrium plasma. The plasma chemistry in a non-thermal, atmospheric pressure air plasma was studied using an 
electric field dependent dry air plasma model [30]. In the model, the gas temperature was assumed constant at 2000 K. Up 
to 34 species including electrons, ions, radicals and neutrals were considered in the model. Their initial concentrations were 
given as 79% O2, 21% N2, and zero for all other species. For an applied electric field of 70 Td to 110 Td, corresponding to a 
voltage of 380 V to 604 V across a 1.5 mm gap in the atmospheric 2000 K air plasma, the electron density at steady state 
was found to vary in the range of 2.0x10" cm'' to S.OxlO'^ cm"' and the electron temperature varied between 1.1 eV to 1.9 
eV. Atomic oxygen was found to have the highest concentration of all byproducts, on the order of lO'* cm' at steady state. 
The temporal development of the various byproducts in the atmospheric pressure air plasma is shown in Fig. 9 for a 
reduced electric field, E/N, of 140 Td applied for the first three microseconds and of 95 Td for up to 10 microseconds, as a 
sustaining electric field. Considering the uncertainty of the gas temperature, the gas temperature was varied from 1850K to 
2200 K, it was found that the produced particle number densities have changes within one order of magnitude compared 
with their values at 2000 K. Increasing or decreasing the gas temperature flirther, the model becomes unstable under the 
given external e-field. 

Time (jia) 

Figure 9 Temporal development of the byproducts in an atmospheric pressure air plasma 

In order to obtain information on the temporal development of the VOC concentrations, two-temperature VOC/dry air 
plasma models were developed based on the simulation results from the dry air plasma model. The gas temperature was 
assumed to be constant at 2000 K. The electron temperature was calculated by means of ELENDIF, and was used to 
calculate the rate coefficients for the relevant reactions in the plasma. The reactions (and the rate coefficients) that were 
considered in the two-temperature plasma models were listed in table 1 and table 2 for methane/dry air and benzene/dry air 
mixtures, respectively. Only those reactions directly causing the VOC molecule destruction or ionization were considered, 
including electron impact dissociation, electron impact ionization, dissociative recombination, dissociative attachment, and 
chemical reactions with radicals and neutrals [10-11, 31-34]. The cross sections for methane and benzene, needed for the 
rate coefficient calculation, were obtained from references [35-36] and [37-41]. 

Table 1 The reactions and the rate coefficients of a two-temperature methane/dry air model  

Rate coefficients, 

* = a,(7',/300^exp(-a3/7j 
 (r,: Kelvin)  Reactions 

fl] (em's') «2 

Ref. 

CH^+O-^ CH^ + OH 5.63e-IO 6230 [34] 



CH^+OH-^CH^+O 3.27e-14 2.2 2240 [34] 

C//4 + // -> //2 + C//3 9.71e-12 1.97 6679.6 [34] 

CHj+O + M -^CH-^O + M** 7.40e-14 -2.12 314.0 [34] 

CH^ + H+M -^CH^+M** 3.2e-10 0 137.9 [34] 

Reactions 

Rate coefficients, 

 (7;:eV)  

Reactions 

Rate coefficients, 

*=fl,(r,/300^exp(-a3/rj 
 (r,: Kelvin)  

Reactions 

Rate coefficients, 

 (r>:eV) 

^ Te is the electron temperature, Tg the gas temperature. 

Ref. 

a, (cmV) «2 «3 

CH^+e-^CHj+H+e 9.67e-9 0.707 8.94 
Cross section 

[35-36]* 

CH^+e-^ CH^" + 2e 3.78e-9 0.820 12.83 
Cross section 

[35]* 

CH^+e^CH^^+H + le 5.43e-9 0.461 14.87 
Cross section 

[35]* 

Table 2 The reactions and the rate coefficients used in a two-temperature benzene/dry air model 

Ref. 

fll (cm s ) ai 03 

C^H^+O-^OH + C^Hs 1.53e-13 3.8 473 [34] 

C^H^+O^-^HO^+C^H^ 1.05e-10 0 30198 [34] 

C^H.+H^H^+C^H, 6.61e-10 0 3620 [34] 

Ref. 

O] (em's"') a^ ^3 

C,H;+e^C,H, + H' l.Oe-6 [33] 

C^H,+e^C,Hf+H 3.74e-12 -0.09 4.19 

<5.7e-14, 
-l.e-14 

Cross section 
[37-41]* 

C(,H^+e^C^Hs+H + e 2.59e-9 0.108 5.63 
Cross section 

[37-41]* 

C^H^+e-^C^H.^+le 6.98e-9 1.244 8.60 
Cross section 

|34)* 

[2°° 
The constant Oj, 03 , and a^ were derived from equation: O-xT^^ CXp(— a-^JT^ ) = A— SfyEpyEjE ■ dE 

'""0 

IT" 
with E being the energy, and m the electron mass, k = -I— I f\E)(y\E)E ■ dE is the rate coefficient; 

f(Ej is the (normalized) Maxwellian distribution function, <T[E) are the cross sections for methane and benzene dissociation and ionization, 

respectively. 

** Reactions are three-body collisions; M stands for O2 or Wj. In our model the reactions are treated as binary collisions by using equivalent two-body 
reaction rate constants for a constant density of the third body (atmospheric pressure; gas temperature 300 K to 2000 K). 



'   ' Free-radical mechanisms based on initial activation of VOC molecules in reaction with oxygen atoms have been 
studied [5, 32,42-43] for non-thermal plasma discharges. For CH4, the primary activation reaction to cause the hydrocarbon 
molecule destruction can be 

CH^+O^CHj+OH, (6) 
with a rate coefficient of 2.50x10"" ernes' at the gas temperature of 2000 K. CH4 molecules can also be "activated" by 
energetic electron impact dissociation and ionization, 

CH^+e-^CHj+H + e, (7) 

CH^+e^CH^+le, (8) 

CH^+e^CH^+H + le, (9) 
The reaction rate coefficients for electron impact dissociation (equ. (7)) ranges from 3.06x10"'^ cm^s"' to 1.38x10''° em's' 
at the electron temperature of 1.1 eV to 1.9 eV. Electron impact ionization (equ. (8)) and dissociative ionization (equ. (9)) 
have the rate coefficients less than that of the electron impact dissociation for more than one order of magnitude due to their 
higher activation energy. From the dry air plasma simulation results, the O atom density is on the order of lO'* cm'', while 
the electron density is in the order of lO'^ cm"'. 

The fi-actional VOC at time t is 

^^^cxp{-k^N^J, (10) 

where N^^^ represents either the atomic oxygen number density or the electron density, and kf is the forward rate 

coefficient for chemical reaction or electron impact reaction. The decay rate is the product of k^ and N^^. According to 

the modelling results, therefore, the decay rate due to atomic oxygen reaction is three orders of magnitude larger than that 
caused by electron impact. This conclusion still holds for an uncertain gas temperature higher than or less than 2000 K for 
100 K. 

The important reactions associated with benzene dissociation are 
C^H^+O-^OH + C^Hs, (11) 

C.H.+O^^HO^+C.H,, (12) 
and 
C^H^+e-^C^Hs+H + e. (13) 
For gas temperatures of 2000 K and an electron temperature of 1.1 eV to 1.9 eV, the rate coefficients for benzene 
dissociation are 1.63x10"'° cmV, 2.91xl0" cmV, and ranging from 1.57x10'" cmV to 1.43x10'"' cmV for chemical 
reactions with O, O2, and for electron impact reactions, respectively. The radical reactions with O cause the highest decay 
rate for benzene dissociation compared to the reactions with O2 (five orders of magnitude lower) or electron impact (four 
orders of magnitude lower). 

The rate coefficient of the chemical reaction with O for benzene dissociation, 1.63x10''° em's', is larger than that for 
methane dissociation, 2.50x10'" em's'. Therefore, benzene decays faster than methane under the same plasma conditions, 
in agreement with experimental observations. The temporal development of the normalized VOC concentrations in 
VOC/dry air plasmas at atmospheric pressure with the electron temperature as a parameter is shown in Fig. 10. For the 
electron temperature ranging from 1.1 eV to 1.9 eV, it takes less than 16 us for the fractional methane to decay to 10% of 
its initial value, and it takes about 2.5 (is for the fractional benzene to decay to 10% of its initial value. Simulation results 
also indicate that for a residence time of 0.1 ms, fractional methane can be reduced to less than 1% and fractional benzene 
can be completely removed (the value of the calculated fi-actional benzene reaches less than 10''°). This has not been 
observed in our experiments. Instead of continuously (exponentially) decreasing with current and energy density, 
respectively, the fractional methane and benzene approach constant values [Figs 5, 6]. This discrepancy between the results 
of modeling and experiment may due to that the simplified two-temperature and zero-dimension VOC/dry air plasma 
models have limitation on quantitative prediction of the plasma chemistry for spatially variable VOC/dry air plasmas. 

For a MCS discharge at atmospheric air, the diameter of the plasma column at current of 22 mA is about 0.86 mm [17]. 
The diameter decreases to half of the size when the plasma current decreases to 8.7 mA [17]. In any case, with a confining 
distance of 1 mm, the plasma does not fill the volume between the dielectric walls completely. The gas temperature profile 
of the atmospheric air plasma has a spatial distribution with a full width of the half maximum (FWHM) of 0.42 mm [23]. 
We can assume the FWHM of the gas temperature spatial profile to be less than 0.9 mm with the current (less than 22 mA) 
applied in the experiments. Therefore, between the plasma outer boundary and the dielectric walls, there is a cold zone, 
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.wbere the gas temperature is much lower than that of the center of the plasma column. The reaction rate for oxygen 
recombination increases rapidly with gas temperature decreasing [45]. This results in a large gradient in atomic oxygen 
concentration and subsequently a fast diffusion of atomic oxygen towards the walls. As a consequence, as long as the 
residence time for plasma processing is much longer than the diffusion time (for low gas flow rates), decreasing the flow 
rate (i.e., increasing the residence time) will not increase the VOC destruction efficiency. Also because of the existence of 
the cold zone (dead zone for destruction reactions), varying the plasma parameters such as the deposited energy density 
cannot remove the residue VOCs. In other words, there is a limitation for the hydrocarbon extinction using this method 
under the applied condition. Similar limitations have been observed in other studies on combustion processes and were 
described as a quench branch for the dual-limit behavior of the chemical concentration as a function of the flow velocity 
[44]. However, limitations on the destruction efficiency can be relaxed by increasing the ratio between the overall 
processed volume and the volume confined in cold zones. This can be achieved by operating several discharges in parallel. 

Summary 
A non-thermal plasma with an electron density on the order of lO'^ cm"^ and a gas temperature of 2000 K was generated 

in atmospheric pressure air. This plasma was generated in a direct current high-pressure glow discharge by applying several 
hundreds of volts to two electrodes. A microhollow cathode discharge (MHCD) was used as an external electron source to 
prevent glow-to-arc transitions, a common problem for conventional glow discharges. The direct current atmospheric 
pressure air glow has been applied for VOC remediation. Methane and benzene have been chosen as the target VOCs since 
they are two of the most stable hydrocarbons. An 80% removal rate has been obtained for methane remediation. The energy 
efficiency, 0.15 g/kWh for an initial concentration of methane 300 ppm, is in the energy efficiency range, 0.01 g/kWh to 4 
g/kWh for an initial concentration of methane from 1000 ppm to 5 ppm in a dielectric barrier corona discharge [42]. For 
benzene, the remediation rate is as high as 90%, comparable with the results obtained by other non-thermal plasma 
technologies, for instance, low pressure glow discharges. The energy efficiency for benzene remediation in the system is 
0.9 g/kWh, also comparable with efficiency obtained for benzene remediation in low pressure glow discharge in noble 
gases [10-11]. 

1.1 aV, 

1.5 aV, RMtfuM 

I.OoV, ti>altiano_ 

1.1 vV. btnaiw 

1.$BV,lMnzww 

I.ABV, twitiono 

10*      10^ 

Time (s) 

Figure 10 Normalized methane and benzene concentration dynamics in atmospheric 
VOC/dry air plasmas for various electron temperatures at constant gas temperature of 
2000 K 

The VOC dissociation mechanism was studied by simulating the kinetics of the species density in a dry air or a 
VOC/dry air mixture plasma using a zero-dimension plasma chemistry code, KINEMA. Atomic oxygen was found to have 
the highest concentration among the products in the dry air plasma and the free radical activation based on O atoms were 
considered as one of the most important dissociation reactions for VOC destruction. The computed decay time of methane 
and benzene in the high pressure air glow discharge is, even for the lowest assumed electron energy (1.1 eV), still less than 
the residence time of the gases in our micro reactor (Fig. 10). This fast decay, which is confirmed by our measurements 
taken while varying flow rates (Fig. 8) indicates that even higher destruction efficiencies can be reached by increasing the 
flow rate. However, even without further optimization, this dc atmospheric air glow discharge provides an effective 
technique, easy to implement in a gas stream, and offers an excellent alternative approach for VOC remediation among the 
non-thermal plasma technologies. 
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• Direct Current Glow Discharges in Atmospheric Air 
Abdel-Aleam H. Mohamed, Rolf Block, and Karl H. Schoenbach, Fellow, IEEE 

Abstract—A microlioDow cathode discharge was used as plasma 
cathode to sustain a stable direct current glow discharge in at- 
mospheric pressure air. The length of the glow discharge column 
was varied from 1 mm to 2 cm, with the sustaining voltage in- 
creasing linearly with length. For glow discharges with currents 
on the order of 10 mA, the electron density in the air plasmas ex- 
ceeded 10'' em~'^, with highest values of almost 10'^ cm~^ close 
to the plasma cathode. When two 8.5-mA discharges were oper- 
ated in parallel, at a distance of 0.4 cm, the discharge plasmas were 
found to merge for electrode gaps exceeding 0.5 cm, an effect that 
can be used to generate large volume, homogenous air plasmas. 

Index Terms—Air, atmospheric pressure, direct current, glow 
discharge. 

RESEARCH on atmospheric pressure glow discharges in 
air is motivated by appHcations such as instantly activated 

reflectors and absorbers for electromagnetic radiation, detoxifi- 
cation of polluted air, and surface treatment. One of the major 
obstacles in obtaining stable atmospheric pressure glow dis- 
charges in air at high electron densities (>10" cm"^) is the 
glow-to-arc transition. This instability generally develops in the 
cathode fall, a high field region, which in self-sustained glow 
discharges is required for the emission of electrons fi-om the 
cathode through ion impact. By using a microhollow cathode 
discharge (MHCD) as electron source, the cathode fall can be 
reduced or even eliminated. Using this concept, stable air dis- 
charges between the plasma cathode and a third positively bi- 
ased electrode, 2-mm apart, could be generated [1]. The elec- 
tron density in these discharges may reach values as high as 10' ^ 
cm~^ at a gas temperature of approximately 2000 K [1], [2]. 

We have explored the scaling of these dc atmospheric pres- 
sure air glow discharges to larger dimensions, by extending the 
gap distance up to 2 cm, and by placing two atmospheric pres- 
sure air glows in parallel. The MHCD was sustained between 
molybdenum electrodes, separated by a 130-/im-thick alumina 
layer, with a 130-/im hole through the sample. The glow dis- 
charge between the MHCD and the third electrode was ignited 
at small gap lengths, in order to keep the ignition voltage low, 
and then the gap was extended to the desired distance. The cur- 
rent voltage characteristics of both the plasma cathode (MHCD) 
and the air glow was measured, and photographs of the dis- 
charge in the visible were taken with a charge coupled device 
(CCD) camera. In Fig. 1, photographs of the 5 mm long air 
glow at three current levels are shown. The microhollow cathode 
(plasma cathode) current was held at 6 mA. The voltage across 
the glow discharge was, in all three cases, 840 V. 
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The authors are with the Physical Electronics Research Institute, Old Do- 
minion University, Norfolk, VA 23529 USA (schoenbach@ece.odu.edu). 

Publisher Item Identifier S 0093-381.3(02)03171-5. 

Fig. 1. Photographs of atmospheric pressure air glow discharges at currents of 
5.3,11.1, and 22 mA (from left to right). The electrodes are shown schematically 
in the photograph on the le/t. 

Fig. 2. Photographs of the air glow discharges with various gap lengths 
ranging from 0.5 to 2 cm. The current was kept constant at 13 mA. The 
striations in the photographs are due to the limited resolution of the CCD 
camera. 

Results of such optical measurements and of electrical mea- 
surements indicate two stable modes of operation depending on 
the ratio of glow discharge to MHCD current. For glow dis- 
charge currents less than the MHCD current, the center elec- 
trode serves as an MHCD anode (Fig. 1, 5.3-mA discharge). 
For glow discharge currents exceeding the microhollow cathode 
discharge current, the plasma cathode is not able to provide all 
the electrons for the glow discharge, and consequently, elec- 
tron ernission from the surface of the center electrode is taking 
over as electron supply process. The discharge then spreads over 
the surface of the center electrode, which serves as additional 
cathode. There is a slight indication of the plasma extending 
over the center electrode for the 11.1-mA discharge in Fig. 1. 
The effect is obvious for the 22 mA discharge. 

The gap length, which in Fig. 1 is 5 inm, can easily be 
extended to larger values (Fig. 2). The discharge voltage in- 
creases linearly with gap length for constant discharge current. 
The plasma cros.s-.section increases with increasing distance 
froin the electrodes. For gaps of less than 1 cin, the widest 
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cross-section is at midpoint, for laiger gaps it shifts closer to 
the anode. 

Information on the electric field distribution along the glow 
discharge axis was obtained by varying the gap distance and 
recording the voltage at constant current. The electric field E 
decreases initially with increasing distance firom the cathode, 
but approaches a constant value at a distance of approximately 
0.5 cm fi-om the plasma cathode. In the plasma region where E is 
independent of position, E increases with decreasing discharge 
current. It was measured as 1.2 kV/cm for a discharge current 
of 13 mA, and increased to 2 kV/cm for 5-mA currents. Values 
of the cathode fall voltage were obtained by extrapolating the 
voltage versus gap distance curve to zero gap distance, and by 
recording the residual voltage. The cathode fall was foimd to 
be dependent on glow discharge current, varying fi-om 40 V at 
5 mA, to 22 V at 13 mA. 

