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PLASMA RAMPARTS USING METASTABLE MOLECULES

FINAL REPORT

THE OHIO STATE UNIVERSITY

SUMMARY

This final report incorporates the results of research conducted at the Ohio State University and
Princeton University under the "Air Plasma Ramparts" MURI program. The main goals of this
experimental and theoretical work are to demonstrate the ability to create a nonequilibrium air plasma at
atmospheric pressure, with electron density of 10" cm™ at low temperatures (T<2000 K), for an extended
period of time (t>10msec). Further, the method used to create this plasma must allow scalability to
volumes of the order of a cubic meter, the plasma must be uniform and diffuse, and the power required
must be low, ideally, < 1 W/cm’.

It has been recognized from the inception of this program that achieving these goals requires both: 1)
one of the most efficient means of volume ionization possible, and 2), a method of greatly mitigating the
free electron removal processes that exist in the plasma. For this reason, work by the Ohio State
Consortium focused on use of efficient ionization sources, specifically e-beams and short pulse ionization
wave generators, and on mitigation of electron removal by using laser energy addition to excite the
vibrational modes of the air species. A "Definitive Experiment" was set up at Ohio State to demonstrate
these methods. The definitive experiment is centered around the concept of using an electron beam as an
efficient volume ionization source combined with optical pumping. The optical pumping is used to
vibrationally excite diatomic molecules in the plasma in order to reduce the overall electron removal rate.
By this means, the power budget to sustain a stable plasma in low temperature, atmospheric pressure air is
significantly reduced.

The OSU electron beam / optical pumping facility was made fully operational and time-resolved
electron density measurements in e-beam excited air plasmas with vibrational excitation of the air species
using optical pumping were found to reduce the effective electron removal rates by orders of magnitude.
The experimental results and modeling calculations are consistent with the following hypothesis for the
effect of vibrational excitation on electron attachment to oxygen and electron-ion recombination in
electron beam sustained atmospheric pressure air plasmas: i) since the electron affinity of O, is only
about 0.4 eV, vibrational excitation of O, to vibrational levels v>2 can provide sufficient energy for the

detachment of the attached electron while charge transfer from O, to vibrationally excited oxygen is




sufficiently rapid to make this process very efficient and ii) superelastic collisions of the initially cold
secondary electrons produced by the electron beam with highly vibrationally excited molecules increase
the electron temperature significantly to T.=5000 K which reduces the electron-ion recombination rate.
The theoretical minimum power budget to overcome attachment and recombination in our vibrationally
excited air plasmas was found to be approximately 50 W/cm®, which represents a significant reduction
compared to almost 2000 W/cm’ in cold equilibrium air.

In addition, there have been major efforts prior to and in parallel with the definitive experiment to
investigate the relevant ionization, electron removal, and energy transfer processes in such air plasmas, to
model and analyze both e-beam and short pulse ionization sources in large volume air plasmas, to develop
short pulse ionization wave generators, and to develop and employ advanced diagnostic methods to
characterize the air plasmas produced. There have been major positive and novel results achieved in each

of these areas, and this work is presented in the following sections of the report.

OSU/Princeton air plasma status

e Achieved electron densities: n.=4x107 cm>at 0.5 atm

n.=2x10" em™ at 1.0 atm
e Power Budget at latm. and n, =2 x 10" cm™ : 2 W/em®
e Electron density at 1 atm and 1 W/em®: 1.4 x 10"? ¢m™

¢ QGas temperature: ~ 500 K

o The plasma is volume-scalable, uniform, diffuse and free of electrodes and electrode surface

processes.



1. ANALYSIS OF THE POWER BUDGET AND STABILITY OF HIGH-PRESSURE
NONEQUILIBRIUM AIR PLASMAS
Igor V. Adamovich, J. William Rich, Andrey P. Chernukho, and Serguei A. Zhdanok

This section discusses the power budget and stability of high-pressure, high electron density,
nonequilibrium air plasmas. Calculations using a detailed state-specific one-dimensional kinetic rﬁodel
show that, if ionization in the plasma is produced by an external electric field, an electron density of
n=10" cm™ is sustained at the power budget of more than 30 GW/m’. This is due to the extremely low
ionization efficiency (less than 0.1%) in nonequilibrium electric discharges. Therefore, the sole use of
large-volume self-sustained discharges, whether the electric field is DC, RF, or microwave, is not feasible
from the energy efficiency point of view. The plasma power budget can be substantially reduced by using
an efficient external ionization source, such as an e-beam (ionization efficiency up to 40-50%). This will
require 60 MW/m’ to sustain an electron density of n;=10" cm?,

Calculations using a quasi-one-dimensional kinetic model suggest that the required electron
density is reached under conditions where plasma collapse may be likely and glow-to-arc transition may
be difficult to control over long distances. This occurs due to strong coupling between ionization and
heating. However, analysis of the experiments in the high-voltage atmospheric pressure discharge in air,
as well as calculations using a two-dimensional model of the discharge show that the use of the ballast
resistor stabilization allows sustaining a stable constricted nonequilibrium atmospheric pressure air
discharge well into the arc transition regime. The region occupied by the constricted discharge is a few
cm long and a few mm in diameter. The diameter of the plasma is primarily controlled by the ambipolar
diffusion of the charged species out of the high-current region. The results of calculations show that the
two-dimensional kinetic model used gives an adequate description of the kinetics and the energy balance

of the high-voltage atmospheric pressure discharge in air.

1. Introduction

Sustaining large-volume plasmas in atmospheric pressure air presents an extremely challenging
problem. Among the most critical technical issues that have to be addressed to resolve this problem are
the plasma power budget and stability. Numerous aerospace applications such as supersonic flow control,
supersonic combustion control, and nonequilibrium MHD propulsion require an ability to initiate and
sustain large volume (~1 m’), relatively cold (T<2000 K) diffuse plasmas in atmospheric air, with
electron density up to ne~10" cm?. For these applications, a power budget of the order of 1-10 MW/m’ is
desired. Finally, these plasma conditions are to be maintained for relatively long times, at least for 10

msec.




These goals define a highly nonequilibrium molecular plasma. The simultaneous requirement of
electron densities of 10" ¢cm™ and gas temperatures at 2,000 K represent an enormous departure from
thermodynamic equilibrium, and rule out the use of purely thermal plasmas, such as high temperature arc
discharges, to achieve this result. This can be illustrated by simple estimates using the Saha equation for a
thermal equilibrium air plasma. For example, to achieve the stated electron density by merely heating the
air, a gas temperature of ~ 4300 K would have to be maintained. Conversely, if atmospheric-pressure air
were maintained at only the desired maximum gas temperature of 2000 K, the equilibrium electron
density would be only ~ 10° cm™, many orders of magnitude below the desired value.

The preceding requirements have mandated examination of approaches using low-temperature
nonequilibrium plasmas, of the general type characterized as glow discharges. Such systems have long
been demonstrated to provide highly nonequilibrium plasmas, with relatively high free electron densities,
with the requisite lower gas temperatures. However, if self-sustained discharges, lacking an external
jonization source, are used, such glows are usually only struck at low pressures, well below even 0.1 atm
pressure. Various methods have been used to extend the range of such self-sustained discharges to near
atmospheric pressures, such as the use of individually ballasted multiple cathodes, short duration radio
frequency high-voltage pulse stabilization, or aerodynamic stabilization [1-4]. Typically, however, the
energy efficiency of such discharges is much lower than desired for the present goal, since only a small
fraction of the input electrical power goes into ionization. As an example of operation of a nonequilibrium
atmospheric pressure discharge in air, the present paper discusses earlier experimental results obtained at
Chemical Physics Laboratory of A.V.Lykov Heat and Mass Transfer Institute in Minsk, Belarus [5-9].
The kinetics and energy balance in this strongly spatially nonuniform discharge are analyzed using a two-
dimensional nonequilibrium flow code coupled with the key relaxation and chemical processes occurring
in the air plasma, developed at Ohio State.

An alternative approach is the use of non-self-sustained glow discharges, in which some or all of
the required volume ionization is provided by an external source, such as an electron beam [10,11].
Electron beams are identified as having by far the lowest power budget among all nonequilibrium
jonization methods. Further, reliance on an external ionization source mitigates another principal
difficulty known to exist in high-pressure discharges at large current densities. The well-known glow-to-
arc-transition, with subsequent plasma thermalization, can be significantly delayed or avoided altogether.
Finally, recent experiments in nonequilibrium plasmas optically pumped by a CO laser suggest a
possibility of modification of electron removal rates in non-self-sustained plasmas by controlling
metastable species concentrations and excited state populations [12,13]. This effect can be used to

significantly reduce the power budget of electron beam sustained plasmas.
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Quantitative prediction of the power budget of high-pressure air plasmas requires a model that
contains not only realistic chemistry rates for the neutral and ionic species, but also processes of
production and decay of excited metastable states, in particular vibrational states, and their coupling with
free electrons. These latter features are essential for air plasmas, inasmuch as the free electron energies
are closely coupled with the nitrogen and oxygen vibrational modes. Under these circumstances, it is
impossible to transfer energy from an imposed electric discharge field to free electrons without also
exciting molecular vibrational states. Accordingly, a rather detailed kinetic model of the air plasma is

used for the quantitative analysis of the power budget.

2. Power budget of self-sustained and non-self-sustained air discharges

To evaluate the power budget of nonequilibrium atmospheric air plasmas, we used a
nonequilibrium flow code developed at Ohio State [14,15]. The code incorporates (i) vibrational
nonequilibrium of air, (ii) realistic air chemistry, including vibrationally nonequilibrium reactions, (iii)
kinetics of free electrons heated by the field (vibrational and electronic excitation, ionization,
recombination, and attachment), (iv) ionization by a high-energy e-beam, and (v) one-dimensional gas
dynamics. The code explicitly uses a master equation to calculate the vibrational level populations of N,
0,, and NO, and a coupled Boltzmann equation to calculate the free electron energy distribution function.
The code has been extensively validated by comparison with numerous experiments, such as electron
swarm data in N,, O,, and air [16,17], nonequilibrium NO formation behind the shock wave [14], and
alkali-seeded and unseeded air MHD accelerator performance data [15].

To explore the issues raised in Section 1, we first used the code to model an air plasma initially at
equilibrium at P=1 atm, T=2000 K (n=3-10° cm™). A constant electric field is applied to the plasma,
thereby heating free electrons, producing more ionization, and slowing down electron-ion recombination,
until complete steady state is reached. Such a process models applying a transverse DC or RF bias to a
pair of electrodes in the already relatively hot plasma. The 2,000 K temperature is chosen to represent the
maximum temperature allowable by the research goal. For this initial modeling, this gas temperature is
assumed constant, i.e. all Joule heat is removed. Results of the calculations are summarized in Fig. 1. It
can be seen that electron densities in excess of n;=10'% cm™ can be reached at electron temperatures of
Te~17,000 K (a typical value of T, in glow discharges, see Fig. 1(a,b)). At these conditions, the power to
sustain n,=10"> cm™ exceeds 30 GW/m’ (see Fig. 1(c)). The prohibitively high power budget is entirely
due to the extremely inefficient ionization. Indeed, from Fig. 1(d), one can see that less than 0.1% of the
input power goes into direct ionization. This means that the remaining 99.9% goes to vibrational and
electronic exéitation (and ultimately to heat), i.e. is wasted. Although vibrational excitation of the gas

somewhat improves ionization efficiency, this effect is not very significant (within a factor of two).



It is obvious that a dramatic power budget reduction can be potentially achieved by increasing
ionization efficiency. For example, improving the ionization efficiency from 0.1% to 100% would reduce
the power budget by about 3 orders of magnitude, down to ~30 MW/m’. This level of power reduction
can be approached by producing ionization by a high-power electron beam, instead of using an electric
field, or by short duration high-voltage high repetition rate pulses.

In the second series of calculations, an equilibrium air plasma at P=1 atm, T=2000 K is excited by
a uniform electron beam, until complete steady state is reached. Again, the gas temperature is assumed to
remain constant at 2,000 K. Results are shown in Fig. 2. It can be seen that the power budget at n=10"
cm” is dramatically reduced, down to 60 MW/m® (i.e. by a factor of 500 compared to field ionization).
This power loading corresponds to an e-beam current density Of joearn=20 mA/cm?. The ionization
efficiency of the beam is 44%. Note that the use of a high-energy electron beam is equivalent to heating
the electrons up to very high energies (10 keV and higher), compared to the electron heating by an
electric field (1-2 eV). We emphasize that it is the use of these high electron energies that allows a
dramatic increase in ionization efficiency. Figure 3 plots the power budget of the electric field sustained
and e-beam sustained air plasmas as a function of the electron density. Further power budget reduction
might be achieved only by reducing the electron removal rates. In particular, recent results obtained in
nonequilibrium plasmas optically pumped by a CO laser [12,13] suggest that production of large amounts
of metastable species in the plasma may result in a significant reduction of both dissociative
recombination and the electron attachment rates.

In the next two series of calculations, the gas temperature is no longer assumed constant, and gas
heating by the applied field or by the e-beam is allowed. The gas is flowing in a constant cross section
area adiabatic channel 10 cm in diameter, with an initial velocity of 100 m/s, and (a) with a uniform
electric field of 2500 V/cm, or (b) with a uniform e-beam with a current density of Joeam=20 mA/cm?
applied in the channel. Results are summarized in Fig. 4. It can be seen that if ionization is produced by
the field, at x=6 cm both electron density and temperature sharply increase. This occurs because
ionization is strongly coupled to gas heating by the field (so-called runaway ionization or heating
instability [1,2]). It might be difficult to delay this runaway ionization since this would require extremely
rapid heat removal. A nonequilibrium plasma with n.=10" cm™ is therefore not likely to be sustained over
distances longer than ~1 mm (or ~1 cm if the initial flow velocity is 1000 m/s). This type of behavior
represents a well-known effect of the glow-to-arc transition in a positive column of the glow discharge.
This effect would result in a major collapse of the entire discharge, so that the nonequilibrium plasma
conditions could not be sustained. On the other hand, if ionization is produced by an e-beam, no runaway

jonization occurs, and the gas temperature profile becomes much more uniform (see Fig. 4).



In the final series of calculations, the approach is the same as for the conditions of Fig. 4 but the
channel is no longer adiabatic. Gas temperature is prevented from rising and kept nearly constant by
tailoring the wall heat flux. It is assumed that the axial temperature profile is uniform (one-dimensional
flow model). The results are summarized in Fig. 5. It can be seen that if ionization is produced by the
field, keeping the temperature nearly constant at T=2000 K, sustaining the electron density of n=10" cm’
3 would require a wall heat flux of nearly 80 kW/cm?. For a 1 m diameter channel, the calculated wall flux
reaches about 800 kW/cm®. On the other hand, if ionization is produced by an e-beam, the wall heat flux
to keep the gas temperature nearly constant is about 150 W/em? (or 1.5 kW/em® for a 1 m diameter
channel).

The one-dimensional kinetic model used in the present calculations correctly predicts the onset of
the heating instability development (such as constriction of the positive column of a glow discharge, see
Fig. 4). However, it cannot predict the plasma conditions within the constricted discharge. First, the
model does not take into account the external circuit, in particular, the ballast resistor that limits the
discharge current and prevents the runaway ionization. Also, the model does not incorporate transport
processes such as electron diffusion and heat conduction that may delay the heating instability
development to some extent, and which control the diameter and the temperature of the constricted
discharge. To illustrate the role of these processes in sustaining thermodynamic nonequilibrium and
control of stability in high-pressure air discharges, the next section discusses the experiments and the

modeling of the high-voltage atmospheric pressure discharge in air.
3. Studies of a high-voltage atmospheric pressure discharges in air

3.1. Experimental

This type of electric discharge has been developed in the 1980’s at Chemical Physics Laboratory
of A.V.Lykov Heat and Mass Transfer Institute in Minsk, USSR [5-9]. The primary applications of the
discharge have been in nonequilibrium plasma chemical synthesis, such as energy-efficient oxidation of
atmospheric nitrogen [5] and dissociation of carbon dioxide [6], and in plasma material processing, such
as nitriding of metal surfaces [7] and saturation of the high-temperature superconductors with oxygen [8].
This axial DC discharge is sustained between two pin or ring electrodes, typically 2 to 10 cm apart, in a
quartz tube of 3-20 mm internal diameter. For large electrode separations, a separate pre-ionization circuit
is used to first initiate the discharge between the cathode and the pre-ionization anode (see Fig. 6). In
some cases, movable cathode has been used instead. The test gases enter the discharge tube from the
cathode side and are exhausted into the atmosphere. The outer surface of the discharge tube can be cooled

either by natural convection of air or by water. The discharge is powered by a 3 kW DC power supply



providing a maximum current of 200 mA. The discharge voltage and current can be varied in a range
U=2-12 kV and [=30-200 mA, respectively. The mass flow rate through the discharge can be varied in a
range G=100-800 g/hour. The discharge can be sustained in air, nitrogen, oxygen, and carbon dioxide at
atmospheric pressure. In experiments with air, room air has been used and NO concentration has been
measured in the discharge exhaust using analytical chemistry methods. The gas temperature at the
discharge tube exit (a few cm downstream of the anode) has been measured using a Pt — Pt/Rh

thermocouple.

3.2 Kinetic Model

Kinetic models and computer codes for modeling of high-voltage atmospheric pressure discharges in
nitrogen, oxygen, and air have also been previously developed at Chemical Physics Laboratory [9,18-20],
and further modified at Ohio State. In the present paper, we use a two-dimensional nonequilibrium flow
code [9] coupled with the key relaxation and chemical processes occurring in the air plasma [18]. The

model incorporates the following kinetic processes:

N,+e > N,(v)+e , v=1-8 1

0,+e —0,(v)+e, v=1-3 )

AB(v)+ M — AB(v—1)+ M ,

AB=N,,0,,NO; M=N,,0,,N,0,NO @)
AB(v) + CD(w—1) = AB(v=1)+ CD(w); AB,CD=N,,0,,NO @)
0,+e —=0+0 (5)

N,(W)+M & N+N+M 6)

O,W)+M 0+0+M (7

NOW+M &S N+O+M (8)



N,(v)+0 < NO+ N )
0,(v)+N & NO(w)+0 (10)

In Egs. (1-10), v and w are the vibrational quantum numbers. This list of kinetic processes is based on the
sensitivity analysis conducted using a much more detailed state-specific kinetic model discussed in
Section 1 for modeling of relatively high-temperature (T>1500 K) nonequilibrium ionized reacting air
flows [15]. The selected processes appear to be, by far, the most critical in such flows. At these
temperatures, the vibrational mode disequilibrium of nitrogen and oxygen is not expected to be very
strong. Therefore, vibrational kinetics of diatomic species is considered in the harmonic oscillator
approximation.

The rates of vibrational excitation of N, and O,, as well as of oxygen dissociation by electron impact
are obtained from the solution of the Boltzmann equation [21]. The vibration-translation (V-T) relaxation
times, as well as the rates of the vibration-vibration (V-V) energy exchange among the different diatomic
species are taken to be the same as in [18]. The rates of the thermal chemical reactions are taken from
[22]. The model assumes a simple dependence of the vibrationally stimulated state-specific chemical

reaction rates k(v,T) on the vibrational quantum number [18],

A(T)exp(—E'*T_ev),vs%
k(w,T)~ 11
v, T) E, an
0

A(T) V>4

where A(T) and E, are the pre-exponential factor and the activation energy in the Arrhenius expression
for the thermal reaction rate coefficient k(T), respectively, and 0 is the characteristic vibrational energy of
a diatomic molecule. The state-specific rates k(v,T) are normalized on the thermal reaction rate

coefficient.