The electron density Tie was obtained fi-om the plasma con- 
ductivity by using the information on the electric field distribu- 
tion and the average current density, j (discharge current divided 
by plasma cross section) 

ne=j/{ev{E)) (1) 

where values for the drift velocity v{E) were obtained firom [3]. 
The electox)n density decreases for dischaiges with a current of 
13 mA fi;om values of 10^^ cm~^ close to the plasma cathode to 
a constant value of approximately 10^^ cm~^ at a distance fi-om 
the cathode which corresponds to the largest plasma diameter! 

The MHCD sustained air glow discharge has a negative dif- 
ferential resistance. Parallel operation of the high-pressure glow 
discharges, therefore, requires the use of ballast resistors for in- 
dividual discharges. Two discharges were operated side by side, 
each carrying a current of 8.5 mA, with their axes 0.4 cm apart. 
It was found that for this configuration, the discharge formed in- 
dividual plasmas up to a gap distance of approximately 0.5 cni. 
For larger distances, the plasmas merge (Fig. 3, top), and eventu- 
ally, with increasing gap a homogeneous plasma layer is formed 
(Fig. 3, bottom). Using arrays of microhollow plasma sustained 
glow discharges allows us, therefore, to generate large volume, 
homogeneous atmospheric pressure air plasmas with electron 
densities exceeding 10^^ cm~'. 

7.4imm 

9.7inrrt 

Fig. 3.   Parallel operation of two air glow dischaiges. The individual discharges 
cany a curiehi of 8.5 mA. 
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DISCHARGES 
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Abstract 

The pulsed electron heating eflfect has been studied on an 
atmospheric pressure air glow discharge. Application of a 
high voltage pulse causes a shift in the electron energy 
distribution function to higher energies. This causes a 
temporary increase of the ionization rate and consequently 
an increase of the electron density. The electron density 
after a 10 ns pulse application to a direct current glow 
discharge increased from its dc vahie of 2 lO" cm'' to 2.8 
10 cm'. The average power density, required for 
sustaining the high pressure plasma with a given 
minimimi electron density, was foimd to be lowered when 
the discharge was operated in a repetitive pulsed mode 
compared to a dc mode. For an atmospheric pressure air 
plasma, an average power density of 1.5 kW/cm^ and 50 
W/cm is reauired for an average electron density of lO" 
cm" and 10 ^ cm"^ respectively. This value is less by a 
factor of three than that required to sustain a dc plasma 
with the same base electron density. 

L INTRODUCTION 

Weakly ionized plasmas, generated in high pressure air 
glow discharges, reflect or absorb electromagnetic 
radiation in the microwave range and consequently act as 
temporally controllable barriers for this radiation: as 
plasma ramparts. Direct current microhollow cathode 
sustained glow discharges (MCSG) have been shown to 
provide plasmas with an electron density of lO" cm''. 

required for reflection of microwave radiation of up to 30 
GHz [1]. The MCSG plasma was found to be scalable in 
size by extending the electrode gap and by placing the 
discharges in parallel [2]. However, at equilibrium 
conditions, the power density require! to sustain an 
atmospheric pressure air plasma of lO" cm'' electron 
density is approximately 5 kW/cm^ [3], a value which 
makes these equilibrium plasmas difficult to scale to large 
volumes. 
Pulsed electron heating has been shown to allow 
reduction of the electrical power, while keeping the 
average electron density at the required level for 
microwave reflection [4]. In order to explore the effect of 
pulsed electron heating on the temporal development of 
single discharges and discharge arrays we have measured 
the electrical and the optical response to pulsed electron 
heating with a temporal resolution on the order of 10 ns. 
LasCT interferometry, electrical conductivity and optical 
spectroscopy was used to determine the temporal 
development of electron density, and gas temperature. 

n. EXPERIMENTAL SETUP 

The experimental setup is shown in Fig. 1. The 
atmospheric pressure air discharge(s) were operated in a 
direct current mode, with a 10 ns to 12 ns voltage pulse 
superimposed. The gap was set at 0.6 cm, the distance 
between discharge axes, for a three discharge 
arrangement, was 0.4 cm (Fig. 2). 

Delay 

TTL !-rL 
Pulse 
Generator 

Trigger 
Generatoin 

I        I J~L 
Line Type 
Pulse Generator 

Electrical Field: 
5kV/cmtol0kV/cm 
Gap Distance: 
2 mm to 10 mm 

Figure 1. Experimental setup 

MicrohoUow   cathode   discharges   (MHCD)   serve   as     plasma, three discharges were operated in parallel [2] The 
plasma cathodes. In order to increase the size of the     discharges    can   be   operated   either   in   DC   with 
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superimposed pulses or in pulsed mode only. Two 
independent triggerable line type pulse generators 
provided 10 ns pulses. The applied diagnostics are 
emission spectroscopy for gas temperature measurements, 
interferometry [1], and conductivity mefasurements for 
electron density measurements. High-speed photography 
was used to obtain the spatial plasma distribution. 

decay of the temperature could not be obtained with this 
method. 

Figure 2. Three MCSGs operated m parallel at 
atmospheric pressure in air. Electrode gap: 6 mm, 
distance between two discharges: 4 mm. 

in. EXPERIMENTAL RESULTS 

A Gas temperature 
The gas temperature is obtained by comparison of a 
measured and a simulated spectrum of the 2"* positive 
system of nitrogen. For a DC glow discharge, the gas 
temperature was found to be 2200 K close to the cathode. 
The temperature in the plasma column reaches with 
increasing gap length a constant level of 2000 K (Fig. 3). 

2400 

5" 2200 
*i«iii 

£ 
3   2000 

S 
®   1800 
E 

H?   1600 
w 
(0 
O   1400 

1200 

Cathode 

Anode 1    Anode 2 Anode 3r 

d = 10 mm 
d = 8 mm 
d = 5 mm 

0 2 4 6 8 10 

Distance from MHCD [mm] 

Figure 3. Gas temperature on the axis of a DC MCSG for 
various electrode distances. The discharge current was 13 
mA. 

For a DC operated MCSG with a superimposed pulse, an 
increase of the gas temperature by 300 K was measured 
10 ns after pulse application (Fig. 4). Due to the low light 
intensity 25 ns after pulse application, information on the 
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Figure 4. Temporal Development of the gas temperature 
in the center of a MCSG discharge operated DC with 
superimposed pulse. Electrode cUstance: 2 mm, IMCSO DC = 
10 mA. 

B. Electron density 
The electron density was measured spatially and 
temporally resolved by means of infrared heterodyne 
interferometry. The radial profile was found to be time 
independent. It can be fit by a gaussian profile with a 
width of o = 0.056 mm. Due to the Bmited temporal 
resohition, the electron density cannot be measured during 
the pulse. However, a measurement at 22 ns after pulse 
application provides an electron density of 2.8 lo" cm"-* 
for a discharge with a gap distance of 2 mm and an 
applied pulsed electrical field of 8 kV/cm. TWs indicates, 
that the electron density during the pulse is at least 2.8 
10 cm''. The radial electron density distribution in the 
center plane of the discharge for different times after 
pulse application is shown in Fig. 5. 
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Figure 5. Radially resolved electron density in the center 
plane of the discharge for difierent times after pulse 
application. Electrode Distance: 2 mm, applied electrical 
field: 8 kV/cm. 
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The electron density after pulse application can also be 
obtained from measurements of the electrical field and 
current density. The relation between current density, 
electron density and electrical field is given by the 
equation: 

J = n, e v(E/n) (1) 

The electron density was calculated using average values 
of electric field (E = V/d) and current density J. The 
current density is given by the measured current and the 
spatial distribution profile of the electron density, which is 
assumed to be represented by the optical emission profile. 
Photographs of the discharge plasma for di£ferent times 
after pulse application are shown in Fig. 6. The exposure 
time is 5 ns. The drift velocity v, which draends on the 
reduced electrical field, varies between 2 10 m/s and lO' 
m/s for reduced electrical fields between 10 Td and 200 
Td[5]. 

I SO ii.s     \ii|( I, 

Figure 6. Photographs of the MCSG for different times 
after pulse application. Electrode gap: 2mm, applied 
electrical field: 10 kV/cm [6]. 

For an applied electrical field of 10 kV/cm and an 
electrode distance of 2 mm, the FWHM of the radial 
profile was found to be 0.16 mm. The profile is time 
independent. The electron density after pulse application 
versus the reduced electrical field is shovra in Fig. 7. 

ModeBng 
Pulsed, DC off 
(Conductivity) 
Pulsed, DC on 
(Conductivity) 
Pulsed, DC on 
(Interferometry) 

no-10'^ cm-' 
To »2000 K 

10« 

1018 

10" 

lO's 
c 
8 
c 

1015 s? 
<l> 
*: 

101" Q 
^ 
V) 

10" c 
<u 
O 

1012 c o 
n 

10" « 
UJ 

101° 
100 200 300 

Reduced Electric Field, E/N (Td) 

Figure 7. Electron density difference after a 10 ns pulse 
^plication versus the applied electrical field. The solid 
line represents modeling results [4]. 

For high pulsed electrical field, the dc contribution to the 
electron density can be neglected. For investigation of the 
electron heating effect for low applied electrical fields, the 
current of the discharge has to be turned off before the 
pulse is applied. A typical temporal development of the 
current is shown in Fig. 8. 

Time [ms] 

Figure 8. Temporal development of the discharge current. 
Before the two voltage pulses were applied, the direct 
current was turned off. 
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C Power Density 
' TBe power density, P, for repetitive pulsed mode is: 

P - E J tpulM / tRep (2) 

All factors in this equation can be expressed in terms of 
the electrical field intensity. The expression for the 
current density is given m equ. 1. The drift velocity in this 
equation depends on the reduced electrical field [5]. The 
repetition time, tRep, is the time, required for the electron 
density to decay fi-om the peak value to a minimum value. 
In our case, the major electron loss process is dissociative 
recombination. Attachment can be neglected in 
atmospheric pressure air plasmas with a gas temperature 
exceeding 1500 K [7]. The repetition time tRq, is therefore 
^enby 

tR.p = (np-no)/(np*no P) (3) 

where np is the peak electron density after pulse 
application, no is the minimum electron density, and p is 
the recombination coefficient. As shown in Fig. 7, the 
peak electron density is a fimction of the applied reduced 
electrical field. 

The total power consumption for atmospheric pressure 
plasmas wth minimum electron densities versus the 
applied electrical field is shown in Fig. 9. The solid lines 
represents the modeling results and the squares and drclcs 
the experimental results. If the applied electrical field is 
too low, a high repetition rate is required, a mode of 
operation which approaches direct current operation. 
Consequently the power increases towards ^fhe dc value. 
With increasing electrical field, most of the energy is used 
to generate electron densities &r exceeding the desired 
minimum vahie. This density decreases rapidly due to 
recombination and as shown in equ. 3, contributes only 
minimally to the repetition time. Consequently, there is an 
optimum electrical field for minimum power 
consumption, as shown in Fig. 9. 

S 8 7 8 

Electrical Field [kV/cm] 

Figure 9. Power density versus the applied electrical field 
for diJQFerent electron densities. The solid lines represem 
the modeling results, circles and squares represent 
measured values. 

For an electron density of lo" cm"', the minimum power 
density is 0.85 kW/cm'. For an electi-on density of lO'^ 
cm"^, the power consumption can be reduced to 18 
W/cm'. The theoretical values are confirmed by the 
experimental results. 

IV. SUMMARY 

Atmospheric pressure air plasmas could be generated with 
characteristic dimensions of centimeters at gas 
temperatures of 2000 K. A reduction in the power 
consumption compared to the DC glow (fischarge could 
be achieved by operating the discharges in pulsed mode. 
Minimum power densities required to sustain atmospheric 
pressure air plasmas with electron densities of 10 cm"'' 
and lO'^ cm'^are 850 W/cm' and 18 W/cm', respectively. 
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Abstract 

By applying electric field pulses with duration small 
compared to the time constant for glow-to-arc transition it 
is possible to increase the electron energy in high pressure 
glow discharges considerably over the steady state value. 
Repetitive pulsed operation allows us to generate plasmas 
with high average electron density at lower energy cost 
than with dc heating only. Measurements of tiie dynamics 
of the plasma colunm after pulse application show that the 
plasma diameter approaches a steady-state value after 
initial expansion, which is «5)proximately half the dc 
plasma diameter. As a first step towards repetitive pulsed 
electric field operation, required to obtain a semi-dc 
plasma with high average electron density we have 
measured the temporal development of the voltage across 
the plasma for two subsequent pulses. The dual pulse 
generator, built for this purpose, utilizes two, 10 Q 
striplines with high pressure spark gap as switches, which 
deliver two subsequent pulses directly to tiie load. The 
trigger pulses for the two switches can be adjusted in time 
between 1 ^ls and 10 ms. Pulse amplitudes of 15 kV have 
been reached, but amphtudcs of up to 50 kV seem to be 
possible. Experiments with the dual pulse system provide 
information on the repetition rate required to sustain a 
certain average electron density. Operation in atmospheric 
pressure air with applied electric fields of 20 kV/cm and 
10 ns duration allowed us to increase the electron density 
for a time of 2.3 ^s to such values that the discharge 
voltage stayed below 30 V. Continuous operation in this 
discharge state would consequently require repetition 
rates of 450 kHz. Higher pulsed electric field operation 
would allow us to reduce the repetition rate. 

L INTRODUCTION 

High pressure glow discharges are used in plasma 
processing, gas lasers, chemical and bacterial 
decontamination of gases, and as mirrors and absorbers of 
microwave radiation. Transient high pressure glow 
discharges, such as barrier discharges [1] and ac 
discharges [2] are already well established, but recently 
high pressure dc discharges in noble gases and in air with 
dimensions of iq) to centimeters have been generated by 
using a microhoUow cathode discharge as plasma cathode 
[3,4,5]. The elimination of the cathode fall, the cradle for 
glow-to-arc transition has allowed us to generate dc glow 
discharges with electron densities as high as lO" cm'', at 
gas temperature below 2000 K [6]. 

In these dc discharges the electron energy distribution 
is determined by the value of the reduced electric field 
(E/N), where E is Ae electric field intensity and N is the 
gas density. For dc atmospheric pressure air discharges 
with E/N of 32 Td, 1% of Ae electrons have an energy in 
excess of 2.1 eV, as computed by means of ELENDIF [7] 
Applying electric field pulses to these plasmas with 
an^litudes exceeding the equilibrium reduced fields, but 
of such duration that glow-to-arc transition is avoided, 
allows us to shift flie electron energy distribution 
temporarily to much higher energies. Calculations using 
ELENDIF show a dramatic shift of the electron energy 
distribution function during a 10 ns, 200 Td high voltage 
pulse: 1% of the electrons have then an energy exceedmg 
67 eV at the end of the 10 ns pulse. The increase in the 
concentration of high-energy electrons causes an increase 
of flie ionization rate coefficient. The consequent rise in 
charged particle density leads to an increase in electron 
lifetime. This non-equilibrium electron heating effect can 
consequently be used to reduce flie power consumption of 
repetitively operated glow discharges tcom 5 kW/cm' for 
dc to 16 W/cm' for 3.5 ns pulses [8]. 

This power savings effect has been demonstrated 
with a single 10 ns pulse applied to a dc glow in 
atmospheric pressure air [9]. Besides reducing the power 
required for the sustaimnent of a weakly ionized plasma, 
pulsed electron heating in high pressure plasmas may also 
be used to populate excited states of excimer gases, e.g. 
noble gases, efficiently. The increased density of excited 
noble gas atoms, the precursors of noble gas ^mers, leads 
to increased intensity of excimer radition as it was shown 
with pulsed discharges in high pressure xenon [10]. 

In order to explore the electron heating effect of 
short, repetitively electric pulses on atmospheric pressure 
glow discharges we have studied the response of an 
atmospheric pressure glow discharge to single and double 
10 ns voltage pulses. 

n. EXPERIMENTAL SETUP 

The electrode geometry for the (MCS) glow discharge is 
shown in Fig. 1. It consists of a microhollow electrode 
system and a third positively biased electrode (anode) 2 
mm apart fixjm the microhollow electrodes. The 
microhollow electrodes are two molybdenum metal plates 
(100 nm thickness) with circular opening of 100 nm 
diameter, separated by a 100 nm thin dielectric layer of 
alumina. The microhollow cathode discharge (MHCD) 
between the cathode (-) and the groxmd electrode serves as 
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plasma   cathode   for   high   pressure   glow   discharge 
operation [3]. 

Anode 

2 mm 

■ Plasma 
Cathode 

MHCD 

Fig. 1 E^qperimental setiqj: microhollow cathode 
sustained glow dischatge in atmospheric pressure air. 

In order to study the effect of pulsed electric fields on 
weakly ionized gases higji voltage pulses were 
siq>erinq>osed to the dc plasma. For single pulse operation 
flie high voltage pulse was generated by a 10 Q pulse 
forming network (PFN) in strip line geometry [9]. 

A high pressure spark gap was used as switch to transfer 
the energy stored in the PFN to the load and to allow fast 
rise time of the high voltage pulse. The rise time of the 
pulse voltage is 1-2 ns, and the pulse has an 
£^proximately rectangular sh^e. Pulse voltages of up to 4 
kV were sqjplied to flie dc glow, generating average 
pulsed electric fields of up to 20 kV/cm in the high 
pressure plasma. 

The schematics of the dual pulse generator is shown in 
Fig. 2. The pulse generator consists of two pulse forming 
networks (PFNs) in stripline geometry. Each stripline has 
10 n inqjedance and can be chaiged individually to a 
maximum voltage of 30 kV. The energy which is stored in 
the striplines is then discharged into the load using 
triggerable high pressure spark gaps. This allows to 
control the temporal separation between the two pulses. 
Each stripline is matched with 10 Q in order to avoid 
reflections 

(+)HV1 l(<lc)iRc Stripline I 

Ext Trig. 1 

J   SPl 

(+)HV2 2m^ Re Stripline n 
SP2 

^lUl 

ExL Trift 2 

Fig. 2 Dual pulse generator. 

Delay M 
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p|     Trigger 
Geaerator   |~ 
 i  

500 V 

_rL TTL 

Pulie Trantformerr^ Spl 

5kV 
500 V 

DtUy= 1-lOuiec 

Fig. 3    Digital trigger and delay generator 

Trigger 
1 Geaerator 

IL 
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Turns ratio 1:10 
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As a consequence of the impedance matching, the 
maximum avaiable voltage at the load is only half the 
charging voltage. The pulse separation can be adjusted 
between several hundred ns up to several milliseconds. As 
each stripline can be operated independently from each 
other, the pulse amplitude can be adjusted independently 
up to the maximum voltage of approximately 15 kV. This 
allows not only to study the effect of a sequence of high 
voltage pulses on such plasmas. It also allows to study the 
influence of pidses with different amplitudes when the 
pulses are superimposed to the dc plasma. The pulse 
duration can be varied by changing the length of the 
striplines in the PFN. 

A digital trigger and delay generator is used to vary the 
separation between the two high voltage pulses. The 
schematics is shown in Fig. 3. A 5V-TTL pulse is 
provided by a main trigger unit and then doubled and time 
shifted. Integrated MOSFET circuits are used to elevate 
tfie TTL level to 500 V. High voltage pulse transformers 
are utilized to increase the trigger voltage to 
approximately 5 kV, required to trigger the high pressure 
spark gaps. 

The disdiarge current and the voltage across Ae pulsed 
glow discharge have been monitored by means of fest rise 
time, high voltage probes and a 500 MHz digitizing 
oscilloscope (Tektronix TDS 380). In addition, 
measurements of transient emission of plasma radiation in 
the visible have been performed. The optical emission 
from the center of the glow discharge gap was observed 
side-on by means of a photo multiplier tube (PMT - 
Hamamatsu 1350) with a sensitivity range between 200 
nm and 700 nm. The PMT measurements 
complemented by high-speed photography. A high-speed 
camera (ICCD Max, Stanford Research Institute) was 
used to study the development of the glow discharge 
plasma column temporally and spatially resolved. The 
camera is equipped with an image intensifier (micro- 
channel plate, MCP) and allows measurements with a 
temporal resolution up to 2 ns. However, due to the 
relatively low level of light emitted by the plasma, the 
exposure time was set to 200 ns. bt addition to high speed 
photography a CCD video monitoring system was used to 
record the appearance of the glow discharge side-on in the 
visible and near ultraviolet. 

in. RESULTS 

A. Single Pulse Operation 

Fig. 4 shows the increase in decay time with increasing 
pulsed electric field an^litudes. The decay time increases 
nearly linearly with pulsed electric field from 20 ns at 
8.75 kV/cm to 3.8 \ls at 20 kV/cm. For the intensity 
measurements the decay time has been defined as the time 
the intensity decays to approximately 10% of the initial 
intensity  values.   For  the  electrical  measurements  the 

decay time has been defined as the time for the voltage to 
increase from its lowest sustaining voltage level to 
approximately 70% of the dc value [9]. The dc voltage is 
in this case approximately 500 V. 

The radial distribution of the visible emission of tiie 
pulsed plasma, at midgap for various times during and 
after pulse application (and for dc operation) was recorded 
with a high speed camera and is shown in Fig. 5. In the 
steady state the plasma diameter is approximately 200 
\im. Ehiring the first nanoseconds when ttie voltage pulse 
is applied, and shortly after the pulse, the plasma column 
expands. 

-10    12    3    4    5    6 
Time (ms) 

were     Fig. 4    Temporal development of discharge voltage 

-400    -200       0       200 

Radius (M-m) 

400 

Fig. 5 Intensity distribution (visible) during and after 
pulse application measured by means of a high speed 
camera with 5 ns exposure time. 
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_ The plasma diameter is then reduced to approximately 
half of the maximum value for times ^ 40 ns after the 
pulse. 

B. Dual Puke operation 

In order to study the cfifect of multiple pulses on high 
pressure air plasmas, two 10 ns high voltage pulses have 
been siq>eriii]posed to the dc atmospheric pressure air 
plasma. Fig. 6 shows the voltage across ta.t discharge gap 
in response to two 10 ns high voltage pulses for two 
different pulse separations: 2.3 ^s and 3.3 (is. At the 
beginning, before the high voltage pulse is applied, the 
voltage measured corresponds to the voltage required to 
sustain the dc glow. When tihe first pulse is ^jplied the 
voltage drops to i?iproxinaately 30 V until flie plasma 
recovers and the conductivity decreases on a time scale of 
microseconds until the second pulse is applied. The 
second curve shows the voltage signal when the 
separation between &e two pulses is recced to a value 
such that file higher conductivity {biases merge. For 
continuous operaticm in the high conductivity phase die 
repetition rate would need to be 450 kHz or higher. The 
repetition rate can be reduced by increasing the pulse 
electric field. 

IV. SUMMARY 

Atmospheric pressure plasmas have been generated in air 
wifli electron densities of lO" cm"' and above at gas 
ten:q>eratures of about 2000 K. For continuos operation 
power densities of 5 kW/cm' are required to sustain these 
plasmas. 

0.6 ■ I ■ I I mr^. 111 ■ 

2.3(18 
3.3(18 

-1012345678 
Time (MS) 

Fig. 6 Voltage across the discharge gap. Response of 
the plasma to two 10 ns high voltage pulses. (Pulse 
voltage: 2 kV, gap: 2 mm, pressure: 1 atm, humidity: 
70%, microhollow cathode discharge current: 8 mA, glow 
discharge current: 10 mA) 

In previous experiments it could be shown that pulsed 
electron heating can be used to reduce the power 
consumption of such plasma by several orders in 
magnitude. In experiments with dual high voltage pulses 
it could be shown that continuous operation at elevated 
electron temperatures requires repetition rates on the order 
of 500 kHz for 10 ns pidses witii a relatively low electric 
field an:q)litude of 10 kV/cm. A reduction of the repetition 
rate can be achieved can be ^plying pulses with higher 
electric fields. 
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Abstract 
Nanosecond pulse generators, which provide kiiovolt 
pulses, are required for applications such as pulsed 
lasers, electro-optical devices, electron heating of 
plasmas, and bioelectrics. Switches used to generate 
such short pulses incbde high-pressure spark gaps, 
photoconductive switches and semiconductor opening 
switches. Most of the pulse generators based on these 
switch technologies are designed for high voltage, 
high power applications. We have explored two 
concepts that of a MOSFET triggered, microsparic 
Marx-Bank and a combined microspark- 
semiconductor switch system as a means to generate 
simple, inexpensive nanosecond pulse generators. 
The compact pulse generators allow us to generate 
electrical pulses of less than 10 ns duration, with 
amplitudes of several kV. The Mini Marx Bank has 
been shown to provide 6 kV pulses of 6 ns duration 
into a 10 MQ load and 2 kV into a 50 Q load. The 
second switch system, which utilizes a microspark 
switch and a commercially available diode to shorten 
the pulse, has provided 2.6 kV pulses of 2 ns duration 
into a 50 Q load. The low cost of the generator 
components, and the compact size make these devices 
easy to built and convenient to use in nanosecond 
pulsed power experiments. 

Introduction 
Nanosecond pulse generators, which provide 

kiiovolt pulses, are required for applications such as 
pulsed lasers, electro-optical devices, electron heating 
of plasmas, and bioelectrics. Electron heating of 
atmospheric pressure plasmas, e.g., requires electric 
field pulses with duration less than the characteristic 
time constant for gjow-to-arc-transition, w^ch is on 
the order of 10 ns [1,2].   Commercially   available 

semiconductor switches, with long lifetime and easy 
to trigger, do not have the required fast rise time and 
don't at time provide vohage amplitudes across low 
impedance loads of more than 1.5 kV. Spark gaps on 
the other hand provide fast rise times and can be 
operated at high voltage, but suffer fi-om limited 
lifetime. 
We have focussed on configurations, which combine 

semiconductor switches and microdischarges as a 
means to utilize the advantage of both types of 
switches. In the following two such systems and 
experimental results, obtained wdth them, are 
described. 

L Micro Marx Bank Pube Generator 
Marx Banks are commonly used to generate short 

high voltage pulses [3]. We have used the Marx bank 
concept, with micro spark gaps as switches, and with 
a MOSFET as controllable, initiating switch. The 
drcuit, shown in figure 1, consists of four stages. The 
first switch is a high voltage n-channel MOSFET 
40N160 type by DCYS [IXYS, Santa Clara, CA, 
USA]. The maximum dnun-source-voltage is limited 
to 1.6 kV. Its reliable operation and the ability of 
switching > 1.5 kV voltage made it the number one 
choice for this task. 

Point-point electrodes made of brass are used for 
the triple microsparic gap (Fig. 2). They have a 
conical shape in order to provide for high fields. The 
gap distance of this switch is adjusted by using 
threads. The microspark gaps were operated in 
atmospheric pressure air, and the gap distance was set 
to approximately 0.5 millimeters. An optional spark 
gap across the load shortens the pulse for high 
impedance loads. Connections to the circuit are made 
of copper foil, which is soldered onto the printed 
circuit board. 

SGIV 

Fig. 1. Schematic circuit of 4-stage Marx Bank, triggered with a MOSFET 
0-7803-7120-8/02/$17.00 © 2002 IEEE 1575 
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Large distributed ground areas on the double-sided 
PCB ensure a good high-frequency behavior. Due to 
the need of low-inductive connections all devices of 
the circuit are sur&ce mounted. The only exception is 
the MOSFET. The low-inductance ceramic chip 
capacitors have dimensions of 1.2 mm x 0.6 mm. 
This compact arrangement reduces the inductance to 
a minimum. A high voltage power supply was used 
for charging the c^acitors through a charging resistor 
oflMn. 

For diagnostics a high voltage probe with a rise 
time of 1.75 ns [Tektronix, Beaverton, Oregon, USA] 
has been used. The rise time of the 400 MHz 
oscilloscope is 1.9 ns. 

threads 

E 
^^M><^^^ -brass 

acrylic 

copper foil 

■<3- mm^<m. 

18 millimeters 

Fig. 2. Side-on and end-on view of electrode 
arrangement 

across the load, far below the RLC value of the 
circuit. 

Besides capacitors, striphnes and coaxial cables 
were used as energy storage elements. In the case of 
coaxial cables and striplines, the generated pulse 
width is directly proportional to their length. 
However, it was diJBScult to reduce the inductance to 
sinularly low values as in the case of capacitors. 
Consequently the output pulse showed oscillations, 
even for a matched system 
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-6000 1/               load=50Q 
:                 V        load=10Mn         : 

'■ ■ ■ ■ ■ i • 1 ■ •' 11 ■ • ■' 1 ." 

-10    0     10    20    30    40    50 

Time [ns] 

Fig. 3. Output voltage of the Marx bank for various 
loads 

n.  Nanosecond  Puke Generator with  Cut-Off 
Diode 

In   order  to  generate  even  shorter  pulses  the 
following circuit was used (Fig. 4). 

Experimental results 

Voltage pulses with a foil width at half maximum 
(FWHM) of 5-6 ns coxJd be generated with this 
system. The rise time was 2-3 ns. The amplitude, 
which can be controlled by the gap length of the 
microsparks, varied between 1.5 and 2 kV for a load 
of 50 n. In order to shorten the pulse for high 
impedance loads, by cutting the trailing edge off, a 
spark gap was placed parallel to the load. 

Typical values of the output voltage in this 4-stage 
system were four times the input voltage for high 
impedance loads. The output voltage decreases when 
the load resistance is reduced, and was for 50 £l only 
1.3 times the input voltage. The maximum input 
vohage of the MOSFET was 1.5 kV. 

The FWHM dq)ends on the load. With increasing 
load resistance, from 50 ft to 10 MO, it uicreased 
from 5 to 6 ns. This is still, due to the spark gap 

Fig. 4. Circuit with capacitor discharge and cut-off 
diode 

The capacitor C is charged through a charging 
resistor R and the load resistor. Exceeding the 
breakdown voltage of the adjustable spark gap pulls 
the positive electrode of the capacitor to ground 
potential, causing a negative pulse across the load. 
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The rise time of the pulse is determined by the 
capacitance and inductance of the circuit and the 
plasma formation time of the spark gap. For 
capadtive discharges the current and consequently 
the voltage across the load decreases exponentially 
with a time constant of Ri.C. In order to cut this 
tail off, we have added a diode parallel to the load. 
This does not affect the rise time of the pulse across 
the load. Initially, the impedance of the diode is much 
higher than the load resistance. After the forward 
response time of the diode is exceeded, the 
impedance drops to very small values, causing a fast 
decay of the voltage. 

The capacitance of ceramic type, low-inductance 
capacitor was varied from 10 to 15 pF, and the load is 
a low-inductive 1 kQ resistor. The sparic gap consists 
of sphere-pin with an adjustable g^ distance. The 
diode is a commercially available MUR 8100E type 
fast recovery diode (Motorola). All components are 
mounted on a bread board, known as solderless 
modular socket (Fig. 5), where component leads and 
wires are inserted into holes in the insulating plastics 
and serve as connections to the metal strips 
underneath [www.llh-publishing.com/pdfsamples/ic/ 
icdemodl-pdfj. The electronic elements are placed on 
a breadboard in an arrangement, which provides 
minimum inductance. This minimum inductance 
configuration is shown in figure 6. 

dtver-nlckel low-resMance condticdng imtal strips 

grid of limilafing plaiflc* (Acatal Cbpslyinei) 

Fig. 5. Bread board (pattern of conducting strips) 

tka 

nrf 

^    ^    _    _ j,q      ^ 
I 1 DM* 

f... I 
Eig.   6.   Kfinimum   inductance   configuration   on 
breadboard 

The physical arrangement of the circuit elements is 
very important. Spring loaded contacts have inductive 
effects and the parallel arranged conducting strips 
combined with the isolating plastics (Acetal 
Copolymer) with its dielertric constant (6^=3.8) 
[BASF, Ludwigshafen, Germany] act as capacitance. 
The effect of these stray capacitances, and inductors 
is so small that they have no influence on the results 
in DC or low frequency applications. But at high 
frequencies they determine to a large extend the 
output signal. 
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Fig. 7a. Pulse obtained without diode 
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Fig. 7b. Pulse obtained with diode 
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Experimental Results 

The amplitude of the output pulse can be varied by 
changing the input vohage. The current rise is 3 lO'" 
A/s and remains constant when the voltage is varied. 
This is the reason for the shifting of the peak in the 
output voltage to larger times at higher voltages 
(Figure 8). 
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Fig. 8. Pulse amplitude for various input voltages 

response time of diodes in forward direction, and not 
on the reverse recovery time, as with SOS diodes. 

Both systems are easy to build and inexpensive 
The small size (2 cm x 3 cm x 5 cm in the case of 
system 2) and the standardized connections make 
them attractive for pulsed power applications, e.g. as 
trigger generator or for basic physics experiments. 
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The pulse amplitude varies lineariy with chargbg 
voltage It is almost independent of the load 
resistance down to R = 50 Q. This indicates that the 
source impedance is small compared to 50 Q. The 
measured output voltage was found to be larger than 
the charging voltage. This surprising result, which 
was reproducible, and was observed using various 
electrical diagnostic systems, is assumed to be due to 
interference eflFects. It was only observed when the 
circuit elements were placed in a certain arrangement 
on the breadboard. A more thorough study of this 
effect is underway. 

Summary 

Two circuits, based on microsparks and 
semiconductor elements, have been designed and 
tested. The ^Gcro Marx bank pulse generator 
provides up to four times the input voltage. The 
output voltage in this design is limited by the drain 
source voltage of the MOSFET to 6 kV into a 10 Mft 
load. Improvements are possible by using a new 
generation of high vokage MOSFETs with a VDS of 
up to 2.5 kV. 

The second system is a capacitive discharge system 
with a diode, which allows us to shorten the trailing 
edge of the pulses. The eflFect is based on the finite 
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Abstract 

Benzene, a carcinogenic volatile organic conipound, 
is commonly used as a solvent. We have explored the use 
of a high pressure glow discharge in a near atmoq*eric 
and atmospheric pressure benzene/air mixture for benzene 
remediation. By using a nricro-boUow cathode discharge 
(MHCD) as an electron source to lower or eliminate the 
cathode fall voltage, a glow discharge could be operated 
either in a dc mode [1] or in a pulse-stqwrimposed mode 
[2] at atmospheric pressure air. A hi^er than 90% 
destruction rate has been obtained by flowing a 
benzene/dry air mixture through the dc glow disdiarge. 
For a pressure of 720 torr, superimposed electric pulses 
caused an increase in destruction of benzene, however, for 
760 ton, the remediation effect was reversed. 

I. INTRODUCTION 

Chemical and semiconductor industries are using 
volatile organic conq>ounds (VOCs) such as toluene, 
xylcne, tridiloro-ethylcne (TCE), trichloroethane (TCA), 
benzene, and acetone as solvents and for substrate 
cleaning [3]. However, Ae use of VOCs poses 
considerable health hazards. For example, inhalation of 
toluene witii concentrations of 600 ppm for more than 
eight hours causes headadie and dizziness [4]. Benzene is 
carcinogenic at long term exposure [4]. 