The rate of electron impact ionization is determined from the following relation 23],

B Cz 1 1
o= . — = —_ N -
ki = 4 CXP[ E/N+(E/N)2]’ z eXp[ o( 2){TV(N2) T)] (12)



where A is the electron-neutral collision frequency, E/N is the reduced electric field, 8,(N;)=3353 K and
T,(N,) are characteristic vibrational energy of nitrogen and vibrational temperature of N, respectively.
The coefficient B in Eq. (12) is a parameter adjusted to make the calculated discharge voltage equal to the
experimentally measured voltage. This allows implicitly incorporating multiple electron impact ionization
processes occurring in the discharge, including stepwise ionization from the electronically excited levels,
whose rates have the same type exponential dependence on E/N. On the other hand, this approach also
allows the overall power added to the discharge to be consistent with the experimental value. The last
term in the exponential factor in Eq. (9) takes into account the effect of the superelastic collisions between
electrons and nitrogen molecules on the impact ionization rate. The value of a coefficient C=43.5,
obtained from the solution of the Boltzmann equation for the plasma electrons in air [23], turns out to be
nearly the same for all high energy threshold impact excitation processes including such as excitation of
electronic levels and ionization. The electron-ion recombination coefficient is taken as B.=2- 107(T/T) ™
cm*/sec [1]. At the relatively high temperatures of T>1500 K, the effect of the complex ions such as Ny
and O,", as well as the negative ions such as O, and O is expected to be insignificant.

The model incorporates the parabolized Navier-Stokes equations in cylindrical geometry, the
equations for the vibrational mode energies of Ny, O;, and NO, the electron density equation, and the
species concentration equations for N, Ny, O, 0,, and NO (see Appendix). The plasma is assumed to be
quasineutral. The pressure gradient and the electric field at each axial location are found from the mass
flow rate conservation and the discharge current conservation, respectively. Both the pressure gradient
and the electric field are assumed to be changing only the axial direction. For these reasons, the model is
not applicable for simulation of the flow field and the plasma kinetics near the discharge electrodes.

The boundary condition for the gas temperature on the wall is determined from the equality of the
heat flux from the plasma into the wall and the discharge tube external cooling rate due to both natural

convection by air and radiation (see Appendix).

3.3. Results and Discussion

Figure 7 shows a photograph of the discharge running in air at U=2.0 kV, 1=50 mA, and G=240
g/hour. The discharge is sustained between a movable pin cathode and an annular anode 3 cm apart. The
discharge tube internal diameter is 2 cm, while the apparent plasma diameter is much smaller, only about
4-8 mm. This implies that the discharge is in fact not wall-stabilized, unlike low-pressure diffuse glow
discharges. In other words, the positive column of the discharge is already constricted, as discussed in
Section 2.

Voltage current characteristics of the discharge in air for the tube diameter of 3.2 mm and the

electrode separation of 5 cm and 7.5 cm are shown in Fig. 8. One can see that the discharge has a falling



voltage current characteristic, which indicates that it is sustained in the abnormal glow-to-arc transition
regime [1,2] (region FG in Fig. 9), i.e. it is inherently unstable. The discharge stability in this case is
controlled by a ballast resistor connected in series with the discharge tube, which limits the total current
and prevents the discharge from converting into a high current arc. The limiting current, shown in Fig. 9,
i8 Lyy=Fma/R, Where E. . is the maximum e.m.f. of the power supply, and R is the ballast resistance [1].
The voltage current characteristic of the discharge and the ballast resistor together is rising. From the data
of Fig. 9, the power density in the discharge is in the range 0.5-1.0 kW/cm®. The fraction of the total
power delivered by the power supply dissipated by the ballast resistor is 40-60%.

Figure 10 plots the calculated cross-section averaged gas temperature and the experimental
temperature at the exit of the 12.5 long discharge tube for the electrode separation of 5 cm (i.e. 7.5 cm
downstream of the anode), showing good agreement. Figure 11 compares the experimental and the
calculated mole fractions of nitric oxide at the exit of the discharge. The agreement is fair although one
can see that the model underpredicts the NO concentrations by about a factor of two. We believe this to
be mainly due to the use of a simplified kinetic model described in Section 3.2. However, the results
displayed in Figs. 10,11 show that the model satisfactorily describes the kinetics and the overall energy
balance of the discharge.

Figures 12-15 display various discharge plasma parameters for the following conditions: U=7.6 kV,
1=40 mA, G=700 g/hour. Figure 12 plots the gas temperature, the vibrational temperature of Ny, and the
electron temperature on the centerline of the discharge tube. Figure 13 shows the mole fractions of
oxygen atoms and NO molecules, as well as the ionization fraction at the centerline. Figure 14 plots the
radial distributions of the temperatures at the discharge exit (x=5 cm). Finally, Fig. 15 shows the axial
distribution of the electron density at x=0.5, 1.3, and 3.0 cm. From these results, it is clear the ionization
heating instability develops at 1.0<x<1.5 cm, with both the electron density and the gas temperature on
the centerline rapidly rising, so that the discharge becomes constricted at x=1.3 cm (see Figs. 12,13).
However, no runvaway jonization (see Fig. 3) predicted by the one-dimensional model discussed in
Section 2 occurs in this case. In the constricted discharge, the conditions at the centerline, where the
electron density reaches n.=10" cm, remain far from thermodynamic equilibrium (see Fig. 14,15). This
occurs because the ballast resistor limits the total discharge current preventing it from short-circuiting and
converting it into a hot equilibrium arc. In addition, the ambipolar diffusion prevents the high-current
zone from shrinking below a few millimeters diameter, thereby limiting the current density and the
centerline temperature. This effect makes the constricted discharge more diffuse at x>1.3 cm, reducing
the electron density on the centerline (see Figs. 13,15).

Figure 16 f)resents the ratio of the discharge power going into ionization to the total discharge power.

One can see that the ionization efficiency of the discharge is of the order of 0.1%. This result is generally
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consistent with the predictions of the detailed state-specific kinetic model discussed in Section 2 (see Fig.

1(c)).

4. Summary

The calculations of the atmospheric pressure air plasma power budget (Section 2) suggest that, if
ionization is produced by an electric field, an electron density of n=10" cm is sustained at a power
budget of more than 30 GW/m’. This is due to the extremely low ionization efficiency (less than 0.1%)
that prevails in nonequilibrium electric discharges (DC, AC, and RF). Therefore, the sole use of large-
volume self-sustained discharges, whether the electric field is DC, RF, or microwave, is not feasible from
the energy efficiency point of view.

A substantial part of the needed power budget reduction can be achieved by using an efficient
external ionization source, such as an e-beam (ionization efficiency up to 40-50%). This will require 60
MW/m’ to sustain electron density of ne=1013 cm", if the electron removal process is not modified. A
similar result can be potentially achieved by using short duration, high-voltage, high repetition rate pulses
[3]. At the reduced electric field of E/N=3-10""° V-cm?, which in 2000 K air corresponds to the electric
field of E~10 kV/cm, ionization efficiency of such pulses can reach approximately 10% [1]. Further
power budget reduction from the 60 MW/m’ level achieved by efficient ionization can be produced only
by reducing the rate of electron removal. This may well be achieved by producing large amounts of
metastable (e.g. vibrationally excited) species in the CO-seeded air using an efficient laser [12,13].

Calculations using a quasi-one-dimensional kinetic model (Section 2) suggest that the required
electron density is reached under conditions where plasma collapse may be likely and glow-to-arc
transition may be difficult to control over long distances. This occurs due to strong coupling between
ionization and heating. However, analysis of the experiments in the high-voltage atmospheric pressure
discharge in air (Section 3), as well as calculations using a two-dimensional model of the discharge, show
that the use of ballast resistor stabilization allows sustaining a stable constricted nonequilibrium
atmospheric pressure air discharge well into the arc transition regime. The region occupied by the
constricted discharge is a few cm long and a few mm in diameter. The diameter of the plasma is primarily
controlled by the ambipolar diffusion of the charged species out of the high-current region. The plasma
volume can be scaled up by using multiple separately ballasted cathodes [24]. The results of calculations
show that the two-dimensional kinetic model used gives an adequate description of the kinetics and the
energy balance of the high-voltage atmospheric pressure discharge in air. The calculations of the
discharge ionization efficiency are consistent with the predictions of the detailed state-specific kinetic

model discussed in Section 2.
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5. Appendix. Governing equations for the two-dimensional model of the air discharge

Motion equations for cylindrical geometry:

Apw) , 1307 _, )
ox r or

uau a_”_li ’ ou)_dp (14)
P ox ¢ o ror or ) dx
Kinetic mode energy equation:
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Vibrational mode energy equations (N, O,, NO):
0E,; 0E,, _19 o, \ JEo,, €i —Euwi(T)
) 10,1 + i vib,i _ D vio,i + Vio,i — . vID, I vid, b
Pr oy Py o r ar( P or R,/ 1, P Tor
4 ’ (16)
€.
+ ) —t
p’ZXI[ dt )c‘hem
Electron density equation:
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Species concentration equations (N, Ny, O, O,, NO):
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Chemical reactions considered:
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{ m

Rate of species i concentration change due to chemical reactions (running index j):

Rate of species i vibrational energy change due to chemical reactions (running index j):

) _p EAE EA
(dt ), u; o "H(u,) 8’H[u)

Mass flow rate integral and discharge current integral (used for dP(x)/dx and E(x) calculation):

R R
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0 0

Boundary conditions on the discharge tube wall:
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(x, )w = 0 (atomic species) ; (%—) = 0 (molecular species); (y, )w =0 (24)

Species vibrational temperatures and equilibrium vibrational energies:

6, 6,

T, = ' £y (1) = e 25
Y n(l+6, /e,,,) b (1) exp(0, /T)-1 @3
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Figure 1. Summary of the steady-state plasma parameters as functions of electric field.
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Figure 7. Photograph of a typical high-voltage atmospheric pressure discharge in air.
U=2.0 kV, =50 mA, G=240 g/hour, discharge tube diameter is 2 cm, distance
between the electrodes is 3 cm.
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Figure 8. Voltage current characteristics of the air discharge in a 3.2 mm diameter tube at
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Figure 9. Qualitative voltage current characteristic of a DC discharge in a wide
range of currents shown together with the loading line [1]. A, non-self-sustained
Thomson discharge; BC, Townsend dark discharge; CD, transition to glow
discharge DE, normal glow discharge; EF, abnormal glow discharge; FG,
transition into an arc regime; GH, arc
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2. IONIZATION MEASUREMENTS IN OPTICALLY PUMPED DISCHARGES
Elke Plénjes, Peter Palm, Igor V. Adamovich, and J. William Rich

Kinetics of ionization and electron removal in optically pumped nonequilibrium plasmas
sustained by a CO laser is studied using non-self-sustained DC and RF electric discharges. Experiments
in optically pumped CO/Ar/N, mixtures doped with O, and NO demonstrated that associative ionization
of CO produces free electrons at a rate up to S=10"° 1/cm?/s. The ionization rate coefficient, inferred from
the CO vibrational population measurements, is Kion=(1.1-1.8)- 10" cm/s. It is shown that excited NO and
possibly O, molecules also contribute to the vibrationally stimulated ionization process. In a CO/Ar
plasma, applying a DC bias to the cell electrodes resulted in rapid accumulation of a deposit on the
negative electrode due to a large cluster ion current. The average mass of an ion in this plasma, estimated
by measuring the mass of the deposit, is m=250 a.m.u., which is consistent with the mass-spectrometer
analysis of the deposit. The deposit did not accumulate when small amounts of O, and NO were added to
the CO/Ar plasma, which presumably indicates destruction of the cluster ions.