Conventional methods to eliminate VOC pollutants in 
air streams include thermal oxidation, catalytic oxidation, 
adsorption, biofiltration, membrane separation and UV- 
oxidation [3]. Alternative ^proaches based on electron 
beam treatnoents and nonthermal plasma technologies are 
gaining more ground, mainly because of their high 
removal efficiency and good energy efficiency [5]. One of 
them is based on the use of glow discharges for VOC 
remediation. Dissociation of benzene and methylene 
chloride by dc and pulsed low pressure glow discharges 
has been studied in VOC/rare gas mixtures [6,7], and 
99.8% fractional removal has been achieved. 

The operating voltage of glow discharges used for 
VOC remediation is relatively low, ^jproximately 500 V 
in the dc mode, and approximately 1.2 kV in the pulsed 
mode [6,7]. However, the low mass flow rate and the 
rcquirenoent for a vacuum system Umit the application of 
low and medium pressure glow discharges for VOC 
remediation. When operated at higher pressure, the 
current density increases. This causes the glow discharges 
to become unstable and to imdergo glow-to-arc 
transitions. These instabilities originate generally in the 
cathode fall, Ac part of tiie discharge wifli the highest 
electric field. Consequently, lowering or eliminating the 

cathode fall voltage by using a plasma cathode, or 
external electron source, allows us to extend the operating 
range of the glow discharge to high pressures. 

By using a microhoUow calhode discharge (MHCD) 
as an electron source, a glow discharge in air could b^ 
operated in a dc mode [1] or a pulse-5iq>erini|)osed mode 
[2] at atmosidieric pressure air. Electron densities of up to 
lO" cm'^ were measured, at gas teooperatures of 
iqpproximately 2000 K [8]. Siq>erimpo6ing a high electric 
field pulse with duration of less than die time required for 
glow-to-arc transitions allows us to temporally heat the 
electrons without a considoable inaease in gas 
tenq>erature. The shift in the electron energy distribution 
to higher values &vors collisions that require electron 
energies in excess of the average electrraa energy in a dc 
glow. These are, e.g., colUsions that cause dissociation of 
VOCs, and consequently a higher destruction efficiency. 

Table 1. Dissociation reactions and corresponding cross- 
sections and rate coefficients for benzene 

Reaction 
(JfTZ indicates CfiHfi.) 

Cross-section, o 
Rate Coefficient, k 

Electron inqwct 
dissociation: 
XyZ + e-j^-*X + YZ + e-^ 

a = 4x10" cm^ (electron 
energy: 0~10eV)[9] 

k = ~10''cmVs (electron 
energy: -IcV) 

Dissociative recombination: 
XYZ*+e--^X+YZ 

k = 10-*cmVs[10] 

Dissociative electron 
attachnoent: 
1) for the ground electronic 
states, 

XYZ+e-^„-^X- + YZ 
2) for the high Rydberg 
states, 
XYZ'{HR)+e,^ -^X+YZ 

1) a < 10" cm'[6] 
k< 6.7x10'*'cmVs 

(electron energy: ~leV) 

2)k = 10-^cm'/s[7] 

Radical impact dissociation: 
XYZ + MN-* XN + MYZ 
MN indicates radicals, e.g. 
OorOv 

k=10-"~10"cmVs(for 
tohiene) [5] 

We have studied dc and pulse-superimposed 
atmospheric pressure glow discharges in air with respect 
to VOC remediation. As a common solvent used in 
industrial applications, benzene was chosen for this study. 
The processes that are related to benzene dissociation in 
atmospheric pressure and dry air include electron impact 
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dissociation, dissociative recombination, dissociative 
attachment, and reactions involving radicals. The 
reactions and corresponding cross-sections and reaction 
coefficients are listed in table 1. 

II. EXPERIMENTAL SETUP AND 
PROCEDURES 

The apparatus used for the study of the effect of high- 
pressure glow discharges on benzene consist of a plasma 
discharge cell and a gas analytic system. A schematic 
diagram of the discharge cell and the gas flow and 

■■I        .i^-T      1    vf«kfM.    r 
Vacuum 
System 

detector (FID). The GC output signal is recorded by a HP 
3396 integrator. 

VOC/air mixtures are provided by Mathcson 
Company. Benzene in dry air (benzene: 296 ppm, dry air: 
99.97%) is used for the experimental study and hexane in 
dry air (hexane: 306 ppm, dry air: 99.97%) is used as a 
calibration VOC. Before introduction of VOC/air 
mixtures, the flow tube and the sampling reservoir are 
evacuated to pressures of less than 1 millitorr. In the 

VOC Ssmpling 

g^   Stainless Steel 

^1   Molybdenum 

Macor 

AIumioB 

Fig. 1    top: schematic diagram of the experimental 
setup; bottom: cross section of the discharge chamber. 

analytic system is shown in figure la. The discharge 
chamber (cross-section is shown in figure lb) is made of 
2.75-inch diameter stainless steel flanges. A 1 mm wide 
and 1.5 mm deep slit is cut into a 5/8-inch diameter macor 
rod in order to generate a narrow channel for the gas 
flowing through the plasma. The electrodes for the 
microhollow cathode discharge (MHCD) and the anode 
are made of molybdenum. The anode of the MHCD, 
which is separated from the anode of the glow discharge 
by a distance of 1.5 mm, is on ground potential. The 
plasma in the reactor is generated by first igniting the 
MHCD (sustaining voltage: -400 V) and then igniting the 
glow discharge (sustaining voltage: 470 V). For the pulse- 
superimposed case, a transmission line type pulse 
generator with a spark gap as switch is used to generate 
10 ns pulses of kV amplitude [12]. The pulsed voltage is 
recorded by a high voltage probe in series with a digital 
oscilloscope. As current viewing resistors, five 22 Q 
resistors in parallel are used. 

The gas handling system consists of stainless steel or 
teflon tubing and stainless steel valves. Flow meters and a 
metering valve are used to control and adjust the flow 
rate. A Hewlett Packard 6890 gas chromatograph (GC) 
with a 30 m X 0.32 mm x 0.25 |im capillary column is 
used for gas analysis. The detector is a flame ionization 
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Fig. 2 Chromatograms for benzene and hexane, 
measured by means of GC/FED. The left chromatogram is 
obtained for the case without plasma processing, and the 
tight shows the results after plasma treatment 

experiments, Ae gas was flown through the reactor with a 
rate of 100 seem at pressures of 720 torr and 760 torr, 
respectively. The processed gas sample is induced into the 
sattqjling reservoir wifliout influencing the flow rate and 
the pressure of the discharge cell (flow rate fluctuation <2 
seem, pressure variance S5 torr). At room temperature, 
the sampling reservoir is filled with processed gas at a 
pressure of 200 torr and then the calibration VCX) is 
added to a total pressure of 800 torr. The same sampling 
procedure is repeated with the unprocessed gas mixture. A 
200 |iL gas sample is withdrawn with a syringe from the 
reservoir and analyzed by the GC/FID. The normalized 
benzene concentration (the remaining benzene firaction) is 
the ratio of the area of benzene peak to the area of the 
hexane peak for the processed case (Fig. 2, right), to that 
for the xmprocessed case (Fig. 2, left). 

III. RESULTS 

The destruction of benzene in both dc and pulse- 
superimposed dc atmospheric pressure air glow 
discharges has been studied. For a dc mode, the 
normalized benzene concentration (fractional benzene) 
versus input energy density is shown in figure 3. The 
input energy density is: 

e = VI/F (1) 
where V, I, and F are the glow discharge voltage, the 
glow discharge current, and the gas flow rate, 
respectively. For a constant flow rate of 100 seem, the 
input energy density is varied by varying the glow 
discharge current from 11.9 mA to 21.4 mA, while 
keeping the glow discharge voltage constant at 470 V. 
The relative error was determined for a set of discharges 
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*at one energy density of 5.64 kJ/L as ±17%. With 
inaeasing input energy density, the fractional benzene 
deaeases exponentially, down to 0.09, and stays almost 
constant for higher energy densities. The exponential 
decay can be described by 

Ne = Nrtexp(-€/P) (2) 
where N^ and Ne are the concentration of benzene before 
and after plasma processing, respectively, and p is the 
energy density at which the benzene concentration is 
reduced to 1/e of the initial concentration. The inverse of 
P is the destruction efficiency. For 760 torr P was found to 
be 1.76 kJ/L (Fig. 3), whereas previous measurements at 
720 torr gave a value of 2.6 kJ/L [13]. 

3 4 5 6 

Eiwrgy OMMlty (kJ/L) 

Fig. 3 Normalized benzene concentration 
versus input energy density in a dc glow 
discharge in a benzene/dry air mixture at 760 torr 
with a flow rate of 100 seem. 
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Fig. 4 Top: 10 ns voltage pulse; bottom: 
discharge voltage vs. time for two pressures, 
720 torr and 760 torr and two applied voltages 
1300 V and 1500 V. 

The energy efficiency, defined as the mass of VOC 
molecules which are dissociated per energy input, has also 
been calculated. The mass of die reduced benzene per unit 
volume is given as RxNgX(Ndo/No)xmba„ where R is the 
VCXD concentration in air, Ng is the gas density. No and 
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F^. 5 Normalized Benzene concentration 
versus siq>erinq)osed pulse voltage in 100 seem 
benzene/diy air flow at 720 torr and 760 torr. 

Ndc is the benzene concentration before and after glow 
discharge application, respectively, and mi„ is the 
molecular weight of benzene. The calculated energy 
efficiency for atmospheric pressure discharge operation, 
with energy densities ranging from 3.37 kJ/L to 6.03 kJ/L, 
varies from 0.9 g/kWh to 0.5 g/kWh. 

In a second set of experiments, 10 ns pulses (see Fig. 
4 (top)) were superin^sed to the dc glow discharge. The 
glow discharges were operated at two pressures, 720 torr 
and 760 torr, with a flow rate of 100 seem. The dc voltage 
was 470 V and the dc current was 14.2 noA. Pulses were 
superin:q>osed to the glow discharges with an5>litudes 
varying from 300 V to 1500 V with a repetition rate of 
100 Hz. The temporal development of the discharge 
voltage in response to the q)plieation of a 1500 V, 10 ns 
pulse is shown in Fig. 4 (bottom). At a pressure of 760 
torr, the discharge voltage drops to 80% of the dc voltage, 
and it takes 8 jis to recover to the dc value. At 720 torr, 
the discharge voltage drops to 70% of the dc voltage and 
the recovery time is 10 jJis. For lower pulse voltages 
(SI 300 V), the differences in the temporal development of 
the discharge voltages for 760 torr and 720 torr become 
less and less pronounced. 

The destruction results are different for the two 
pressure conditions. Normalized benzene concentrations 
versus pulse voltage at 720 torr and 760 torr, respectively, 
are shown in Fig. 5. Conqjared with the benzene 
concentration in a de glow, Ae benzene concentration 
decreases with increasing applied pulse voltage for the 
720 torr discharge, while it increases with increasing 
pulse voltage for the 760 torr discharge. The error was 
determined as ±10% for a 720 torr discharge at a pulsed 
voltage of 850 V. 
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IV. DISCUSSION 

Assuming that the destruction of benzene is mainly 
caused by electron impact dissociation, the change in the 
benzene concentration is described by the following rate 
equation: 

dNdc/dt = - kcNdjJc (4) 
where Ndc is the benzene concentration in the dc glow 
discharge process, n^ is the electron density, and kc is the 
rate coefficient of the electron impact dissociation. The 
energy density dissipated in the discharge plasma over 
time dt is: 

de = JEdt, (5) 
E is the electric field, and J the current density, which is 
related to E by Ohm's law: 

J = aE = n,e^E/(m.v„) (6) 
with o being the conductivity, e the electron charge, m the 
electron mass, and v„ the electron-neutral colhsion 
frequency. Combining equations 4,5 and 6, we obtain: 

dNdc/N<ic = -[k.m.vJ(e'E')]de, (7) 
with the solution: 

N<,c = Noexp(-e/|5), (8) 
where P is the coefficient, which was introduced in 
section 3. p is related to the rate coefficient, k^, through 
the following relation 

p = e'E'/(kem,v J. (9) 
The collision frequency, v^. is 3xlO'^ s"' for air at room 
temperature and atmospheric pressure [11]. For the 
measured gas temperature of 2000 K, v^ is lowered by a 
factor of 6.7, i.e., Vn, « 4.5xl0" s"'. Assuming a rate 
coefficient of 10"' cmVs (which is the value for electron 
impact dissociation [table 1]), with an applied dc electric 
field of 3x10' V/cm, p = 5.6 kJ/L, a value, which is on the 
same order of magnitude as the experimental value, P = 
1,76 kJ/L (observed at 760 torr, see Fig. 3). 

For energy densities in excess of 4.5 kJ/L, the 
normalized benzene concentration remains constant at a 
value of -0.08 with increasing energy density. It is not 
known at this time if this effect is due to recombination of 
benzene fragments (not considered in the rate equation 4) 
or due to changes in the discharge plasma parameters at 
higher energy density. 

The reason for the difference in destruction rates for 
720 torr and 760 torr in the pulse-superimposed 
conditions is also not known at this time. The difference 
in pressure is not substantial. We assume therefore that 
the differences are not due to three-body collisions. 
However, the electric characteristics of the discharges at 
760 torr and 720 torr are quite different. This difference in 
power transfer to the plasma might explain the difference 
in benzene remediation processes. 

V. CONCLUSION 

A destruction rate in excess of 90% has been obtained 
by flowing a benzene/dry air mixture through an 
atmospheric pressure glow discharge. The destruction 
efficiency in the high pressure dc glow discharge (0.57 

L/kJ) is lower by a factor of 12.4 compared to that for a 
benzene/Ar mixture at 2 torr (7.04 L/kJ) [6], but the 
energy efficiency of the high pressure discharge (^0.9 
g/kWh) is higher than that of the benzene/Ar mixture 
(<0.3 g/kWh), or comparable to that of a benzene/Ne 
mixture (S0.9 g/kWh) [6]. Superposition of a 10 ns 
voltage pulse to a dc discharge has shown only small 
effects which are different for 720 torr and 760 torr. This 
effect might be due to the low duty cycle (lO"*) of the 
pulsed operation. There is no explanation for the different 
remediation effects at 720 torr and 760 torr discharges 
yet. 

In order to scale this small glow discharge system to 
a reactor with high mass flow rates, parallel operation of 
the glow discharge is possible and easy. If the glow 
discharges are operated in series, the destruction rate can 
be increased. For example, for a 90% destruction rate, 
five discharges in series will raise the destruction rate up 
to 99.99%. 
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EXCIMER EMISSION FROM PULSED HIGH 
PRESSURE XENON GLOW DISCHARGES 

Robert H. Stark, Hisham Merhi, Chunqi Jiang, and Karl H. Schoenbach* 

1. INTRODUCTION 

High pressure glow discharges are used in plasma processing, gas lasers, chemical 
and bacterial decontamination of gases, and as mirrors and absorbers of microwave 
radiation. Transient high pressure glow discharges, such as barrier discharges' and ac 
discharges^ are already well established, but recently high pressure dc discharges in noble 
gases' and in air,"*'' with dimensions of up to centimeters have been generated by using 
novel plasma cathodes. One of them is a microhoUow cathode discharge sustained 
plasma, where the microhollow cathode discharge provides flie electrons for the main 
discharge. The elimination of the cathode fall, the cradle for glow-to-arc transition has 
.allowed us to generate dc glow discharges with electron densities as high as lO'^ cm"', at 
gas temperature below 2000 K.*' * 

In these dc discharges the electron energy distribution is determined by the value of 
the reduced electric field (E/N), where E is the electric field intensity and N is the gas 
density. For dc atmospheric pressure air discharges wifli E/N of 32 Td, 1% of the 
electrons have an energy in excess of 2.1 eV, as computed by means of ELENDDF.' 
Applying electric field pulses to these plasmas with amplitudes exceeding the eqiiilibrixim 
reduced fields, but of such duration that glow-to-arc transition is avoided, allows us to 
shift the electron energy distribution temporarily to much higher energies. Calculations 
using ELENDEF show a dramatic shift of the electron energy distribution fimction 
(EEDF) during a 10 ns, 200 Td high voltage pulse: 1% of the electrons have then an 
energy exceeding 67 eV at the end of the 10 ns pulse. The increase in the concentration of 
high-energy electrons causes an increase of the ionization rate coefficient. The 
consequent rise in charged particle density has lead to an increase in electron Hfetime 
from 165 ns to 3.6 us at 17.5 kV/cm and 40 kV/cm, respectively.' This non-equihbrium 
electron heating effect can be used to reduce the power consumption of repetitive 
operated glow discharges from 5 kW/cm' for dc to 16 W/cm' for 3.5 ns pulses. 

Robert H. Stark, Hisham Merhi, Chunqi Jiang, and Karl H. Schoenbach, Physical Electronics Research 
Institute, Department of Electrical and Computer Engineering, Old Dominion University, Norfolk, VA 23529 
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Pulsed electron heating in high pressure plasmas may also be used to populate 
excited states of excimer gases, e.g. noble gases, efficiently. The inaeased density of 
excited noble gas atoms, the precursors of noble gas dimers, promises to lead to high 
intensity pulsed excimer radiation lamps. In order to explore the electron heating effect of 
short electric pulses on excimer emission we have studied the VUV spectral response of a 
high pressure xenon glow discharge to a 10 ns pulse. 

2. EXPERIMENTAL SETUP 

The electrode geometry for the microhollow cathode sustained (MCS) glow 
discharge is shown in Fig. 1. It consists of a microhollow electrode system and a third 
positively biased electrode (anode) 5 mm apart from the microhollow anode which is on 
groxmd potential. The microhollow electrodes are two molybdenum metal plates (100 |im 
thickness) with circular opening of 100 Jim diameter, separated by a 100 ^m thin 
dielectric layer of alumina. The microhollow cathode discharge (MHCD) between the 
cathode (-) and the ground electrode serves as plasma cathode for high pressure glow 
discharge operation.' 