It is demonstrated that adding small amounts of O, to the optically pumped CO/Ar plasmas
significantly increases the electron density, from nc=(4-7)-109 cm”® to ne=(1-2)-10" cm”. This effect
occurs at a nearly constant (within 50%) electron production rate, indicating substantial reduction in the
overall electron removal rate. This reduction can be qualitatively interpreted as destruction of rapidly
recombining cluster ions in the presence of the O, additive, and their replacement by monomer ions with
a slower recombination rate. Further studies of ion composition in optically pumped plasmas are

suggested.

1. Introduction
Nonequilibrium optically pumped environments can be produced by resonance absorption of
infrared laser radiation by molecules in the low vibrational quantum states, with subsequent vibration-to-

vibration (V-V) pumping up to high vibrational levels [1],

AB(v)+ AB(w) > AB(v-1)+ AB(w +1) )]
In Eq. (1), AB stands for a diatomic molecule, and v and w are vibrational quantum numbers. This
approach allows sustaining strong vibrational disequilibrium at high densities and a low power budget.

Optical pumping by a CO laser has been previously achieved in gas phase carbon monoxide [2-7] at

pressures of up to 20 atm [2], gas phase nitric oxide [8-9], liquid phase CO [10,11], and solid CO and NO
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matrices [12,13]. Recently, optical pumping has also been demonstrated in infrared inactive gases, such as
nitrogen and air, at atmospheric pressure [14]. In this case, N, and O, molecules become vibrationally

excited by near-resonance V-V energy transfer from CO,

CO(v)+ N, (w) = CO(v —1)+ N, (w +1) @)
CO(v)+0,(w) = CO(v —1)+0,(w +1) 3)

In the experiments of Refs. [2-14], the CO laser power was fairly low, ranging from a few Watts to 200
Wew.

Tonization in optically pumped gases is produced by an associative ionization mechanism, in
collisions of two highly vibrationally excited molecules when the sum of their vibrational energies

exceeds the ionization potential [15,6,16],

AB(v)+ AB(w) = (AB); +e~,

E +E >E,_ @
Ionization of carbon monoxide by this mechanism has been previously observed in CO-Ar gas mixtures
optically pumped by resonance absorption of CO laser radiation [6,16]. The estimated steady-state
electron density sustained by a 10 W CO laser in optically pumped CO/Ar/He plasmas with the high
vibrational level populations of nco(v~30)~10" ¢cm™ is n,~10'°-10"" em” [16].

It is remarkable that ionization mechanism of Eq. (4) appears to be unconditionally stable with
respect to the heating instability [17]. Indeed, in optically pumpéd plasmas both the upper level
populations and the electron production rate sharply drop with temperature because of the exponential rise
of the vibration-translation (V-T) relaxation rates [18]. This creates a negative feedback between the gas
heating and the ionization rate, which precludes the instability development. This effect shows a
possibility of sustaining unconditionally stable, strongly nonequilibrium optically pumped plasmas in
high-pressure environments. Such plasmas would have a decisive advantage over electric discharge
sustained plasmas, which are difficult to control at high pressures. These plasmas would find numerous
applications in high-yield mode-selective chemical synthesis and high-speed acrodynamics. In particular,
recent results on anomalous shock wave propagation in nonequilibrium gas discharges (see [19,20] and
references therein) suggest the possibility of wave drag reduction and supersonic flow control by plasmas.
This provides a strong motivation for exploring the approaches to sustain stable optically pumped

plasmas in atmospheric-pressure air.
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The present paper represents a first effort to study the effect of adding air species to optically pumped
CO/Ar plasmas on the electron production and removal kinetics. The main objective is to investigate the
role of additives, such as N,, O, and NO, in the associative ionization process of Eq. (4) and to explore

the effect of such additives on the electron removal rate in the plasma.

2. Experimental

To address the issues discussed in Section 1, ionization measurements using non-self-sustained
DC and RF discharges have been conducted in optically pumped plasmas sustained by a CO laser. The
use of the non-self-sustained discharges precludes electron impact ionization and thereby allows
identification of the associative ionization mechanism of Eq. (4) [6,16].

The schematic of the experimental setup is shown in Fig. 1. A carbon monoxide laser is used to
irradiate a gas mixture of CO and Ar, with additives such as N,, NO, O,, or air, which is slowly flowing
through the pyrex glass optical absorption cell shown. The residence time of the gas mixture in the cell is
about 1 sec. The liquid nitrogen cooled CO laser was designed in collaboration with the University of
Bonn and fabricated at Ohio State. It produces a substantial fraction of its power output on the v=1- 0
fundamental band component in the infrared. The laser can operate at more than 100 W continuous wave
(c.w.) power. However, in the present experiment, the laser is typically operated at 20 W c.w. broadband
power on the lowest ten vibrational bands, with up to ~0.3 W on the v = 1— 0 component. The output on
the lowest bands (1— 0 and 2— 1) is necessary to begin the absorption process in cold CO (initially at
300 K) in the cell. The Gaussian laser beam of ~6 mm diameter can be focused to a focal area of ~1 mm
diameter to increase the power loading per CO molecule, providing an excitation region in the cell of ~2
mm diameter. The absorbed laser power is typically 5-6 W over the absorption length of 12.5 cm, which
gives an absorbed power density of 10 W/cm?® for the focused laser beam.

The lower vibrational states of CO, v<10, are populated by direct resonance absorption of the
pump radiation in combination with rapid redistribution of population by the V-V exchange processes.
The V-V processes then continue to populate the higher vibrational levels above v=10, which are not
directly coupled to the laser radiation (see Eq. (1)). The large heat capacity of the Ar diluent, as well as
conductive and convective cooling of the gas flow, allow us to control the translational/rotational mode
temperature in the cell. In steady-state conditions, when the average vibrational mode energy of the CO
would correspond to a few thousand degrees Kelvin, the temperature never rises above a few hundred
degrees. Thus a strong disequipartition of energy can be maintained in the cell, characterized by very high
vibrational mode energy and a low translational/rotational mode temperature. As shown in Fig. 1, the
population of the vibrational states of the CO in the cell is monitored by infrared emission spectroscopy.

For this purpose, a Bruker Fourier transform IFS 66 spectrometer is used to record the spontaneous
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emission from the CO fundamental, first and second overtone bands through a window on the side of the
cell.

Two 3 cm diameter brass plate electrodes are placed in the cell as shown in Fig. 2, so that the laser
beam creates a cylindrical excited region between the electrodes. The probe electrodes, which are
typically 8 to 12 mm apart, can be connected to a DC or to an RF power supply. A reversible polarity DC
power supply (Thorn EMI GENCOM Inc., Model 3000R) produced voltage that could be varied between
0-3000 V. The current was measured with a Keithley 2001 multimeter, with a 1 MQ resistor connected in
series with the cell to protect the multimeter in case of breakdown. The RF voltage at a frequency of v=10
MHz was produced by an HP function generator used as power supply without further amplification.
Tonization of CO molecules in the cell occurs by an associative ionization mechanism (4). In both DC and
RF experiments, the reduced electric field E/N was deliberately kept low to preclude electron impact
ionization.

The electron production rate per unit volume of the plasma is determined from the saturation

current of the DC Thomson discharge between the electrodes [6,16],

I
S=— s
end®D/4 ®)

where d=1.0 and 0.2 cm are the diameters of the excited regions created by the unfocused and the focused
beams, respectively, D=3 cm is the electrode diameter, and nd*D/4 is the volume of the excited region.
The excited region diameter was estimated from the diameter of the visible blue glow of the C; Swan
band radiation, strongly coupled with high vibrational levels of CO [6].

The electron density was inferred from the RF conduction current between the electrodes, Ic, and the

applied RF voltage, U [21],
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n

The conduction current was evaluated by measuring the voltage drops on a resistor R=50 Ohm connected
in series with the discharge gap with the laser turned on and off, Ugen and Ugorm using a 100 MHz
HP54600B oscilloscope, Ic=(Ugon-Urorr)/R. Note that Eqs. (5,6) are approximate since they do not
account for the electrode edge effects, as well as the voltage drops across the sheaths in the RF discharge.

Therefore they somewhat underestimate both the electron production rate and the electron density.
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3. Results and Discussion
3.1. DC Thomson discharge measurements

Figure 3 shows vibrational population distribution functions (VDF) of carbon monoxide inferred
from high-resolution (0.25 cm’') CO infrared emission spectra recorded by the FT spectrometer.
Vibrational level populations are inferred from the spectra using a standard technique [22]. These
measurements are made in a CO/Ar mixture at a total pressure of P=100 Torr, at different CO partial
pressures in the cell. The translational/rotational temperatures at these conditions, inferred from the
rotationally resolved R-branch of the 10 CO fundamental band with an accuracy of £10 K, are also
shown in Fig. 3. The distributions shown in these figures are the well-known "V-V pumped" distributions
[23,24], maintained by the rapid redistribution of vibrational energy by the V-V processes, which pump
energy into the higher vibrational levels. They are obviously extremely non-Boltzmann, and characterized
by high population of the upper vibrational levels. Note that as the CO partial pressure increases, the high
vibrational level populations v~35-40 drop, both because of the lower energy loading per CO molecule
and because of the translational temperature rise.