+ 0 Anode 

5 mm 

Plasma 
Cathode 

Fig. 1 Photograph of a 
microhollow cathode discharge 
sustained glow discharge in 
xenon at 100 torr and a 2 mA 
discharge current. In order to 
study the electron heating 
effect, a 10 ns high voltage 
pulse was superimposed to the 
dc plasma. 

MHCD 

The temporal development of discharge current and voltage has been recorded using 
a 500 MHz oscilloscope. Spectral measurements in the VUV have been performed using 
a 0.5 m McPherson scanning monochromator, model 219, with a grating blazed at 150 
nm. The UHV discharge chamber was mounted directly to the inlet slit of the 
monochromator. The slit was oriented parallel to the discharge axis and placed at a 
distance of 6 cm in front of the discharge. Discharge chamber and monochromator were 
separated by means of a MgF2 window and evacuated to 10'* torr before beginning of the 
measurement. The spectrally resolved radiation at the exit slit was recorded with a 
photomultiplier tube (Hamamatsu 1533) after conversion to visible light, centered around 
425 nm, by a sodium salicylate scintillator. In addition to spectral measurements a CCD 
video monitoring system was used to record the appearance of the glow discharge side-on 
in the visible and near ultra violet. 

The excimer emission of xenon discharge was studied both for dc operation and for 
pulsed operation. The dc discharge was operated at 1 mA with a sustaining voltage of 70 
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V, corresponding to an average electric field of 140 V/cm. For pulsed operation a 10 ns 
high voltage pxilse was superimposed to the do plasma. The high voltage pulse was 
generated by a 10 Q pulse forming network (PFN) in strip line geometry.* A high 
pressure spark gap was used as switch to transfer the energy stored in the PFN to the load 
and to allow fast rise time of the high voltage pulse. The rise time of the pulse voltage is 
approximately 1-2 ns, and the pulse has an approximately rectangular shape. Pulse 
voltages of up to 6 kV were applied to the dc glow, generating average pulsed electric 
fields of up to 12 kV/cm in the high pressure plasma. 

3. RESULTS 

3.1 Direct Current Operation 

The side-on photograph of a xenon MCS discharge at 100 torr and 2 mA discharge 
current is shown in Fig. 1. The microhollow cathode plasma (bottom), which has a 
diameter of 100 |im, supplies the electrons for the MCS glow. The glow expands fi-om a 
diameter determined by the electron source (plasma cathode) to a maximiun diameter of 
2 mm at the anode. 
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Fig. 2 VUV emission spectrum of a 
high pressure microhollow cathode 
sustained glow discharge (MCS) with 
gas pressure as variable parameter. 
The current in the MHCD and MCS 
discharge was kept constant at 1 mA. 

The excimer spectrum for xenon was measiired by scanning the spectrometer over a 
of wavelength range firom 140 nm to 200 nm in steps of 0.1 nm and recording the 
resulting PMT voltage across a IMQ resistor. The excimer spectrum for a dc glow 
discharge in xenon at various pressures is shown in Fig. 2. The first excimer continuimi 
extends fi'om the resonance line (147 nm), which in this case is not observed, towards 
longer wavelength. With increasing pressure the second continuum which peaks at 172 
nm becomes more pronounced. The emission increases up to the highest pressure at 
which we could operate the discharge before instabilities set in (600 torr). 
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3.2 PULSED OPERATION 

In pulsed experiments the temporal development of the VUV emission after the 
application of the 10 ns high voltage pulse was measured at a wavelength of 172 nm. The 
response of the plasma at this wavelength to the 10 ns pulse in xenon at 400 torr (IMCS - 1 
inA, IMHCD = 5 mA) is shown in Fig. 3. Two peaks have been observed. The first peak is 
identical to the 10 ns voltage pulse. It is assumed that it is MI electrical signal, which is 
coupled to the diagnostic system. The second peak reaches its maximtoi intensity at 
about 250 ns after pulse application and decays exponentially with a time constant of 850 
ns to the dc value. The average emission time at half of the peak value is 680 ns. 

Fig. 3 VUV intensity at 172 nm when 
a 10 ns, 3.5 kV pulse is applied to the 
dc discharge (p = 400 ton, IMCS = 1 
mA, IMHCD = 5 mA). 
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Fig. 4 Ratio of peak intensity for 
pulsed operation, to the dc intensity 
value at 172 nm versus pulse voltage 
for a xenon discharge at 400 torr. 
The extension of the line connecting 
the two lower data points passes 
through the dc data point at V=0 
where the intensity, defined as 
Ipeak/Idc, equals one. 

The amplitude of the emission intensity at 172 nm varies exponentially with the voltage 
and electric field, E, respectively, of the applied pulse. This is shown in Fig, 4, where the 
peak intensity at 172 nm is plotted versus the applied pulse voltage. 

P/Po = exp(E/Eo) [1] 
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Po is the optical power emitted by the dc discharge. The optical power of the pulsed 
discharge with respect to the dc discharge, P/PQ, increases by more than two orders in 
magnitude from the dc value to the value at the highest applied voltage of 5.7 kV or 11.4 
kV/cm electric field, respectively. For V > 3.8 kV, Eo is approximately 5 kV/cm. For 
voltages less than 3.8 kV the rise in optical power is even stronger, indicating values of 
Eoofl40V/cm. 

4. DISCUSSION 

Direct current microhollow cathode sustained high pressure glow discharges, 
operated in xenon have shown to be sources of excimer radiation in the VUV at center 
wavelengths of 172 nm. Measurements with pressure as variable parameter have shown 
that the peak emission intensity increases continuously with pressure in the range of our 
measurements (Fig. 2). This is different from the results of similar studies in high 
pressure microhollow cathode discharges, where the VUV emission intensity has a 
maximum at 400 torr and decreases at higher pressure. In this case it was found that the 
presence of a maximum is due to the superlinear expansion of the plasma source over the 
surface of the microhollow cathode.' For the filamentary discharge studied in this 
experiment, the volume of the excimer source, however, seems to gradually decrease. 
This explains the continuous increase in intensity with pressure. 

Much higher excimer intensities, compared to dc operation, were measured when a 
pulsed electric field was applied to the dc discharge. The total radiative power increased 
by more than two orders in magnitude with electrical field pulses of 11.4 kV/cm across 
the 5 mm gap (Fig. 4). The observed response of the excimer emission (Fig. 3) is typical 
for pulsed operation with pulses in the ns-range. A similar response has been observed 
when a 20 ns pulse was applied to a barrier discharge.'"'" 

The possibility to scale these high pressure plasmas to larger dimensions, e.g. by 
parallel operation of the discharges or by increasing the length of the plasma filament, 
may allow their use as active media for laser applications. The scalability of such plasmas 
has already been shown in an earlier experiment.* 
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BENZENE DESTRUCTION IN DIRECT CURRENT 
ATMOSPHERIC PRESSURE AIR GLOW DISCHARGES 

Chimqi Jiang, Robert H. Stark, and Karl H. Schoenbach* 

J. INTRODUCTION 

Chemical and semiconductor industries are using volatile organic compounds 
(VOCs) such as toluene, xylene, trichloro-ethylene (ICE), trichloroethane (TCA), 
benzene, and acetone as solvents and for substrate cleaning [1]. However, the use of 
VOCs poses considerable health hazards. For example, inhalation of toluene with 
concentrations of 600 ppm for more than eight hours causes headache and dizjaness [2]. 
Benzene is carcinogenic at long term exposure [2]. 

Conventional methods to eliminate VOC pollutants in air streams include thermal 
oxidation, catalytic oxidation, adsorption, biofiltration, membrane separation and UY- 
oxidation. Alternative approaches based on electron beam treatments and nonthermal 
plasma technologies are gaining more ground, mainly because of their high removal 
efficiency and good energy efficiency [3]. One of them is utilizing glow discharges for 
VOC remediation. Dissociation of benzene and methylene chloride by dc and pulsed low 
pressure glow discharges has been studied in VOC/rare gas mixtures [4,5], and 99,8% 
fi-actional removal has been achieved. The operating voltage of glow discharges is 
relatively low, approximately 500 V in the dc mode, and approximately 1.2 kV in the 
pulsed mode. However, the low mass flow rate and the requirement for a vacuum system 
limit the application of low and medium pressure glow discharges for VOC remediation. 
When operated at higher pressure, the current density increases. This causes the glow 
discharges to become unstable and to undergo glow-to-arc transitions. These instabilities 
originate generally in the cathode fall, the part of the discharge with the highest electric 
field. Consequently, lowering or eliminating the cathode fall voltage by using a plasma 
cathode, or external electron source, allows us to extend the operating range of the glow 
discharge to high pressures. By using a micro-hoUow-cathode-discharge (MHCD) as an 
electron source [6], a glow discharge in air could be operated in a dc mode at atmospheric 
pressure air [7]. Electron densities of up to lO" cm'' were measured, at gas temperatures 
of approximately 2000 K [8]. 

* Chunqi Ji«ng, Robert H. Stark, and Kari H. Schoenbach, PhyslcaJ Electronics Research Institute, 
Department of ElectHcal and Computer Engineering, Old Domfaijon University, Norfolk, VA 23529. 
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Table 1.   Dissociation reactions and corresponding cross-sections and rate coefficients 
for benzene 

Reaction 
(A7Z indicates CgH*.) 

Cross-section, 0 
Rate Coefficient, k 

Electron impact dissociation: a « 4x10'''' cm^ (electron energy: 0~10eV)[9] 
k = -10'' cm'/s (electron energy: ~leV) 

Dissociative recombination: 
XYZ*+e- -->-X + YZ 

k=10^cmVs[10] 

Dissociative electron attachment: 
1) for the ground electronic states, 
XYZ+e-^->X-+YZ 
2) for the high Rydberg states, 
XYZ' (HR)+e;,^ ->. X- + rz 

l)a<10-"cm^[4] 
k < 6.7x10''° cmVs (electron energy: ~leV) 

2)k=10-^cmVs[5] 

Radical impact dissociation: 
XYZ+MN-^XN + MYZ 
MN indicates radicals, e.g. 0 or O3. 

k = lO'^^-lO''" cm'/s (for toluene) [3] 

We have studied dc atmospheric pressure glow discharges in air with respect to VOC 
dissociation. As a common solvent used in industrial applications, benzene was chosen 
for this study. The processes that are related to benzene dissociation in atmospheric 
pressure and dry air include electron impact dissociation, dissociative recombination, 
dissociative attachment, and reactions involving radicals. The reactions and 
corresponding cross-sections and reaction coefficients are listed in table 1. 

2. EXPER1ME^^:AL SETUP AND PROCEDURES 

The apparatus used for the study of the effect of high-pressure glow discharges on 
benzene consist of a plasma discharge cell and a gas analytic system. A schematic 
diagram of the discharge cell and the gas flow and analytic system is shown in figure la. 
The discharge chamber (cross-section is shown in figure lb) is made of 2.75-inch 
diameter stainless steel flanges. A 1 mm wide and 1.5 mm deep slot is cut into a 5/8-inch 
diameter macor rod in order to generate a narrow channel for the gas flowing through the 
plasma. The electrodes for the microhollow cathode discharge (MHCD) and the anode 
are made of molybdenum. The anode of the MHCD, which is separated from the anode 
of the glow discharge by a distance of 1.5 mm, is on ground potential. The plasma in the 
reactor is generated by first igniting the MHCD (sustaining voltage: -400 V) and then 
igniting the glow discharge (sustaining vohage: 470 V). 

The gas handling system consists of stainless steel or Teflon tubing and stainless 
steel valves. A mass flow controller (Costal Instniment, UFC8160) and a metering valve 
(Nupro "S" series) are used to control and adjust the flow rate. A Hewlett Packard 6890 
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gas chromatograph {GQ with a 30 m x 0.32 mm x 0.25 ^m capillary column is used for 
gas analysis. The detector is a flame ionization detector (FID). The GC output signal is 
recorded by a HP 3396 integrator, 

VOC/air mixtures are provided by Matheson Company. Benzene in dry air (benzene: 
296 ppm, dry air: 99.97%) is used for the experiment study and hexane in dry air 
(hexane: 306 ppm, dry air: 99.97%) is used as a calibration VOC. Before introduction of 

Air 
+ 
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Mjss-Flow 
Conuol -^ ̂  t-^ Flow 
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r 
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UHV 
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(>») (b) 

Fig. la. Schematic diagram of the experimental setup; b. the cross-section of the discharge chamber. 
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Fig. 2 Chromatograms for benzene 
and hexane, measured by means of 
GC/FID. The left chromatogram is 
obtained for the case without plasma 
processing, and the right shows the 
results after plasma treatment. 

VOC/air mixtures, the flow tube and the sampling reservoir are evacuated to pressures of 
less than 1 millitorr. In the experiments, the gas was flown through the reactor with a rate 
of 100 seem at 720-730 ton pressure. The processed gas sample is induced into the 
sampling reservoir without influencing the flow rate and the pressure of the discharge cell 
(flow rate fluctuation <2 seem, pressure variance =S10 ton). At room temperature, the 
sampling reservoir is filled with processed gas at a pressure of 200 ton and then the 
calibration VOC is added to a total pressure of 800 ton. The same sampling procedure is 
repeated with the unprocessed gas mixture. A 200 (JLL gas sample is withdrawn by a 
synnge from the reservoir and analyzed by the GC/FID. The nonnalized benzene 
concentration (the remaining benzene fraction) is the ratio of the area of benzene peak to 
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the area of the hexane peak for the processed case (Fig. 2, right), to that for the 
unprocessed case (Fig. 2, left). 

3. RESULTS 

The destruction of benzene in dc near atmospheric pressure glow discharges in air 
has been studied. The normalized benzene concentration (fractional benzene) versus 
input energy density is shown in figure 3. The input energy density is: 

e = WF (\ 
where V, I, and F are the glow discharge voltage, the glow discharge current, and the gas 
flow rate, respectively. The data are based on single measurement; this explains the large 
scatter. For a constant flow rate of 100 seem, the input energy density is varied by 
varying the glow discharge current from 10.5 mA to 20.1 mA, while keeping the glow 
discharge voltage constant at 470 V. With increasing input energy density, the fractional 
benzene decreases exponentially: 

Ne = N.oexp(-e/3) (2) 
where N^o and N. are the concentration of benzene before and after the plasma 
processing, respectively, and P is the energy density at which the benzene concentration 
is reduced to 1/e of the initial concentration. The inverse of P is the destruction 
efficiency. For the given gas and plasma parameters, p « 2.6 kJ/L, which means that it 
takes 2.6 kJ to reduce the benzene concentration in dry air at near atmospheric pressure in 
a volume of one liter by a factor of 2.7. 

2 

2 

0) 
N 
C 
a> 

CO 
75 c o 
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Fig. 3       Normalized benzene 
concentration versus, input energy 
density in a dc glow discharge. The 
discharge is operated in a benzene/diy 
air mixture at 720 torr with a flow rate 
of 100 seem, and at a discharge voltage 
of 470 V. The discharge current is 
varied ftom 10.5 mA to 20.1 mA and the 
corresponding energy density varies 
from 2.96 kJ/L to 5.66 kJ/L. The lower 
limit in current is determined by the 
onset of instabilities; at currents larger 
than 20 mA, the electrodes are damaged 
due to excessive Joule heating. 

3 4 5 
Energy Densrty (kJ/L) 

The energy efficiency, defined as the mass of VOC molecules which are dissociated 
per energy input, has been calculated. The mass of the reduced benzene per unit volume 
is given as RxNgX(Ndc/No)xmbCT, where R is the VOC concentration in air, Ng is the gas 
density, and mb«, is the molecular weight of benzene. The calculated energy efficiency in 
the range of the atmospheric pressure discharge operation (for energy densities ranging 
from 2.96 kJ/L to 5.66 kJ/L) varies from 0.85 g/kWh to 0.5 g/kWh. 
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4. DISCUSSION 

Assuming that the destruction of benzene is mainly caused by electron impact 
dissociation, the change in the benzene concentration is described by the following rate 
equation: 

dNdc/dt = -keN<,cn. (4) 
where Ndc is the benzene concentration in the dc glow discharge process, n^ is the electron 
density, and k^ is the.rate coefficient of the electron impact dissociation. The energy 
density dissipated in the discharge plasma over time dt is: 

de = JEdt, (5) 
E is the electric field, and J the current density, which is related to E by Ohm's law: 

J = cjE = n,e^E/Kv„) (6) 
with a being the conductivity, e the electron charge, m the electron mass, and v^ the 
electron-neutral collision firequency. Combining equations 4, 5 and 6, we obtain: 

dNdyNdc = -[kcm.vJ(e'E')]de, (7) 
with the solution: 

Nj,=Noexp(-E/p), (8) 
where [3 is the coefficient, which was introduced in section 3. P is related to the rate 
coefficient, k^, through the following relation 

p = e^E'/(k,m.v„). (9) 
The collision frequency, v„, is 3xlO'^ s"' for air at room temperahire and atmospheric 
pressure [11]. For the measured gas temperature of 2000 K, v^ is lowered by a factor of 
6.7, i.e., Vn, « 4.5xl0" s'V Assuming a rate coefficient of 10"' cm'/s (which is the value 
for electron impact dissociation [table 1]), with an applied dc electric field of SxlQ-* 
V/cm, P « 5.6 kJ/L, a value, which is on the same order of magnitude as the experimental 
value, p K 2.6 kJ/L. 

The time required to reduce benzene from an initial value, No, to a final value, Ndc, 
can be obtained by solving equ. 4. Integrating this equation, we obtain an expression for 
the fractional benzene: 

Nd,/No = exp(-k,n,T,), (10) 
where Tj is the time required to obtain a reduction in the density of benzene to Njc- The 
electron density of the dc glow discharge plasma in air at atmospheric pressure has been 
measured to be about lO'^ cm'' in the center of the plasma at a current of 10 mA [8], 
which is the lowest current fliat supports a stable discharge in our experiment. At a radial 
distance of 0.21 nun from the center of die plasma column, the electron density decreases 
to half of this value. Assuming an average electron density of 5xl0'^ cm'^ and using a 
rate constant of 10"' cm'/s, the time to reduce the concentration of benzene by a factor of 
No/Ndc = 1/0.3 (the value for the 10 mA discharge in fig. 3), is consequently 0.24 ms. 