Typical current voltage characteristics of the DC discharge, sustained by the unfocused and
focused 10 W CO laser beams in a CO/Ar=3/100 mixture at P=100 Torr, are shown in Fig. 4. One can see
that the discharge current reaches saturation at Uz300 V, [=2.5 pA, when the laser is unfocused, and
U600 V, 1=7.0 A, when the laser is focused. In the saturation regime, the current continues to rise
with the applied voltage because of the finite size of the electrodes that draw current from an increasingly
larger region. As can also be seen from Fig. 4, at U=1400-1600 V, electron impact ionization starts
contributing to the discharge current, which increases by about an order of magnitude, up to I=100 pA. In
this region, the discharge is still non-self-sustained and extinguishes after the laser is turned off. Finally,
at U=2500-2700 V, breakdown occurs and the discharge collapses into an arc with a current of up to
1~100-1000 pA. When the laser is off, breakdown and arcing also occur at U=2500 V. Using [;=2.5 pA
and 7.0 pA for the two cases shown in Fig. 4, determined at the beginning of the saturation region, we
obtain S=8.0-10'% 1/cm®/s and 5.6-10"* 1/cm®/s for the unfocused and the focused laser beam, respectively.

Figure 5 shows current-voltage characteristics of the Thomson discharge measured in CO/Ar,
CO/Ar/O,, and CO/N, mixtures at P=100 torr and with a higher laser power of 20 W. One can see that
both adding oxygen and replacing Ar with N, reduces the electron production rate, from $=9.7-10"
1/em’/s (I=12 pA) in CO/Ar, to $=5.2:10" and 2.0-10"* 1/cm’/s (I;=6.5 and 2.5 pA) in CO/Ar/O,, and
S=1.6-10" 1/cm3/s (I52.0 pA) in CO/N,. The reduction of the ionization rate correlates with depletion of
high vibrational level populations of CO by V-V energy transfer to N; and O, (see Fig. 6, 7), similar to
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what has been previously observed in CO/Ar/He mixtures [6]. Note that the inferred electron production
rates S in CO/Ar/0,=2/100/0.5 and in CO/N,=2/100 are about the same, while the CO level populations
in the presence of oxygen are much more strongly depleted (see Figs. 6, 7). This suggests that O,
molecules, vibrationally excited by V-V energy transfer between CO and O, (3) may also contribute to
associative ionization of Eq. (4). This is consistent with recent Raman spectroscopy measurements of the
N, and O, vibrational populations in optically pumped CO/N,/O, mixtures [14]. They show that although
all three diatomic species (CO, N, and O,) are at strong vibrational disequilibrium, the vibrational
temperatures of CO and O, substantially exceed that of N,.

Figure 8, which shows DC discharge saturation currents in CO/Ar/air and in CO/Ar/O, mixtures
at P=100 torr, demonstrates that the current is primarily controlled by the oxygen content in the plasma. A
similar plot for CO/Ar/NO mixtures at P=50 torr (see Fig. 9) actually shows an increase of the saturation
current (i.e. increase of the electron production rate) at low NO concentrations, from 1=23 pA
(5=1.8-10"* 1/cm’s) without NO to a maximum I,=44 pA (S=3.4-10"° 1/cm’s) at Pyo=0.2 torr. This
occurs even though the high vibrational levels of CO are strongly depleted by nitric oxide (see Fig. 10).
This unambiguously shows that NO molecules, which may also become vibrationally excited by V-V

energy transfer between CO and NO,
CO®W) + NO(w) = CO(v—1) + NO(w+1), )

play an important role in associative ionization kinetics.

Finally, from Figs. 8, 9 it is seen that small admixtures of O, and NO (less than 0.1 torr) result in
a fairly weak change of the net electron production rate, within 50% from the baseline value measured
without additives. The measured rate of electron production in CO/Ar at P=20-100 torr, $=9.7-10" -
1.8:10"° 1/cm’/s is consistent with the ionization rate coefficient ki0n=(1.1-1.8)-10"3 cm’/s, where Kion 1S

defined as

. .S
" onge 2SS ®

Ev +E\¢'>Eivn

In Eq. (8), f, and f,, are relative populations of the CO vibrational levels, inferred from the infrared
spectra and plotted in Figs. 6,7,10. This value of ko, exceeds the result of our previous study, ki,,=2.5-10°

' ¢m’/s [16], by almost an order of magnitude. However, the present measurements of the CO vibrational

36



levels populations from the high-resolution CO FT spectra are far more accurate than the previous results

[6] obtained using a low-resolution monochromator, and we recommend the new value of k;,, as more
reliable.

In these experiments, it has been observed that when a DC voltage is applied to the electrodes, a dark
deposit rapidly (within a few minutes) accumulates on the negative electrode in CO/Ar plasmas. The
deposit quickly disappears when O, or NO are added to the cell gases. The deposit has the shape of a
shadow image of the vibrationally excited region between the plates (see Fig. 11). No corresponding
deposit is formed on the positive electrode, and there is only a small deposition anywhere in the cell
except on the negatively biased electrode, even after several hours of operation. We conclude that the
deposit is formed by positive ions moving toward the negative electrode in the electric field. The average
positive ion mass was determined from the difference in the electrode weight before and after the
experiment, m=AM/t/(I/e)=250 amu [25]. These results indicate the presence of large ion clusters in the
CO/Ar plasma, which are apparently destroyed by adding small amounts of O, and NO. Such clusters,
having the general form (CO),C,, n=1-15, have been previously observed in glow discharges in CO/Ar
and CO/He mixtures [26]. In addition, a mass spectrum ofthe electrode deposit shows a number of peaks
above 100 amu [25] (see Fig. 12). Odd peak numbers are most likely due to hydrogen (water vapor)

impurities in the cell.

3.2. RF discharge measurements

In this series of measurements, a weak RF field with an RMS voltage (U)=3.5 V at a frequency of
v=10 MHz, produced by a function generator, was applied to the cell electrodes. The RF discharge RMS
conduction current did not exceed {Ic)=500 pA. Therefore, the maximum power coupled to the plasma by
the RF field, (UXIc)<2 mW, was much smaller then the absorbed laser power, ~5W. This makes
additional vibrational excitation by the RF field, with subsequent ionization by associative mechanism of
Eq. (4), negligible. Figures 13, 14 show the RF discharge conduction current, (Ic), measured in the
optically pumped CO/Ar/O, plasmas excited by a focused CO laser at the total pressure in the cell of
P=100 torr and 20 torr, respectively.

At P=100 torr, no conduction current in CO/Ar plasma with no oxygen additive has been detected
within the accuracy of the present experiment (see Fig. 13). The same result was obtained in a CO/N;
plasma without oxygen added. We estimate a minimum detectable conduction current, (Ic)~(Ug,on-
Ur,or/R, to be about 1% of the displacement current (Ip)=(Ur,o)/R=190 pA, or {Ic)~2 pA. From this,
using Eq. (6), one obtains an upper bound of electron density at these conditions, n,<4-10° cm™. Adding

small amounts of dry or room air to the CO/Ar mixture resulted in a dramatic conduction current rise up
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to (Ic)=110 pA with 0.2 torr of dry air in the cell (see Fig. 13). This indicates the electron density increase
by at least a factor of 50 compared with both CO/N, and CO/Ar plasmas without oxygen additive, up to
n.=2-10"" cm™. The results at P=20 torr are quite similar (see Fig. 14). The conduction current in CO/Ar
and CO/N, mixtures is (Ic)=12-17 HA, which gives an electron density of n:=(5-7)-10° cm™. However,
with 0.2-0.5 torr of air or 0.1 torr of O, added to the CO/Ar mixture the conduction current increases by
about a factor of 15, up to (Ic)=215 pA, which gives an electron density of n,=0.9-10"" cm” We
emphasize that the observed sharp electron density increase occurs despite the fact that the electron
production rate S in CO/Ar/O, mixtures actually somewhat drops with the O, partial pressure (see Fig. 8).
Since small admixtures of oxygen are unlikely to produce a noticeable change in electron mobility, this
can only mean that the electron removal rate significantly decreases in the presence of small amounts of
oxygen.

This result suggests a possible qualitative scenario of the apparent electron removal rate reduction
in optically pumped CO/Ar/O, and CO/Ar/N, plasmas. Indeed, the deposit formation on the negative
electrode due to the heavy ion current in the CO/Ar plasma without additives, and its absence in the
plasmas doped with O, (see Section 3.1) indicate that the dominant positive ions in these two cases are
quite different. Dimer ions, such as (CO),", are known to have a very high dissociative recombination
rate, B~10"° cm®/s [21]. Presumably, the recombination rate for the heavy cluster ions, such as (CO),C,",
which are likely to be the dominant ions in the CO/Ar plasma without additives [26], might well be even
higher. On the other hand, adding small amounts (tens of microtorr) of O, to a glow discharge CO/Ar
plasma results in destruction of cluster ions and their replacement by monomer ions such as O," and CO”
[26], which have a much slower recombination rates, B~10® cm®/s [17]. However, this interpretation
leaves open the question what role electron attachment to oxygen plays in these strongly nonequilibrium
plasmas. Indeed, one would expect the electron density to be reduced in the presence of a strongly
electronegative gas such as oxygen, while the present experiments demonstrate exactly the opposite
behavior. Further studies of ion composition of optically pumped plasmas using ion mass-spectrometry,
such as has been previously done in CO/Ar and CO/He glow discharges [26] are expected to provide new

insight into this problem.

4. Summary

Kinetics of ionization and electron removal in optically pumped nonequilibrium plasmas
sustained by a CO laser is studied using non-self-sustained DC and RF electric discharges. Experiments
in optically pumped CO/Ar/N, mixtures doped with O, and NO demonstrated that associative ionization
of CO by mechanism (4) generates free electrons at a rate up to S=10" 1/cm’s. The ionization rate

coefficient, inferred from the CO vibrational populations measurements, is ki(,,,=(l.l-1.8)-10'13 em’/s. It is
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shown that excited NO and possibly O, molecules also contribute to the vibrationally stimulated
ionization process. In CO/Ar plasmas, applying a DC‘bias to the cell electrodes resulted in rapid
accumulation of a deposit on the negative electrode due to a large cluster ion current. The average mass of
an ion in this plasma, estimated by measuring the mass of the deposit, is m=250 a.m.u, which is
consistent with the mass-spectrometer analysis of the deposit. The deposit did not accumulate when small
amounts of O, and NO were added to the CO/Ar plasma, which presumably indicates destruction of the
cluster ions.