The time the flowing gas needs to stream through the plasma colunnm, the residence 
time of the gas, is given by the plasma dimensions and by the flow velocity. The diameter 
of the plasma column is assumed to be about 800 nm [7]. The cross section area is 1.5 
mm^. The flow velocity of the gas passing through the discharge cell is consequently 1 
m/s at a flow rate of 100 seem. The residence time is then 0.8 ms, which is more than 
three times the time required to reduce the concentration to the experimental value for the 
10 mA discharge. Considering, however, the relatively crude assumptions in deriving Tj, 
this discrepancy between the residence time and the benzene destruction time is not 
surprising. 
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5. CONCLUSION 

A higher than 80% destruction rate has been obtained by flowing a benzene/dry air 
mixture through a near atmospheric pressure glow discharge. The destruction efBciency 
in the high pressure dc glow discharge (1/2.6 L/kJ) is lower by a factor of 18.3 compared 
to that for a benzene/Ar mixture at 2 torr (1/142 L/J) [4], but the energy efficiency of the 
hi^ pressure discharge (sO.85 g/kWh) is higher than that of the benzene/Ar mixture 
(<0.3 g/kWh), or comparable to that of a benzene/Ne mixture (SO.9 g/lcWh) [4] 

In order to scale this small glow discharge system to a reactor with high mass flow 
rates, paraUel operation of the glow discharge is possible and easy, Five parallel 
atmospheric pressure glow discharges have already been run successfiilly in a stainless 
stee chamber. The mass flow rate can then be increased five times compared to that of a 
smgle discharge. If the glow discharges are operated in series, the destruction rate can be 
increased. For example, for an 80% destruction rate, five discharges in series will raise 
the destruction rate up to 99.97%. 
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Abstract 

Experiments were conducted with atmospheric air 
plasmas at temperatures around 2000 K in order to in- 
crease the electron number density to approximately 
10^* cm~' by means of an applied DC discharge and an 
electric pulse in parallel to the DC discharge. The DC 
discharge produces a stable region of elevated electron 
number density, in agreement with two-temperature 
kinetics calculations. In the pulsed experiments at 
the end of the 10 ns pulse, the ionization level was 
measured to be about 10'' electrons/cm*. Following 
the pulse, the electron number density decreased to 
lO'^cm"^ in approximately 12 ^s, in good agreement 
with the chemiceil kinetics model. This result suggests 
that elevated electron number densities of the order of 
lO'^cm"^ can be madntained in low temperature air 
plasmas by means of repetitively pulsed discharges. In 
this paper, we present results of the DC and pulsed 
experiments, as well as two-dimensional CFD simu- 
lations of the DC experiments. The computational 
model uses the Stanford two-temperature chemical ki- 
netics model for the plasma, as well as finite-rate mod- 
els for vibration-electronic energy relaxation and elec- 
tron translational energy relaxation. The computa- 
tional results are in good agreement with the mea- 
sured electron concentration, temperatures, and cath- 
ode fall. 
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t Professor and Vice Provost, Dean of Research and 
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Introduction 

There has been considerable interest in recent years 
in finding methods for reducing the power budget 
required to generate large volumes of atmospheric 
pressure air plasmas at modest temperatures below 
2000 K with electron number densities of the order 
of 10^'cm"'. These reactive air plasmas potentially 
have numerous applications based on their medical, 
biological, environmental, electromagnetic, and aero- 
dyn2imic effects. In order to increase the electron num- 
ber density without significantly heating the gas, the 
energy must be added in a targeted fashion. One 
method is to apply the energy addition to the free 
electrons by means of an imposed electrical discharge. 
This approach was successfully demonstrated at Stan- 
ford in a series of experiments in atmospheric pres- 
sure air at temperatures between 1800 and 3000 K. 
In these experiments, a DC electric field was applied 
to flowing air plasmas with initial electron concentra- 
tion corresponding to the chemical equilibrium value 
at the corresponding temperature. These experiments 
showed that it is possible to obtain stable diffuse glow 
discharges with electron number densities of up to 
2 X lO'^cm"^, which is up to six orders of magni- 
tude higher than in the absence of the discharge. This 
value corresponds to the maximum current that cati 
be drawn from the 250 mA power supply used in 
the experiments. In principle, the electron number 
density could be increased to higher values approach- 
ing lO'^cm"^ with a power supply capable of deliv- 
ering more current. The diffuse discharges are ap- 
proximately 3.5 cm in length and 3.2 mm in diameter. 
No significant degree of gas heating was observed, as 
the measured gas temperature remained within a few 
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hundred Kelvin of its value without the discliarge ap- 
plied. The measured power budget was found to bo in 
good agreement with modeling predictions based on a 
zero-diiucnsional model of plasma chemistry coupled 
with an electric discharge model over the entire range 
of our measurements. For electron number densities 
of lO'^cm"^, the predicted power budget is approxi- 
mately 20kW/cm^. 

Because the power budget for DC electron heat- 
ing is too high for the practical use of air plasmas in 
large-scale applications, methods to reduce the power 
budget arc being explored at Stanford. Based on 
the predictions of our chemical kinetics and electri- 
cal discliarge models, it was found that a repetitively 
pulsed electron heating strategy could provide signifi- 
cant power budget reductions. The basis of the pulsed 
heating strategy is to leverage the finite recombina- 
tion time of electrons and to increase the ionization 
efficiency by using voltage pulses of duration much 
shorter than the recombination time. Significant in- 
creases in ionization efficiency can be obtained by us- 
ing short electric pulses with peak voltages moderately 
larger than for the a\sc of DC electron heating. These 
high voltage pulses significantly enhance the tail of 
the electron energy distribution function, thereby in- 
creasing the rate of ionization relative to vibrational 
excitation by electron impact, which is the dominant 
channel for inelastic power losses in the DC discharges 
investigated. 

In this paper, we present a sununary of the DC and 
pulsed experimental results along with numerical sim- 
ulations of the DC experiments. The calculations are 
being used to quantify the effect of a DC discharge on 
the electron concentration in the atmospheric pressure 
air plasma and to refine our fundamental understand- 
ing of ionization kinetics. 

Experimental Approach 

All experiments described here were conducted with 
the experimental set-up shown in Figure 1. The device 
consists of two parts, a gas preheater and a discharge 
region. The gas preheater comprises a 50 kW radio- 
frequency inductively-coupled plasma torch operating 
at a frequency of 4 MHz, a cold gas injection ring, and 
a water-cooled mixing test-section with an inner diam- 
eter of 2 cm and a length of 18 cm. The temperature of 
the plasma at the exit of the 2 cm diameter torch nozzle 
is about 5000 K and its velocity is about 100 m/s. The 
plasma then enters a test-section where it is cooled to 
the desired temperature by mixing with an adjustable 
amount of cold air injected into the plasma stream 
through a radial mixing ring. At the exit of the mix- 

ing test-section the air flow is close to local thcrmody- 
iiainic equilibrium (LTE) <:onditions. Finally, a 1 cm 
exit diameter converging nozzle is mounted at the exit 
of the mixing test-section. This nozzle is used to con- 
trol the velocity, hence the residence time, of the flow 
within the discharge region. For the pulsed discharge: 
experiments, the centerlinc temperature, How velocity, 
and mass flow rate at the entrance of the discharge re- 
gion were approximately 2300 K, 440 m/s and 4.9 g/s, 
respectively. 

The discharge region consists of two platinum pin 
electrodes of 0.5 mm diameter held along the axis of 
the air stream by two water-cooled -^ stainless-steel 
tubes placed crosswise to the plasma flow. The bottom 
electrode is mounted on the copper nozzle and the up- 
per electrode is affixed to a Lucite ring itself mounted 
on a vertical translation stage in order to provide ad- 
justable interelectrode distance. Several platinum pins 
(dijuneter 0.02") can be inserted into the discharge re- 
gion to measure the voltage at various locations along 
the axis of the discharge in order to determine the elec- 
tric field. The interelectrode distance was set to 3.5 cm 
for the DC discharge experiments, and 1.2 cm for the 
combined pulsod/DC discharges. 

The electric pulse was generated with a pulse form- 
ing line system developed at Old Dominion Univer- 
sity by Stark and Schoenbach. The pulse shape wfus 
approximately rectangular, with maxiuuun voltage of 
10 kV and duration 10 ns. In the pulsed experiments, 
a DC discharge of 2kV and 150 mA wjis applied ui 
parallel to the pulse in order to pre-ionize the plasma 
at an electron number density of approximately G.5 x 
10" cm~^. In all experiments presented here, the bot- 
tom electrode was biased to negative potentials and 
the top electrode was connected to ground. 

Experimental Results 

DC Discharge Experiments 

Figure 2 a photograph of the air plasma plume in 
the region between the two electrodes without the dis- 
charge applied. Figure 3 shows the same region with 
the DC discharge Applied between the electrodes. In 
these DC experiments, the interelectrode distance was 
3.5 cm, the discharge current 200 mA, and the voltage 
applied across the electrodes was 5.2 kV. The bright 
region in Figure 3 corresponds to the discharge-excited 
plasma. The discharge diameter is approximately 
3.5 mm and the electron concentration was determined 
from electrical conductivity measurements to be ap- 
proximately 2 X 10'^ cm"'. Without the discharge ajv 
plied, the ccntcrline rotational temperature along the 
axis of the flow decreases from 2300 K immediately 
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FIGURE 1. Schematic of the Stanford Plasma Torch, 
showing the location of the discharge section. 

above the cathode (bottom electrode) to 2020 K at the 
anode. With the discharge applied, the measured ro- 
tational temperature remains approximately constant 
at a value of 2300 K along the aids of the discharge re- 
gion. Thus the applied discharge does not noticeably 
increase the temperature of the plasma. The cathode 
fall voltage of the DC discharge was measured from the 
potential difference between the cathode and a voltage 
pin placed at a distance of 0.2 mm downstream of the 
cathode. The measured value of 290 V is in excellent 
agreement with the cathode fall voltage reported in 
the literature for glow discharges.' 

The measured electrical discharge characteristics 
for this case as well as several additional experimen- 
tal conditions at plasma temperatures ranging from 
1800 to 2900 K are shown in Figure 4. The solid 
curves in Figure 4 correspond to the predicted dis- 
charge characteristics in atmospheric pressure air plas- 
mas at temperatures of 2000 and 3000 K, respectively. 
A detailed description of the theory underlying these 
predicted discharge characteristics was presented in 
Ref. 2. Good agreement is obtained between the mea- 
sured and predicted discharge characteristics over a 
range of experiments spanning more than three orders 
of magnitude in current density. The current den- 
sity corresponding to an electron number density of 
lO'^cm"^ is indicated by the dashed line in the fig- 
ure. The predicted current density j and electric field 
B required to generate 10''electrons/cm^ in 2000 K 
atmospheric pressure air are equal to 17 A/cm* and 
1.4kV/cm. The corresponding power budget, jE, is 
therefore approximately 24kW/cm^. 

FIGURE 2. Air plasma at 2000 K without discharge. 

FIGURE 3. Air plasma at 2000 K with DC discharge. 
The measured electron number density in the bright 
central region is approximately 2 x 10'^ cm"'. 

,*^j„. ;»»■*■? ftjf-t 

f5*       IC       18 K'       13 K'       10"        tC 

FIGURE 4. Measured and predicted electrical dis- 
charge characteristics in atmospheric pressure air plas- 
mas generated by DC electric discharges. 
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Pulsed Discharge Experiments 
As discussed in the previous section, the power bud- 

get required to sustain elevated electron number densi- 
ties with DC electric discharges is too high for practical 
applications with large volume air plasmas. We have 
therefore explored new strategics to reduce the power 
budget required to sustain superionizcd air plasmas. 
Our investigations have focused on an approach based 
on pulsed electron heating. The basis of the pulsed 
heating strategy is to leverage the finite recombina- 
tion time of electrons and to increase the ionization 
efficiency by using short electric pulses with peak volt- 
ages moderately larger than for the case of DC electron 
heating. These high voltage pulses significantly en- 
hance the tail of the electron energy distribution func- 
tion, thereby increasing the rate of ionization relative 
to vibrational excitation by electron impact, which is 
the dominant channel for inelastic power losses in the 
DC discharges investigated. 

This strategy is illustrated in Figure 5. Short volt- 
age pulses are applied intermittently to increase the 
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FIGURE 5.   Predicted electron number density for a 
repetitively pulsed discharge. 
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FIGURE 6.  Electron number density as a function of 
time for the pulsed discharge experiment. 

electron number density. The decay rate between 
pulses is governed by electron recombination processes. 
The average electron number density obtained with 
this system depends on the pulse duration, the interval 
between two consecutive pulses, and the pulse voltage. 

In order to test the pulsing sclieme, experiments 
were conducted at Stanford University in collaboration 
with Old Dominion University. These experiments em- 
ployed a pulse forming line, designed and built at Old 
Dominion University, capable of generating a short 
duration (10 ns) rectangular electric pulse with peak 
voltages that can be varied in the range 0-16 kV. In 
order to experimentally simulate a repetitively pulsed 
discharge, the initial elevated electron number density 
resulting from the "previous" pulse in a repetitive dis- 
charge was created using a DC discharge operated in 
parallel with the pulse. These experiments enabled us 
to determine the voltage required to increase the elec- 
tron number density to approximately 10'^ cm~^ with 
a 10 ns ionizing pulse as well as the recombination time 
of electrons after the end of the pulse. 

In order to determine the effect of the pulse on 
the plasma, the electrical resistance of the plasma 
was measured as a function of time from the voltage 
across the electrodes and the current flowing through 
the plasma. The electron number density can be ob- 
tained from the resistance measurements if the area 
of the discharge is known. This area was obtained 
from optical measurements of the light emitted by 
the plasma during pulse excitation and found to be 
approximately the same as the DC discliargc diam- 
eter of 3.2 mm. The electron number density mea- 
sured in this manner is shown in Figure 6. The elec- 
tron number density increases from the initial value of 
6.5 X 10" cm"' to a peak of lO'^cm"^, then decays 
to 1 X lO*'^ cm"' in approximately 12 fts. The average 
measured electron number density over the 12 ^s dura- 
tion is 2.8x 10'^ cm"'. With careful accounting for the 
background elevation of the electron temperature and 
the fact that the gas is flowing during the experiment, 
the two-temperature kinetic model has been shown to 
agree very well with the experimental results. 

Power Budget 
We can now estimate the power reduction afforded 

by repetitively pulsed electron heating in comparison 
with DC electron heating. We consider here a repeti- 
tively pulsed discharge starting from an initial electron 
number density of 10'''cm"'. The electron number 
density is increased to lO" cm"' with a 10 ns rectan- 
gular voltage pulse. The electron temperature required 
to produce 10^'electrons/cm' in 10 ns is calculated to 
be 32,900K, corresponding to a field of 4kV/cm. The 
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gas temperature is assumed to be 2000 K. In order 
to simulate the case of a repetitive discharge without 
background DC electron heating, we consider that the 
electron temperature is equal to 2000 K throughout the 
recombination phase. The time predicted for the elec- 
trons to recombine to the initial value of 10*^ cm"^ is 
8.7 us. The cjilculated average electron number density 
over the entire cycle is approximately 2.6 x 10''' cm""'. 

FVom the results shown in Fig. 4, the current density 
and electric field required to sustain an electron num- 
ber density of 2.6 x 10'^ cm"' using DC electron heat- 
ing are 4.5A/cm^ and 1600 V/cm, respectively. The 
volumetric power for the DC case is then 

PDC ^ 4.5 A/cm^ x 1600 V/cm = 7.2kW/cm^ 

For the repetitively pulsed system, the average current 
density during the ionization phase can be calculated 
from Ohm's law and the predicted electron number 
density evolution. For the present case, the peak cur- 
rent density at the end of the pulse is approximately 
30A/cm^ and the average current density during the 
pulse 10.5 A/cm'^. The average power during the 10 ns 
pulse is then 10.5 A/cm^ x 4.0kV/cm = 42kW/cm'. 
The total power over one pulse cycle is obtained by 
multiplying this value by the duty cycle of the puLscr, 
here equal to (10ns)/(8.7/is) = 1.15 x 10"^. The 
power requirement for the repetitive pulsed discharge 
is then 

Ppuised =; 42kW X 1.15 X 10-3 ^ 48W/cm' 

Thus the power budget reduction afforded by the 
repetitively pulsed discharge in comparison with the 
DC discharge is a factor of 150. 

The optimal power budget that can be achieved 
with a pulse of given duration TI in air at a given 
gas temperature depends on the minimum and max- 
imum electron number densities in each pulse (ne,„,in 
and ne,max)) the concentrations of heavy species, the 
electric field during (or equivalently the electron tem- 
perature imposed by) the pulse, the interval between 
pulses T2, and the desired average electron number 
density in the repetitive discharge. From analysis of 
the full 38-reaction mechanism for the case of ioniza- 
tion with a pulse T\ = 10 ns, we find that the dominant 
chemical reactions during the ionization phase are the 
electron impsict ionization of O2 and N2. Shortly af- 
ter the end of the ionization phase, the dominant ion 
becomes NO"^ as a result of fast charge transfer and 
charge exchange reactions. Thus for the recombina- 
tion phase, we consider that the dominant reaction 
is the dissociative recombination of NO"*^.   Based on 

these observations, the electron number density evo- 
lution during the ionization and recombination phases 
can be approximated as 

dne 
ionization 

- Mon.Njne'lNj + fcion,03"e"03 

— "-ionneiV 

and 

dne 
IT recombination 

— -fcDR,NO+«enNO+ - koRiritf 

where the rate coefficients of electron impact ioniza- 
tion of N2 and O2 (which depend on the electron tem- 
perature Te) and the rate coefficient for dissociative 
recombination of NO"*" are taken from Ref. 2. 

The ratio R of the power required to produce a given 
average electron number density n* with a repetitively 
pulsed discharge relative to the power required to pro- 
duce the same electron number density with a DC dis- 
charge can be expressed as 

R = i<rE^)DC   j( ^1 + ^2 
(cr£;^) Pulse n 

Using the electron energy equation and Ohm's law (see 
Ref. 2), R can be approximated by 

fl=: 
(ne)'°" [T«,Pulse]^/2 n 

where {ne)'°" stands for the average electron number 
density during the ionization phase of the pulse. 

By solving the electron number density rate equa- 
tions, analytical expressions can be obtained for 
(fie)'"" and T2 as a function of TI, Tt, and the vari- 
ous rate coefficients. Assuming that the duration TJ 

of the recombination phase is much longer than the 
ionization phase ri , we obtain 

R 
a^e" 

\-'e, Pulse 

DC   'N 
3/2 

where a = honNTi. Additional expressions can also 
be obtained for T2 and for the minimum and maximum 
electron number densities of the repetitive pulsed dis- 
charges. 

Figure 7 shows the power reduction factor, mini- 
mum and maximum electron number densities, and 
interval between pulses as a function of the pulsed 
electron temperature to maintain an average electron 
number density of 2.6 x 10" electrons/cm' with a 
10 ns repetitively pulsed discharge in 2000 K atmo- 
spheric pressure air. It can be seen that there ex- 
ists an optimum electron temperature of 27,000 K for 
maximum power budget reduction by a factor of 220. 
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The corresponding optimal parameters are minimum 
and maximum electron number densities of 1.3 x 10'^ 
and 6.1 x 10*^cm""', respectively, and interval between 
pulses of 8 microseconds. For an electron temperature 
of 32,900 K corresponding to the case analyzed in the 
previous section, we find that the predicted power bud- 
get reduction is by a factor of 190, which is consistent 
with the factor of 150 predicted by the more refined 
analysis presented earlier. This type of analysis is 
thus useful to optimize repetitive pulsing strategies. 
It should be noted that care should be exercised in ex- 
trapolating the above power budget reduction expres- 
sion to the case of pulses shorter than 10 ns because 
the ionization phase may be affected by additional re- 
actions at shorter pulse durations. 

250 

e. Pulse 

FIGURE 7. Power reduction factor afforded by pulsed 
vs. DC discharges to maintain an average electron 
number density of 2.6 x 10'^ electrons/cm' in 2000 K 
atmospheric pressure air, as a fimction of the pulsed 
electron temperature. Also shown are the minimum 
and maximum electron number densities, and interval 
between pulses. All calculations are for a pulse dura- 
tion of 10 ns. 

Numerical Simulations 
In this section we discuss our numerical simulations 

of the DC discharge experiments. The main exten- 
sion of previous work' involves the modeling of the 
discharge region. 

Conservation Equations 
The DC discharge flow field is described by the 

Navier-Stokes equations that have been extended to 
include the effects of nonequilibrium thermochemistry. 
We solve separate mass conservation equations for each 
of the 11 chemical species present, as well as conserva- 
tion equations for the radial, axial and swirl direction 
momenta. The energy of the flow is modeled by solv- 
ing a total energy conservation equation, a vibration- 
electronic energy conservation equation, and an elec- 
tron energy conservation equation. 

Here we focus on the electron energy conservation 
equation because the variation of the electron temper- 
ature is the most important effect in these flows. We 
have 
dEe 
dt 

+ V ■ {{E, + p,)(u + v«) = -V ■ qo - n,e E • u 

-Qh-e - Qv-e + JWeCe, 

where qe = -fcgV • Te, is the flux of electron energy. 
The conductivity of electron temperature, kg is tJiken 
from Mitchner and Kruger.** Qh_e, the heavy particle- 
electron energy transfer rate, is 

Qn-e = neTik{T, - T)(^)($ehfefc. 
^ Vmft/ 

The vibrational-electron energy transfer rate, Qt,-e is 
from Ref. 5. The electric field, E, may be expressed in 
terms of the electron pressure, Pe, and current density, 
j, and the electrical conductivity, a, as 

f -necE- u = Vpe•u-t- — 
o■ 

In the above equations, We is the chemical source term 
for the electrons, Seh, is the nonelastic energy factor 
and i/eA, is the average frequency of collisions between 
electrons and heavy particles. For the experimen- 
tal conditions, the ions have negligible concentrations, 
and the the collision frequency is well approximated 
by 

p 

where Qe = \/SkTe/itme is the electron thermeil speed 
and Qen is the average cros.s-section taken to be 
lO-'^cm*. 

Discharge Model 
To model the discharge re^on shown in Fig. 3, we 

generalize the channel model suggested by Steenbeck.' 
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At an infinitesimal time after the discharge is ignited, 
the current is vanishingly small everywhere except 
within the discharge region between the electrodes. 
The current at each axial, x, location is then 

= 2./ aErdr « 2irE I ardr. 1: 
where E is assumed to be only a function of x. 

The current is controlled experimentally, and thus 
is a prescribed parameter. By imposing this current 
conservation at every location along the axis of the 
discharge, the field E{x) can be determined from the 
above equation. Now, we can apply the field to the 
electron energy equation in the form of the Joule heat- 
ing source term. The discharge then spreads and at- 
tans a steady shape as a result of diffusive processes. 

As mentioned earlier, the pin electrodes are placed 
cross-wise to the plasma flow. Since the stainless steel 
tubes carrying the electrodes do not significantly dis- 
turb the flow, the flow around the electrodes is not 
modeled. However, the effect of the cathode is consid- 
ered by injecting a flux of electrons from a region that 
corresponds to the location of the cathode. This flux 
is calculated from the total current in the discharge 
and the effective area of the cathode. 

Numerical Method 
Under the conditions of the DC discharge experi- 

ments, the energy relaxation processes are very fast 
relative to the fluid motion time scales and the chem- 
ical kinetic processes. To handle this large disparity 
in characteristic time scales, we would usually use an 
implicit time integration method.^ However, for this 
problem a complete Unearization of the problem is it- 
self very expensive. (We solve 17 conservation equa- 
tions, and the cost of evaluating the Jacobians and in- 
verting the system scales with the square of the num- 
ber of equations.) Therefore we linearize only those 
terms that are relatively fast, which results in a sim- 
ple and inexpensive semi-implicit method that very 
substantiaUy reduces the cost of the calculations. 

The relatively fast terms are the internal energy re- 
laxation and the Joule heating terms in the soiu'ce 
terms for the three energy equations. Therefore, we 
split the source vector, W, into these terms, Wt^ny 
and all of the other terms, W,iow The conservation 
equations are then written as 

where U is the vector of conserved variables, F is the 
axial direction flux vector and G is the radial direction 
flux vector. We then linearize Wfast in time 

where Ciaai is the Jacobian of WfB,t with respect to 
U, and iU" = t/"+' - I/". Because of the form of 
^ruti Ctnt is a simple matrix that can be inverted 
analytically. Then the solution is integrated in time 
using 

(jy ^' = {/-AtC|L„ 
dF" . ldrG".\ 

-At(' 
dx 

larG", 
■^r   dr 

This approach increases the stable time step by a fac- 
tor of 50 compared to an explicit Euler method. This 
results in a very large reduction in the computer time 
required to obtain a steady-state solution. 

A two-block grid is used to facilitate the implemen- 
tation of the boundary conditions. The first grid block 
represents the nozzle section, and the second grid block 
represents the discharge region as well as a portion of 
the open air which acts as a large constant-pressure 
exhaust reservoir at one atmosphere. 

The inflow boundary conditions are set by choosing 
the inflow static pressure to give the experimental mass 
flow rate of 4.9 g/s. The inflow is assumed to be in LTE 
at the measured temperature profile. This results in a 
consistent representation of the inflow conditions. The 
boundary conditions along the test-section surface are 
straight-forward. The velocity is zero at the surface, 
the temperature is specified, and the normal-direction 
pressure gradient is zero. We assume that the metallic 
surface is highly catalytic to ion recombination. Oth- 
erwise, the surface is assumed to be non-catalytic to 
recombination for neutrals. 

The computation is initialized as follows: first, the 
inflow conditions are specified as above. Then the 
test-section and reservoir are all initialized at atmo- 
spheric pressure, and at each axial location the tem- 
perature profiles and chemical concentration profiles 
are set identical to the inflow boundary profiles. Once 
a converged solution is obtained for the flow in LTE, 
the discharge is ignited by injecting a flux of electrons 
at the cathode and applying the Joule heating source 
term to the energy equations. Then a steady-state so- 
lution for the DC discharge is obtained. 

Thermochemical tmd IVaiisport Properties 
We use the Stanford two-temperature ll-species, 

38-reaction chemical kinetics model for air plasmas.' 
IVansport properties are computed via mixing rules'^ 
from curve-fitted transport properties of individual 
species in the air plasma.' The electrical conductiv- 
ity is taken from Ref. 2. 
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(a) (b) (c) 
FIGURE 8. logm of the electron number density (a); electron Temperature (b); and translational temperature 
contours in the discharge region. 

ComputationaJ Reaults 

In this section we present numerical simulations of 
the DC discharge experiment. Figure 8a shows the 
logio of the electron number density contours in the 
computational domain. The DC discharge region can 
be observed in this figure. This is the bright region 
where the electron number density is several orders 
of magnitude higher than in the region upstream of 
the cathode where there is no discharge. It can be 
observed that the electron number density is slightly 
higher than lO'^cm"^ in most of the discharge region. 
This is in good agreement with the experimental mea- 
surements for the electron number density. The elec- 
tron number density falls off gradually downstream of 
the anode region. The shape of the discharge is similar 
to that observed in the photograph of the discharge in 
Fig. 3. The photograph also shows that the discharge 
is constricted at the cathode and diffuses radially out- 
ward, away from the cathode. The simulations capture 
this behavior. 

I 

Figure 8b plots the electron temperature contours 
in the computational domain. It shows that the elec- 
tron temperature is about 12,000 K in the discharge 
region. The computed electron temperatures arc con- 
sistent with the experimental predictions. Figure 8b 
also shows that the electron temperature drops off 
sharply just downstream of the anode because the elec- 
trons rapidly equilibrate with the heavy particles due 
to their strong coupling with the heavy species. 

Figure 8c shows contours of the translational tem- 

perature in the domain. It shows that the temperature 
in the discharge is about 3000 K in the discharge re- 
gion. The computed temperatures are generally higher 
than the experimental measurements. Previous simu- 
lations of the Stanford University plasma torch exper- 
iments showed a similar over-prediction in the transla- 
tional temperature. This indicates that the flow model 
used in the simulations may be missing an energy- 
transport mechanism. 

Figure 9 plots the axial variation of the centerline 
electron number density and the temperatures along 
with the experimental values. This figure quantita- 
tively shows the variation of the electron concentration 
and the three temperatures along the centerline of the 
discharge. FVom the figure it can be seen that the elec- 
tron number density remains slightly above lO'^cm"' 
in the discharge region. It falls off gradually down- 
stream of the anode. The computed electron temper- 
ature is very high in the cathode region and falls to 
about 12,000 K in most of the discharge region, which 
is close to the two-temperatiu« kinetic model predic- 
tion. As observed in the contour plot for the elec- 
tron temperature, the electron temperature falls off 
abruptly in the region downstream of the anode. The 
translational temperature increases from about 2200 K 
at the cathode to about 3000 K in the discharge re- 
gion. This is higher than the measured translational 
temperature. However, the computed vibrational tem- 
perature is slightly lower than the experimentally mea- 
sured value. 
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Figure 10 plots the radial profiles of the electron 
number density at two locations in the discharge. Near 
the cathode it can be seen that the diaroetei of the 
discharge is small and the electron number density is 
elevated in a region which is nearly equal to that of 
the cathode area. Near the center of the dischcu-ge the 
electron density is more diffuse and the diameter of 
the discharge is about to 4 mm, which compares well 
with the experimentally observed diameter. 

Figure 11 plots the computed potential along the 
centerline of the discharge. The computed potential is 
nearly linearly increasing with a finite cathode fall of 
about 300 V. The experiments indicate 290 V. 

w' 
.1 

""^■"■^K.  ' 

-1 * 

w 

, 

j^^. » .,_• .^...L. • 
Li.;;:-'-''^-!' . •       •»       • ^ ^^"^^-^ 

.l-«»«.u i,,«*»™L«»».»™ 
1 

, IP'S 

EKstanse frcmi CenterfiM (ow) 

FIGURE 9. Computed electron number density and 
temperatures along the DC discharge centerline. Sym- 
bols denote experimentally measured values. 
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FIGURE 10. Computed radial profiles of electron num- 
ber density 
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FIGURE 11. Axial variation of the potential along the 
centerline 

Conclitsions 

The present work demonstrates that stable, diffuse 
discharges with electron number densities approach- 
ing lO'^crn"^ at gas temperatures below 2000 K can 
be produced in atmospheric pressure jur. This result 
stands in sharp contrast with the widespread belief 
that these diffuse discharges cannot exist without arc- 
ing Instahilities or Mgh levels of gas heating. The ex- 
periments also show that the power required to sustain 
an ionization level of 10''cm"' with a DC discharge 
is close to 20kW/cm'. Repetitively pulsed electron 
heating strategies were investigated as a way to re- 
duce the power consumption. The experimental and 
modeling results presented here demonstrate that the 
power consumption can be dramatically reduced, by 
over two orders of magnitude, through the use of 10 ns 
pulsed electrical discharges with pulse characteristics 
tailored to match the ionization and recombination re- 
action times. A computational fluid dynamics code for 
the simulation of flowing nonequilibrium air plasmas 
including the presence of a DC discharge was devel- 
oped and compared to the DC experiments conducted 
at Stanford University. The code uses a detailed two- 
temperature chemical kinetic mechanism, along with 
appropriate internal energy relaxation mechanisms. 
The discharge region was modeled by generalizing the 
channel model of Steenbeck, and a new semi-implicit 
time integration method was developed to reduce the 
computational cost. The computational results show 
good agreement with the experimental data, however 
the heat loss is more rapid in the experiment than 
predicted by the computations. Work is being carried 
out to fully understand this discrepancy. The code 
will be extended to handle the modeling of the pulsed 
discharges under investigation. 
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Atmospheric Pressure Glow Discharge 
Micro-Plasma Jet 

Abdel-Aleam H. Mohamed, FYank Leipold, Juergen Kolb, 
Susumu Kono and Karl H. Schoenbach 

Physical Electronics Research Institute, Old Dominion 
University,   Norfolk, VA 23529, USA 

Atmospheric pressure microhollow cathode discharges 
(MHCDs) oflFer the possibility to generate non-thermal plasma 
by relatively simple means [1]. When operated in rare gases or 
rare gas-halide mixtures it emits excimer radiation with high 
efficiency. Operating the discharges in atmospheric pressure 
air has been shown to allow their use as plasma cathodes for 
stable large volume atmospheric pressure air plasmas. The 
plasma results from a direct current discharge between two 
molybdenum electrodes (0.25 mm thick) that are separated 
by an alumina insulator of the same thickness. A tapered dis- 
charge channel is drilled through all layers, leaving a 0.2 mm 
wide opening in the cathode and an opening of ~ 0.1 mm in 
diameter in the anode. By flowing air or nitrogen at atmo- 
spheric pressure through this hole, a well-defined plasma jet 
is generated with typical dimensions of millimeters in axial 
direction. The power consumption ranges from 2 W to 8 W. 
The optical and thermeJ characteristics of this micro plasma 
jet have been studied. The gas temperature was measured by 
means of emission spectroscopy using the 0-0 band within the 
second positive system of nitrogen. Increasing the nitrogen 
flow rate from 0 to 200 ml/min while applying a constant dis- 
charge current of 10 mA resulted in a considerable decrease 
of gas temperature from 2000 K to 800 K. This novel plasma 
source oflFers the opportunities for applications such as fine 
surface treatment of organic materials [2], plasma surgery [3], 
and cleaning of semiconductor chips. 

[1] Karl H. Schoenbach, Ahmed El-Habachi, Wenhui Shi, and 
Marco Ciocca, Plasma Sources Science and Technology 6, 468 
(1997). 
[2] E. Stoffels, A.J. FUkweert, W.W. Stoffels and G.M.W. 
Kroesen, Plasma Sources Sci. Technol. U, 383 (2002). 
[3] A.I. Necha, G.A. Kostiuk, S.V. Dzhaiani, A.S. lushkin, 
and S.A. Kalashnikov, Vestnik Khirurgii Imeni I. I. Grekova 
143. no. 10, 7 (1989). 
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Conference Record, 2002 
IEEE ICOPS, BanfiF, Alberta, 
Canada May 2002 

Electron Density and Electron Temperature in Pulsed 
Atmospheric Pressure Air Plasmas 

Frank Leipold and Karl H. Schoenbach 
Physical Electronics Research Institute 

Old Dominion University, Norfolk, VA 23529 

The use of atmospheric pressure air plasmas as reflectors for 
microwave radiation with frequencies up to 30 GHz requires electron 
densities of approximately lO" cm'. It has been shown, that direct 
current microhollow cathode sustained (MCS) discharges meet this 
requirement [1]. However, the power consumption of such air glow 
discharges of 5 kW/cm' does not permit scaling to large volumes. 
Pulsing the discharge on a time scale, which is less than the 
characteristic time for glow-to-arc transition allows us to reduce the 
power density while keeping the average electron density at the 
required high value [2]. So far the electron density in these pulsed 
discharges has been estimated using information on the plasma 
conductvity; data on the electron energy which is sharply shifted 
towards higher energies during the pulse have only been obtained 
through modeling. We have measured the electron density in a pulsed 
atmospheric air plasma by means of heterodyne interferometry [3]. A 
measure for the electron energy, the electron temperature, was 
obtained by means of emission spectroscopy. 20% argon was added to 
atmospheric air, and the relative intensities of two argon lines, at 
810.37 nm and 811.52 nm, were measured. Assumiiig a Maxwell- 
Boltzmann distribution of the electron energies allowed us to 
determine a value for the electron temperature. For a 10 ns pulse of 
1.6 kV superimposed to a direct current discharge between electrodes 
1.6 mm apart, the electron density increased from lO" cm'' to more 
than 3 10' cm"'. Over a time of 600 ns it decayed by one order of 
magnitude. Higher values of the electron density, and correspondingly 
longer decay times, which are determined by recombination, can be 
achieved by increasing the pulsed electric field [2]. The electron 
temperature reached values of 50 eV. This value is in accordance with 
modeling results. The presence of such high energy in relatively large 
plasma volumes indicates that pulsed high pressure discharges in air, 
but also in other gases, have applications not only a plasma ramparts 
but also a plasma reactors, e.g for chemical decontamination. Other 
applications, where both high pressure and high electron energy is 
required is excimer formation in rare gases and rare gas halides. First 
experiments in xenon have already demonstrated increased excimer 
emission for pulsed operation [4]. 