It is demonstrated that adding small amounts of O, to the optically pumped CO/Ar plasmas
significantly increases the electron density, from n.=(4-7)-10° cm? to ne=(1-2)-10"" cm™®. This effect
occurs at a nearly constant (within 50%) electron production rate, indicating substantial reduction in the
overall electron removal rate. This reduction can be qualitatively interpreted as destruction of rapidly
recombining cluster ions in the presence of the O, additive, and their replacement by monomer ions with
a slower recombination rate. Further studies of ion composition in optically pumped plasmas are

suggested.
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Figure 11. Photograph of a negative electrode
with the deposit (shown with an arrow)
accumulated during a 10 min run. -
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3. CONTROL OF ELECTRON RECOMBINATION RATE AND ELECTRON DENSITY

IN OPTICALLY PUMPED NONEQUILIBRIUM PLASMAS
Igor V. Adamovich

A two-dimensional time-dependent mode! of non-self-sustained DC and RF discharges is used for
analysis of recent experiments in optically pumped nonequilibrium plasmas. The analysis shows that non-
self-sustained DC and RF discharges can be successfully used for measurements of electron production
rate, electron recombination rate, and electron density in these plasmas. The inferred rate of electron
production per unit volume by the associative ionization mechanism is Se=1.0-10"° 1/cm®s and
S¢=2.2:10" 1/cm®/s in CO/Ar=2/100 and in CO/N,=2/100 plasmas, respectively. The inferred electron-ion
recombination rate coefficients are $>6.0-10"° cm’/s and P=(7.5+1.5)-10" cm’/s in CO/Ar=2/100 mixtures
at P=100 torr and 20 torr, respectively. In CO/Ar=2/100 mixtures with a 0.05-0.1 torr admixture of O, at
P=100 torr and 20 torr, the inferred recombination rate coefficients are B=(1.540.3)-10® cm’s and
B=(5.1¢2.9)~10'8 cm’/s, respectively. Finally, the inferred electron density in optically pumped CO/Ar/O,
plasmas at the laser beam axis is n~=(1.7£0.2)-10" cm™ at P=100 torr and n,=(6.210.8)-10'" cm™ at P=20
torr. These results demonstrate that electron density in the optically pumped CO/Ar plasmas can be
controlled and significantly increased by adding small amounts (up to ~0.1%) of species such as O, and

NO, which result in reduction of the electron-ion recombination rate.

1. Introduction

The paper addresses analysis of a recent ionization measurement in optically pumped CO/Ar/O,
and CO/N,/O, plasmas using non-self-sustained DC and RF discharges [1]. Briefly, the experiments have
been conducted in a flowing gas optical absorption cell, where the gas mixture was vibrationally excited
by resonance absorption of 20 W continuous wave broadband CO laser radiation. The Gaussian laser
beam was focused to increase the power loading per CO molecule, providing an excitation region in the
cell of approximately 2 mm in diameter. The absorbed laser power was typically 5-6 W over the
absorption length of 12.5 cm, which gives an absorbed power density of 10 W/cm®. The lower vibrational
states of carbon monoxide in the cell, v<10, are populated by direct resonance absorption of the laser
radiation. The higher vibrational levels, v~10-40, which are not directly coupled to the laser radiation, are
populated by the rapid redistribution of vibrational energy by the vibration-vibration (V-V) exchange

processes,

CO(v)+CO(w) — CO(v-1)+CO(w+1) (1)
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The large heat capacity of the Ar or N, diluents, as well as conductive and convective cooling of the gas
flow, controls the steady-state translational/rotational mode temperature in the cell, T=400-700 K, while
the average vibrational mode energy of CO corresponds to 2000-4000 K degrees K. Thus a strong
disequipartition of energy can be maintained in the cell, characterized by very high vibrational mode
energy and electron témperature, and a low translational/rotational mode temperature. '
Under these conditions, ionization in the optically pumped CO is produced by an associative
ionization mechanism, in collisions of two highly vibrationally excited CO molecules when the sum of

their vibrational energies exceeds the ionization potential [1-3],

CO(W)+CO(W) = (CO); +e™

2
E +E >E,, @

The parameters of the optically pumped plasma created in the cell have been analyzed using two 3 cm
diameter brass plate electrodes, placed in the cell as shown in Fig. 1, so that the laser beam created a
nearly cylindrical excited region between the electrodes. The electrodes, which were typically 8 to 12 mm
apart, were powered either by a DC or by an RF power supply. In both DC and RF experiments, the
applied voltage was deliberately kept sufficiently low to completely preclude electron impact ionization
[1-3]. Thus, a non-self-sustained DC discharge (sometimes called a Thomson discharge [2,4]) or a non-
self-sustained RF discharge can be initiated between the electrodes. ‘

In these experiments, the rate of electron production per unit volume by the associative ionization
mechanism of Eq. (2) was estimated from the DC discharge current in the saturation regime, 5. Saturation

occurs when the applied electric field removes as many electrons per second as are produced in the entire

discharge volume. This rate is accordingly estimated as

I
SE_D_-%TZ-:-m”—lo” cm™ sec™ 3)
elna

In Eq. (3), obtained in Ref. [3], a is the ionized region diameter and D is the electrode diameter. Note that
in the saturation regime the electrons are removed from the discharge much faster than they recombine or
attach. Indeed,_simple estimates [2] show that the electron residence time in the discharge is much shorter
than the time for electron-ion recombination or electron attachment. Therefore measuring the DC

saturation current density directly yields the electron production rate per unit volume S, regardless of the
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ionization mechanism and independently of the electron removal rates. The electron density in the
plasma, on the other hand, was estimated from the conduction current of the RF discharge, measured as a

difference between the RMS RF discharge currents with the laser turned on and off,

n, = 510'0—10“ cm‘3 (4)

In Eq. (4), U is the applied RMS RF voltage and . is the electron mobility. Note that Eqs. (3,4) are
approximate since they do not account for the electrode edge effects and the spatial nonuniformity of the
plasma (in particular, voltage drops across the sheaths in the RF discharge). Therefore they are expected
to provide only rather crude estimates of both the electron production rate and the electron density.

The objective of the present paper is to use two-dimensional kinetic modeling of both the DC and the
RF discharges for more accurate quantitative inference of the electron production and removal rates, as

well as the electron density in the optically pumped plasma.

2. Kinetic Model
The two-dimensional time-dependent model of the non-self-sustained DC and RF discharges used
in the optical pumping experiments [1] discussed in Section 1 includes the equations for electron and

positive ion concentrations, and the Poisson equation for the electric field [5]:

o (X, 0,1) . v _0
k k

ot
I, = D,Vn, (x,y,o—fjukwu, .0, (x, y,1)
n,(x,0,t) =n(x,d,t)=0 5)
on, (0,y,t) _on (FW,y,t) _ 0
ox ox

n,(x,y,0)= 0
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In Egs. (5-7), the index k stands for electrons and positive ions, e is the electron charge, ny and q=te are

the species concentrations and charges, D, L and f‘k are the species diffusion coefficients, mobilities,

and fluxes (conduction current density vectors), respectively, ¢ and E= —V¢ are the electric potential

and electric field, d is the separation between the electrodes, W is the electrode half-width, U, and v are
the applied voltage amplitude and frequency, S(x,y) is the rate of electron production by the associative
ionization mechanism of Eq. (2), and P is the electron-ion recombination coefficient. In Eq. (8), So and a
are the rate of electron production at the laser beam axis and the ionized region diameter. The Gaussian
distribution of ionization rate S(x,y) in Eq. (8) is chosen due to the Gaussian power density distribution
across the laser beam [6]. At zero frequency, v=0, this system of equations describes a non-self-sustained
DC discharge.

The electron and ion mobilities and diffusion coefficients in argon and in nitrogen plasmas as
functions of the reduced electric field E/N, where N=P/kT is the number density, are taken from [7,8].
The gas pressure and temperature in the optically pumped cell have been previously measured in a wide
range of experimental conditions [1-3,6]. Thus, the only unknown parameters remaining in Eqgs. (5-7) are
the electron production rate, S, and the electron-ion recombination rate, B.

Egs. (5-7) are solved numerically until either a steady-state (for a DC discharge) or a periodic (for

an RF discharge) solution for ny(x,y,t) and ¢(x,yt) is reached. In the latter case this usually takes from a
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few hundred to a few thousand cycles. The electrode currents in the DC and in the RF discharges are

determined as follows,

u/
Icalhode =L J‘ dxz rky (X,O) (9)
W k
; W a 2 1/2
1 E  (x,0,)
[RMS, cathode = ? J-dt[[’ J. dx[go _‘.)T—.— + zrky (X,O, t) ]:| (10)
4 -W k

In Egs. (9,10), I"k), is the y-component (i.e. perpendicular to the electrode) of the flux of the charged

species k, E, is the y-component of the electric field, L is the length of the electrode along the laser beam,
and T=2m/v is the RF field oscillation period. The anode current, which is expected to be equal to the
cathode current, is calculated in a similar way.

In the calculations discussed in the following section, the 3 cm diameter circular electrodes (see Fig.
1) are modeled as square electrodes of the same surface area. The electrode separation is d=10 mm (for
DC discharge) and d=7.5 mm (for RF discharge), the electrode full width and the electrode length are
2W=L=2.66 cm. The ionized region diameter, a=2 mm, is estimated from the apparent diameter of the C,
Swan band glow, which is strongly coupled to the high vibrational level populations of CO [1]. The
applied DC voltage is varied in the range U=0-1000 V. The RF voltage amplitude and frequency are Ug=5
V and v=10 MHz, respectively [1]. Calculations are made at two different pressures, P=100 torr and 20
torr. The gas temperature is taken to be T=500 K, which is in between the temperatures of T=600 K and
in T=450 K measured in the optically pumped CO/Ar=2/100 and CO/N,=2/100 mixtures at P=100 torr
[1]. The system of equations (5-7) is solved using standard stiff PDE solver PDECOL [9].