Stark and K.H. Schoenbach, Appl. Phys. Lett.   74, 3770 [1] R.H. 
(1999). 
[2] R.H. Stark and K.H. Schoenbach, J. Appl. Phys. 89, 3568 (2001) 
[3] Frank Leipold, Robert H. Stark, Ahmed El-Habachi, and Karl H. 
Schoenbach, J. Phys. D: Appl. Phys. 33,2268 (2000). 
[4] R.H. Stark, H. Merhi, C. Jiang, and K.H. Schoenbach, Proc. Ninth 
Intern. Symp. Gaseous Dielectrics, May 2001, Ellicott City, ML, 
paper 40. 

This  work  was  supported  by  the Air Force Office of Scientific 
Research. 
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GEC, Penn State Univ., Oct. 
2001, BuU APS, 46,6, p. 22. 

DTP 45 Measurements of Electron Temperature and Gas 
Temperature in a Pulsed Atmospheric Pressure Air 
Discharge* FRANK LEIPOLD, Old Dominion University, Physi- 
cal Electronics Research Institute, Norfolk, VA 23529 ABDEL- 
ALEAM HUFNEY MOHAMED, Old Dominion University, 
Physical Electronics Research Institute, Norfolk, VA 23529 KARL 
H. SCHOENBACH, Old Dominion University, Physical Electron- 
ics Research Institute, Norfolk, VA 23529 The application of elec- 
trical pulses with duration shorter than the time constant for glow- 
to-arc transition allows us to shift the electron energy distribution 
in high pressure glow discharges temporally to high energy values 
[1]. Application of these nonequiUbrium plasmas are plasma ram- 
parts, plasma reactors, and excimer light sources. In order to ob- 
tain information on the electron energy distribution , or electron 
energy, respectively, and the gas temperature with the required 
temporal resolution of 1 ns, we have explored two diagnostic 
methods. One is based on the evaluation of the bremsstrahlung. 
This method allows us to determine the electron temperature [2]. 
The gas temperature is obtained from the rotational spectrum of 
the second positive system of nitrogen. The results of measure- 
ment on a 10 ns pulsed atmospheric pressure air glow will be 
presented. References [1] Robert H. Stark and Karl H. Schoen- 
bach, J. Appl. Phys. 89, 3568 (2001) [2] Jaeyoung Park, Ivars 
Henins, Hans W. Herrmann, and Gary S. Selwyn, Physics of Plas- 
mas 7, 3141 (2000). [3] R. Block, O. Toedter, and K. H. Schoe- 
nbach, Bull. APS 43, 1478 (1998) 

*This work was funded by the Air Force Office of Scientific Re- 
search 



GEC, Penn Slate Univ Oct 
2001, Bull APS, 46, 6, p. 34. 

JWP 4 Benzene Dissociation in DC Atmosplieric Pressure Air 
Glow Discliarges CHUNQI JIANG, ROBERT H. STARK, 
KARL H. SCHOENBACH, Physical Electronics Research Insti- 
tute, Old Dominion University By using a micro-hollow cathode 
discharge (MHCD) as an electron source to lower or eliminate the 
cathode fall voltage, a glow discharge could be operated in a dc 
atmospheric pressure air [1]. The effect of this glow discharge 
plasma on VOC (Volatile Organic Compound) remediation, par- 
ticularly, benzene remediation, has been studied. A higher than 90 
% destruction rate has been obtained by flowing a 300 ppm 
benzene/ dry air mixture through the plasma filament. The plasma 
is confined by a dielectric to a cross-section of 1 nun by 1.5 mm 
and extends over a depth of 0.8 mm. With a flow rate of 100 seem, 
the residence time of the gas in the plasma column is 0.7 ms. A 
destruction efficiency of more than 0.5 LAJ has been measured. 
The energy efficiency is 0.9 g/kWh which is comparable to that 
achieved by low pressure glow discharges in benzene/ noble gas 
mixtures [2]. References: [1] R. H. Stark and K. H. Schoenbach, 
"Direct Current Glow Discharges in Atmospheric Air," Appl. 
Phys. Lett. 89, 3568 (2001). [2] D. L. McCorkle, W. Ding, C. Ma 
and L. A. Pinnaduwage, "Dissociation of Benzene and Methylene 
Chloride Based on Enhanced Dissociative Electron Attachment to 
Highly Excited Molecules," J. Phys. D: Appl. Phys. 32, 46 
(1999). Acknowledgments: This work is supported by the Air 
Force Office of Scientific Research. 
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Electron Density and Temperature Measurements in Pulsed Atmospheric 
Pressure Air Plasmas 

Frank Leipold, Robert H. Stark, and Karl H. Schoenbach 
Physical Electronics Research Institute 

Old Dominion University, Norfolk, VA 23529 

In order to measure the spatially resolved electron density in high pressure glow discharges with 
characteristic dimensions of less than one millimeter, CO2 laser interferometry has been used [1]. At this 
wavelength (10.6 |im) the index of refraction of atmospheric air plasmas with electron densities on the order of 
10" cm"' and less is mainly determined by the neutral particles. In order to obtain informadon on the density of 
the electrons, the discharge was operated in a pulsed repetitive mode with pulse duration varying between 100 |is 
and 50 ms. Since the electrons have a much shorter relaxation time dian the heavy particles, the fast change of the 
refractive index of a pulsed discharge during breakdown was considered to represent the electron part in the index 
of refraction, slower changes the heavy particle part. Conclusions on the dc values of the index of refraction, and 
consequently the dc density of electrons and neutral particles were obtained by extrapolating the results obtained 
with pulsed operation. 

The temporal resolution of the interferometric method is on the order of microseconds [2]. In order to 
obtain information on electron densities (and electron temperatures) with a temporal resolution on the order of 
nanoseconds, as required for pulsed nonequilibrium plasmas [3], continuum radiation spectroscopy is being used 
[4]. Due to the low degree of ionization (approximately 10"* cm"') in the high pressure glow discharges, 
interaction of electrons with neutrals is the dominant mechanism for bremsstrahlung radiation. The electron 
temperature is obtained by comparing the measured continuum spectra to computed spectra. The electron density 
can be obtained through absolute radiation measurement. First successful experiments with argon as working gas 
have been performed. Experiments with atmospheric pressure air as working gas are under preparation. 

[1] Frank Leipold, Robert H. Stark, Ahmed El-Habachi, and Karl H. Schoenbach, J. Phys. D: Appl. Phys. 
22, 2268 (2000). 

[2]      Frank Leipold, Robert H. Stark, and Karl H. Schoenbach, Bull APS (GEC), Vol. 45, 
No. 6, October 2000, ETP 53, p. 30 

[3]      Robert H. Stark and Karl H. Schoenbach, "Electron Heating in Pulsed Atmospheric 
Pressure Glow Discharges," to appear in J. Appl. Phys. 

[4] Jaeyoung Park, Ivars Henins, Hans W. Herrmann, and Gary S. Selwyn, Physics of Plasmas 7, 3141 
(2000). 
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Pulsed Electron Heating in Atmospheric Pressure Glow Discliarges 

Robert H. Stark, Hisham Merhi, and Karl H. Schoenbach 
Physical Electronics Research Institute, Old Dominion University, 

Norfolk, Virginia 23529 

Atmospheric pressure plasmas have gained much interest because of their 
possible uses as plasma reactors, as light sources, for thin film deposition or surface 
modification, and as plasma ramparts. For plasma ramparts the electron density needs 
to be on the order of lO'^ cm'^ at a gas temperature below 2000 K. At equilibrium 
conditions, where the electron energy distribution (EEDF) is fully determined by the 
reduced electric field, E/N, the power required to sustain such plasmas is on the order 
of 5 kW/cm^ [1]. However, by shifting the EEDF temporarily (on a time scale of less 
than the time constant for glow-to-arc transition) towards higher energies, and 
consequently increase the rate coefficient for ionization it is possible to reduce the 
average sustaining power considerably. This power savings effect has been 
demonstrated with a single 10 ns pulse applied to a dc glow in atmospheric pressure 
air [2]. The experimental setup and the pulse form of the 10 ns pulse are shown in Fig. 
1. Electrical and optical diagnostics, including high-speed photography was used to 
study the temporal development of the plasma. An increase in the plasma decay time, 
which is inversely related to the sustaining power, from several tens of nanoseconds 
to several microseconds was measured when the pulsed electric field was raised fi-om 
10 kV/cm to 40 kV/cm (Fig. 2). Calculations with ELENDIF, a zero-dimensional 
Boltzmann solver show that use of ns-high voltage pulses can reduce the power 
budget in atmospheric pressure air discharges by more than two orders in magnitude. 
Results of this calculation for the temporal range below 20 ns are shown in Fig. 3. 
Besides allowing power reduction, pulsed electron heating has also the potential to 
enhance plasma processes, which require elevated electron energies, such as excimer 
generation for ultra violet lamps. Experiments with double pulse generators, as a first 
step towards quasi-dc operation of these nonequilibrium plasmas are under way. A 
pulse generator, with two 10 Q pulse forming networks, and pulse durations of 10 ns 
has been constructed and tested up to voltages of 13 kV. The interval between the 
pulses can be varied continuously between 1 \is and 1 ms. Results of first experiments 
on the ignition and sustainment phase of pulsed high pressure glow discharges will be 
reported. 

[1] Robert H. Stark and Karl H. Schoenbach, Appl. Phys. Lett. 74, 3770 (1999). 
[2] Robert H. Stark and Karl H. Schoenbach "Electron Heating in Pulsed Atmospheric 
Pressure Glow Discharges", to appear in J. Appl. Phys. 
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Fig. 1 Experimental setup and temporal development of the 10 ns high voltage pulse 
(Vpuise = 1.6 kV). The microhollow cathode discharge and the MHCD sustained glow 
are operated in a direct current mode (1=10 mA). A 10 ns high voltage pulse of 
variable amplitude is applied at the anode, superimposed to the dc voltage. 
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Fig. 2 Decay time versus pulsed electric 
field, obtained from electrical and optical 
measurements. 

Fig. 3 Pulse duration and electric field 
amplitude, required to increase the electron 
density from the dc-value (no = lO'^ cm'^) to 

^13 a peak value (np = 5-10 cm ), and 
corresponding electrical power density, 
(E/N)^x/Xd, where x is the pulse duration and 
Xd is the decay time. 
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[CT2.0061 Electron Heating in Pulsed Atmospheric Pressure Glow 
Discharges 

Robert H. Stark, Frank Leipold, Chunqi Jiang, Hisham Merhi, KarlH. Schoenbach (Old Dominion University, 
Norfolk, Virginia 23529) 

Atmospheric pressure glow discharges in air and noble gases have been operated by using microhollow cathode 
discharges as plasma cathodes [1]. In these discharges the electron energy distribution is determined by the value of 
the reduced electric field (E/N). Pulsing the discharges causes the electron energy distribution to shift into an 
energy range where the ionization rate increases strongly. In order to study this effect, a 10 ns high voltage pulse 
was iq)plied to a dc glow discharge in atmospheric air. Electrical measurements of the temporal development of 
current and voltage and optical measurements of the integral emission intensity during the pulse and in the 
afterglow of the discharge have shown an increase in electron life time from 200 ns at 10 kV/cm to approximately 
1.6 \mu at 30 kV/cm. The measured effect can be used to reduce the power consumption of glow discharges and to 
induce and enhance certain plasma processes. 

(IJ Robert H. Stark and Karl H. Schoenbach, Appl. Phys. Lett., 74, 3770 (1999) 

This work was funded by the Air Force Office of Scientific Research (AFOSR). 



jETP.0531 Measurement of Electron Densities in a Pulsed Atmospheric 
Pressure Air Discharge 

Frank Leipold, Robert H. Stark, Karl H. Scfwenbach (Old Dominion University, Physical Electronics Research 
Institute, Norfolk, VA 23529) 

MicrohoUow cathode discharges have been shown to serve as plasma cathodes for atmospheric pressure air 
discharges [1]. The high pressure discharges are operated dc at currents from 10 mA up to 30 mA and at average 
electric fields of 1.25 kV/cm. The electron density in the dc discharge was measured by an interferometrique 
technique [2]. For a dc filamentary air discharge with a cuixent of 10 mA, the radial electron density distribution 
was found to be parabolic with a total width of 660 \mu m and an electron density of n_e =10^13 cm'^-3 in the 
center of the discharge. The diagnostic technique has now also been applied to pulsed discharges. It was found that 
the method provides electron densities measurements for discharges with durations as low as 5 \mu s. The spatial 
distribution of the index of refraction in the pulsed discharge was obtained by shifting the discharge volume 
through the laser beam and by using an inversion method to obtain the radial index profile. For the electron density 
with a assumed parabolic profile, the maximum value was measured as 1.17*10^14 cm'^-S. (10 mA atmospheric 
pressure air discharge. The temperature profile was found to be gaussian with a half width of 1.3 mm. 
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Electron Heating in Atmospheric Pressure Air Discharges 

Robert H. Stark and Karl H, Schoenbach 
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Atmospheric pressure air plasmas have gained interest because 
of possible use as plasma reactors, light sources, for thin film 
deposition, surface modification, and as plasma ramparts. For 
plasma ramparts, which arc air plasmas serving as protective 
shields against incident microwave radiation, the required free 
electron density must be on the order of lO" cm'^ at gas 
temperatures of less than 2000 K. At equilibrium conditions, 
where the electron energy distribution is determined only by the 
value of the reduced electric field (E/N), the power density 
required to sustain an atmospheric pressure air plasma of lO" 
cm-' electron density is approximately 5 kW/cm\ a value which 
makes the generation and sustainment of large plasma volumes 
extremely expensive. However, since the rate coefficient for 
electron gain and loss processes, which define the power 
consumption, are dependent on the electron energy distribution 
function (EEDF), manipulation of the EED might allow us to 
reduce the power. Particularly shifting the EEDF towards higher 
electron energies (electron heating), without heating the gas, 
will cause an increase in ionization rate and decrease in 
attachment and recombination rate. Experiments with 
nanosecond high voltage pulses applied to a dc atmospheric 
pressure air plasma have been performed to study this effect. A 
10 ns high voltage pulse with a rise time of I ns, was 
superimposed to a dc microhollow cathode discharge sustained 
air glow with a current of 10 mA. The applied pulse generated 
electric fields of 10-30 kV/cm in the plasma. Electrical 
measurements of the temporal development of current and 
voltage and optical measurements of the integral emission 
intensity during the pulse and in the afterglow of the discharge 
have shown an increase in electron life time from 200 ns at 10 
kV/cm to approximately 1.6 |.is at 30 kV/cm. Beyond reduction 
in power consumption, indicated by the experimental results, 
pulsed electron heating might also be used to influence the 
plasma chemistry in high pressure plasma reactors. 
[1] Robert H. Stark and Karl H. Schoenbach, "Direct Current 
High Pressure Glow Discharges," J. Appl. Phys., 85 2075 
(1999) 
[2] Robert H. Stark and Karl H. Schoenbach, "Direct Current 
Glow Discharges in Atmospheric Air," Appl. Phys. Lett 74 
3770(1999) '     ' 
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Plasma Cathode Sustained Filamentary Glow Discharges 
in Atmospheric Air 

Rolf Block, Abdel-Aleam H. Mohamed, and Karl H. Schoenbach 
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Applied Research Center, Newport News, VA 

Glow-to-arc transitions in filamentary glow discharges in atmospheric 
air can be largely avoided by use of a plasma cathode, as has been 
demonstrated in short filamentary discharges in air [1]. In these 
experiments a dc-driven microhollow cathode discharge (MHCD) 
was used as a plasma cathode to sustain a stable, direct current 
discharge between the plasma cathode and a third positively biased 
electrode. We have, using the same concept, extended the gap 
distance (distance between plasma cathode and third electrode) from 
previously 2 mm to the range from 6 mm to 20 mm and have studied 
the electrical, optical and plasma properties of such long filamentary 
glow discharges in atmospheric air. The MHCD is ignited between 

, closely spaced molybdenum electrodes, separated by a 130 ]un thick 
alumina layer, with a 130 jim hole through the sample. The 
filamentary discharge was ignited at small gap distances, in order to 
keep the ignition voltage at a low level, and then the gap was 
extended to the desired distance. In a certain range of current the 
filamentary glow discharge (FGD) current was found to be identical 
to the microhollow cathode discharge current. In this range control of 
the FGD by the MHCD is possible. From previous measurements of 
short gap filamentary discharge the gas temperature was found to be 
approximately 2,000 K [2], the electron density was estimated as 
close to lO" cm' [1). We will report on the results of measurements 
of these plasma parameters in long filamentary air discharges, and the 
electrical parameters, which determine the current range of MHCD 
control of the FGD. Parallel operation of these controlled filamentary 
glow discharges by using individual or distributed ballast might allow 
the generation of large volume, high pressure glows in air. 
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