3. Results and Discussion

The first series of modeling calculations have been made for a DC discharge. In these
calculations, the electron production rate at the laser beam axis, So, was adjusted to match the
experimentally measured values of the discharge saturation current, I, while the electron recombination
rate was assumed to be equal to the rate of dissociative recombination of (CO)," dimer ions, B=2-10"
[10]. Figure 2 shows experimental and calculated voltage-current characteristics for two optically pumped
gas mixtures, 2 torr CO / 100 torr Ar and 2 torr CO / 100 torr N,. One can see that the results of
calculations reproduce well not only the values of the saturation current, which are controlled exclusively

by the electron production rate (I=13.4 pA in CO/Ar and [;=3.1 pA in CO/N,) [2,4], but also the entire
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shape of the voltage-current characteristics. The values of S, for the two cases shown in Fig. 2 are
S¢=1.0-10" l/cm3/s and S¢=2.2-10'* 1/cm’/s, respectively. Varying the other crucial parameter, the
recombination rate, in the range B=10"-10" cm’/sec showed that although it does affect the shape of the
current-voltage curves below the saturation limit, the effect is too weak for the accurate inference of the
recombination rate coefficient. The best agreement with the experimental data in the entire range of
applied voltage (U=0-1000 V) is achieved at B>10° cm’/sec. Unfortunately, above this valﬁe the
calculated voltage-current curves become nearly insensitive to the recombination rate variation. Also,
variation of the ion mobility [, (within a factor of two) had almost no effect on the calculated voltage-
current characteristics.

Figures 3 and 4 show contour plots of electron and ion concentrations, n. and n., as well as
electric potential, ¢, in the optically pumped CO/Ar mixture at U=200 V. In these calculations,
S¢=1.0-10"° 1/ecm’/s and [3=2-10'6 cm’/sec. One can see that the applied voltage displaces the highly
mobile electrons toward the anode (top electrode in Figs. 3,4), which creates a region of positive space
charge with stronger electric field near the center of the cathode (bottom electrode). Figure 5 displays the
electron concentration in the DC discharge in the CO/Ar mixture along the axis of symmetry of the
discharge (i.e. at x=0) at several values of the applied voltage. It shows that as the applied voltage
increases, the electrons are indeed removed from the interelectrode space until the electron concentration
is significantly reduced (by more than an order of magnitude) near the saturation point at U=800 V. At
these conditions, the rate of electron removal by the field approaches the overall electron production rate,

so that
d w
I zeLJ.dy Ide(x,y) (11)
0o -w

Figure 5 and Eq. (11) also illustrate the rationale for the inference of the electron production rate per unit
volume from the DC discharge saturation current.

In our previous work [1], small amounts of oxygen or air have been added to the baseline CO/Ar
gas mixtures to determine the sensitivity of the measured electron production rate S to the level of O,
impurity in the cell. It was found that addition of O, in small concentrations (less than 0.1 torr) only
weakly affects the DC discharge saturation current (and therefore the electron production rate). In
particular, the electron production rate is reduced by only about 30% if the oxygen partial pressure does
not exceed 0.1 torr [1]. As discussed in our previous publication, this effect is most likely due to the

reduction of the high CO vibrational level populations in the presence of oxygen, measured by infrared
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emission spectroscopy [1]. In other words, the rate of electron production by the associative ionization
mechanism remains nearly constant (within about 30%) in the presence of trace amounts of O,.

The results of calculations discussed above show that the non-self-sustained DC discharge
measurements indeed allow direct inference of the electron production rate by the associative ionization
mechanism. Unfortunately, this method does not allow accurate inference of the electron density in the
optically pumped plasma or the recombination rate coefficient since the voltage-current characteristic of
the DC discharge is only weakly sensitive to the variation of these parameters. To infer the values of these
parameters, we use the results of non-self-sustained RF discharge experiments in optically pumped CO/Ar
mixtures containing small amounts of O, [1]. In these measurements, the conduction current through the
non-self-sustained RF discharge, I, has been determined as a difference between the RF currents
measured with the CO laser turned on and off. In the latter case, the RF current measured, 190 pA, is the
displacement current. The most important result of these measurements is a sudden increase of the
conduction current when small amounts of O, (0.05-0.1 torr) are added to the baseline CO/Ar gas mixture
(without oxygen), from I¢<2 pA to [c=90-110 nA at P=100 torr and from Ic=15-20 pA to Ic=160-220 pA
at P=20 torr [1]. Again, we emphasize that this effect occurs at a nearly constant (within about 30%)
electron production rate measured using the DC discharge [1]. A preliminary suggestion made in our
previous publication [1] was that adding O, to the baseline gas mixture resulted in a significant reduction
of the electron removal rate. In the present paper we use the RF discharge modeling to verify this
suggestion and to infer the electron removal rate.

A second series of modeling calculations have been made for the RF discharge. Although the
kinetic mode] discussed in Section 2 can be easily modified to incorporate the transport equation for the
negative ions, as well as kinetic processes involving formation and decay of negative ions (including the
dominant process of O, ions formation by the three-body electron attachment process Oy+e+M—0;+M),
in the present work these processes are neglected. The arguments in favor of this assumption are as
follows: (i) adding O, to the cell gases results in an apparent increase of the electron density in the
discharge, which suggests that rapid three-body elecron attachment to oxygen is mitigated to a large
extent, (i) similar results were obtained when comparable amounts of NO, which is not an efficient
electron attacher, were added to the cell gases [1], and (iii) Raman spectroscopy measurements of the O,
vibrational level populations (v=0-12) in the optically pumped CO/N,/O, plasmas {11] show that O, in
these mixtures becomes strongly vibrationally excited (T,(0,)=2200-3600 K). In particular, the latter
result suggests that strong vibrational excitation of O, might well stimulate detachment of electrons from
the weakly bound O, ions (with electron affininity of ~0.43 eV). The electron production rate in these

calculations was taken to be equal to the baseline value of S¢=1.0-10"* 1/cm?/s inferred from the DC
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discharge measurements in the CO/Ar mixtures. The electron-ion recombination rate in the calculations
was varied in the range f=10"-10" cm’’s.

Figures 6,7 show contour plots of the period-averaged electron and ion concentrations, as well as
the period-averaged electric potential in the RF discharge. In these calculations, the recombination rate
coefficient is taken to be B=2.0-10® cm’/s. One can see that the applied weak RF field displaces the
electrons away from the electrodes, thereby creating the positive space charge areas (sheath) near the
electrodes. The electric field in the sheath areas significantly exceeds its value in the quasi-neutral central
region, and increases with electron density (i.e. as the recombination rate coefficient is reduced at the
constant electron production rate, see Fig. 8). The electric field increase near the electrodes produces the
current rise in the external circuit over the level of the displacement current, measured with the laser
turned off. The kinetic model used in the present work predicts the RF discharge conduction current as a
function of the recombination rate coefficient B (see Fig. 9). Therefore, with the electron production rate
S¢=1.0-10" 1/cm®/s known, one can infer the values of the recombination rate in the baseline CO/Ar
mixture (without oxygen) and in the mixture with 0.05-1.0 torr of O, added by comparing the RF
conduction current measurements [1] discussed above and Fig. 9. Using this procedure, for CO/Ar
mixtures at 100 torr and 20 torr we obtain >6.0-10° cm®/s and B=(7.5%1.5)-10° cm’/s, respectively. For
CO/Ar/O, mixtures at 100 torr and 20 torr, we infer B=(1.5£0.3)-10° cm®s and p=(5.1+2.9)-10° cm’/s,
respectively. In other words, adding oxygen to the CO/Ar mixture reduces the recombination rate
coefficient by more than two orders of magnitude. A similar result is obtained in the CO/N; mixtures with
small amounts of O, added [1]. Figure 10 also shows the RF conduction current as a function of the
electron density at the laser beam axis. One can see that the measured values of the RF discharge
conduction current correspond to an electron density of n=(1.7+0.2)-10" cm” at P=100 torr and
ne=(6.2i0.8)-1010 em? at P=20 torr. The lower electron density at the low pressure (at the same electron
production rate) is due both to somewhat faster electron recombination rate and to a more significant
contribution of the charged species diffusion out of the ionized region. Variation of the ion mobility
within a factor of two had almost no effect on the shape of the curves shown in Figs. 9,10, and therefore
on the inferred values of the recombination rate coefficient and electron density.

The inferred electron-ion recombination rates in the absence of oxygen and with O, added to the cell
are fairly close to the measured rates of recombination of the dimer (CO)," ions, p=2-10"° cm®/s [10] and
of the monomer O," ions, B=(3-5)-10" cm’/s at the electron temperature of T.~0.3-0.5 eV [5]. Also, the
results of our previous coupled master equation / Boltzmann equation modeling calculations [3] suggest
that the electron temperature in the optically pumped plasma, T,=5200 K, is closely coupled with the CO
vibrational temperature, T,(CO)=4100 K. Therefore, although the detailed kinetic mechanism of fhe
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apparent recombination rate reduction remains uncertain, one might speculate that adding oxygen to the
cell gases might result in the replacement of the dominant rapidly recombining dimer (CO)," ions by the
more slowly recombining O," ions, which also have lower ionization potential (12.2 eV vs. 14.0eV), e.g.

in an ion-molecule reaction
(CO); +0, - CO+CO+0; (12)

There exist some experimental evidence which is consistent with this qualitative scenario. Kaufman et al.
[12] measured the ion composition in glow discharges in CO/Ar/O, and in CO/He/O, gas mixtures at
P=18 torr using in situ ion mass spectrometry. The resultant mass spectra taken in CO/Ar and in CO/He
mixtures without oxygen show that the dominant ions in the discharge are cluster ions of the general form
C,(CO),", n=1-15. However, adding a few tens of millitorr of O, to these gas mixtures resulted in nearly
complete disappearance of these ions and their replacement by the O," ions. Additional non-intrusive
electron density measurements (such as using microwave attenuation) and ion mass spectrometry
measurements in the optically pumped plasmas are desirable to yield more information on the kinetic

mechanism of the observed effect.

4. Summary

The analysis of the experiments reported in our previous paper [1] using modeling calculations
discussed in the present work show that non-self-sustained DC and RF discharges can be successfully
used for measurements of electron production rate, electron recombination rate, and electron density in
the optically pumped plasmas. The inferred rate of electron production per unit volume by the associative
ionization mechanism is S¢=1.0-10" l/cm%s and $,=2.2:10" I/em%s in CO/Ar=2/100 and in
CO/N,=2/100 plasmas, respectively. The inferred electron-ion recombination rate coefficients are
B>6.0-10° cm’/s and B=(7.5+1.5)-10° cm”s in CO/Ar=2/100 mixtures at P=100 torr and 20 torr,
respectively. In CO/Ar=2/100 mixtures with a 0.05-0.1 torr admixture of O, at P=100 torr and 20 torr, the
inferred recombination rate coefficients are p=(1.5+0.3)-10 cm’/s and P=(5.132.9)-10®* cm®/s. Finally,
the inferred electron density in the optically pumped CO/Ar/O, plasmas at the laser beam axis is
ne=(1.740.2)-10"" cm™ at P=100 torr and n,=(6.2£0.8)-10'° cm at P=20 torr. These results demonstrate
that electron density in the optically pumped CO/Ar plasmas can be controlled and significantly increased
by adding small amounts (up to ~0.1%) of species such as O, and NO, which result in reduction of the

electron-ion recombination rate.
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Figure 2. Experimental and calculated voltage-current characteristics of the DC
discharge in the optically pumped plasmas. B=2-10" cm®/sec
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Figure 3. Calculated electron and ion concentration distributions (log scale, in cm’®) in the
DC discharge in the optically pumped CO/Ar plasma. S;=1.0-10" cm?sec”, p=2-10
cm’/sec, U=200 V

-1.0

0.8

0.6

' y/D

Electric Potential

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

1.0

1Illl|IIIIIIIIT\IIIIIlll|’llllll|llllllll

[~

Q

Q
S
&

002

I
&
Q

1]

/

PRUNE SO R N TUUEY TS NN TR SUUUE SHN WA TUUNE AN VU VR VAT UL SN TSN TN TR NSUUr S VN NS N N SN S S EOUN W R

0.8

08 -0.6 -0.4 -0.2 0. 0.2 0.4 0.6 0.8
x/W

:(P 0

poa

Figure 4. Calculated electric potential distribution (in Volts) in the DC discharge in the
optically pumped CO/Ar plasma. S,=1.0-10"* cmsec”’, B=2:10"° em’/sec, U=200 V

57

y/d

y/D




Centerline electron concentration, cm-3
2.5E+10

2.0E+10 —

1.5E+10 —

1.0E+10 —

Figure 5. Calculated electron concentration in the
CO/Ar plasma at the axis of symmetry of the
discharge (x=0) for the conditions of Fig. 2
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4. VIBRATIONAL ENERGY STORAGE IN HIGH-PRESSURE MIXTURES OF

DIATOMIC MOLECULES )
Elke Plénjes, Peter Palm, Wonchul Lee, Matthew D. Chidley, Igor V. Adamovich,
Walter R. Lempert, and J. William Rich

CO/N,, CO/Ar/O,, and CO/N,/O, gas mixtures are optically pumped using a continuous wave CO
laser. Carbon monoxide molecules absorb the laser radiation and transfer energy to nitrogen and oxygen
by vibration-vibration energy exchangé. Infrared emission and spontaneous Raman spectroscopy are used
for diagnostics of optically pumped gases. The experiments demonstrate that strong vibrational
disequilibrium can be sustained in diatomic gas mixtures at pressures up to 1 atm, with only a few Watts
laser power available. At these conditions, measured vibrational temperatures of diatomic species are in
the range T,=1900-2300 K for N,, T,=2600-3800 K for CO, and T,=2200-2800 K for O,. Translational-
rotational temperature of the gases does not exceed T=700 K. Line-of-sight averaged CO vibrational level
populations up to v=40 are inferred from infrared emission spectra. Vibrational level populations of
CO(v=0-8), N5(v=0-4), and O,(v=0-8) near the axis of the focused CO laser beam are inferred from the
Raman spectra of these species. The results demonstrate a possibility of sustaining stable nonequilibrium
plasmas in atmospheric pressure air seeded with a few per cent of carbon monoxide. The obtained
experimental data are compared with modeling calculations that incorporate both major processes of
molecular energy transfer and diffusion of vibrationally excited species across the spatially nonuniform

excitation region, showing reasonably good agreement.

1. Introduction

Nonequilibrium vibrational kinetics of diatomic molecules has been a focus of attention for many
years in gas discharge plasmas, molecular lasers, pollution control, upper atmosphere chemistry, and gas
dynamic flows [1,2]. The rate of energy transfer between the vibrational molecular modes and the
"external” modes of rotation and translation is, in particular, a determining process in many high enthalpy
fluid environments (such as in supersonic nozzles and behind shock waves). Furthermore, the details of
energy distribution among the quantum states within the vibrational modes is a key issue in non-thermal
plasma chemical reactor design, in predicting radiation from supersonic nozzle expansions, and in the
design of a variety of molecular gas lasers [3]. This energy distribution is primarily controlled by

vibration-to-vibration (V-V) energy exchange processes [4,5],

AB(V) + CD(w) = AB(v — 1) + CD(w +1), )
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which in a broad range of parameters are known to be much faster than vibration-to-translation (V-T)

relaxation,
AB(v)+CD — AB(v-1)+CD. ©)]

In Egs. (1,2), AB and CD stand for diatomic molecules, v and w are vibrational quantum numbers. Near-
resonance V-V exchange processes, such as EJ(AB)-E..,(AB)AE,.(CD)-E\(CD) in Eq. (1), are of
particular importance, since they can sequentially populate very high vibrational levels of the molecules
[4,5], and thereby precipitate nonequilibrium chemical reactions, electronic excitation with subsequent
visible and UV radiation, and ionization.

Methods of sustaining strong vibrational disequilibrium in gases include (i) rapid expansion in a
supersonic nozzle, (i) excitation of molecular vibrations in electric discharges, and (iii) optical pumping
by laser radiation absorption. The use of the first approach is difficult due to the short available test time,
while the second approach is limited to fairly low pressures (P~1 atm) and low energy loading per
molecule because of rapid development of discharge instabilities [6,7]. In contrast to this, steady state
optically pumped plasmas can be sustained at high pressures (up to 20 atm in CO-Ar mixtures) [8]. The
main problem with optical pumping, however, is that the use of efficient resonance absorption provides
access only to a very few heteropolar molecules (such as CO and NO with a CO laser [9-14], or CO with
a frequency doubled CO; laser [15]). On the other hand, the use of nonlinear absorption techniques, such
as PUMP-DUMP [16], RELIEF [17], spontaneous Raman absorption [18], etc., allows only pulsed mode
operation and makes energy addition to vibrational modes of homopolar molecules, such as N, and Oy,
extremely inefficient.

These obstacles prevent development of new promising applicatio‘ns of vibrationally nonequilibrium
environments, including sustaining stable large-volume ionization in high-pressure air and energy
efficient high-yield mode-selective chemical synthesis.

The present paper discusses a new method of vibrational excitation of high-pressure gases, including
nitrogen and oxygen, by collision-dominated vibrational energy transfer of Eq. (1) from an infrared active
species (carbon monoxide), optically pumped by resonance absorption of the CO laser radiation. This
method combines the advantage of the use of an efficient gas laser with the capability of excitation of

various species at high pressures, without using electron impact.

2. Experimental

2.1 Emission spectroscopy
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Figure 1 shows a schematic of the experimental setup for the study of vibrational energy transfer in
CO/A1/N,/O, mixtures. A carbon monoxide laser is used to irradiate a gas mixture, which is slowly
ﬂowing' through the pyrex glass optical absorption cell shown. The residence time of the gases in the cell
is about 1 sec. The liquid nitrogen cooled CO laser was designed in collaboration with the University of
Bonn and fabricated at Ohio State. It produces a substantial fraction of its power output on the v=1- 0
fundamental band coxﬁponent in the infrared. The laser can operate at more than 100 W continuous wave
(c.w.) power. However, in the present experiment, the laser is typically operated at 15 W c.w. broadband
power on the lowest ten fundamental bands, with up to ~0.3 W on the v = 1— 0 component. The output
on the lowest bands (1— 0 and 2— 1) is necessary to start the absorption process in cold CO (initially at
300 K) in the cell. The quantum efficiency of the CO pump laser approaches 90%, with the overall
efficiency about 40%, which makes is the most efficient gas laser available. The present use of CO laser
pumped absorption cells to study the V-V process-s a further development of a technique with a
considerable literature [9-14].

The emission spectroscopy measurements reported here are made at CO partial pressure of 2 torr
and total gas pressure of 100-130 torr. At these conditions, the gas mixture is optically thick for the CO
laser radiation. A substantial portion of the laser power (up to 5 W) is absorbed over the absorption
distance of L=12.5 cm. The Gaussian laser beam, which has a diameter of ~0.5 cm, does not have to be
focused to provide substantial vibrational mode energy in the cell gases. HO\;VBVCI‘, in the present
experiments it is focused to increase the power loading per CO molecule, providing an excitation region
in the cell of ~1 mm diameter.

After the laser is turned on, the lower states of CO, v < 10, are populated by direct resonance
absorption of the pump radiation in combination with the much more rapid redistribution of population by
the intramode V-V exchange processes CO-CO (see Eq. (1)). These V-V processes then continue to
populate the higher vibrational levels of CO above v = 10, which are not directly coupled to the laser
radiation. At the same time, the intermode V-V exchange processes CO-N, and CO-O; also populate the
low vibrational levels of nitrogen and oxygen molecules. In particular, rapid vibrational energy transfer

from highly excited CO molecules to oxygen is facilitated by the near-resonance process
CO(v)+0,(0) > CO(v-1)+0,(1), v~25 3

If the vibrational energy storage per N, or O, molecule becomes sufficiently high, the high vibrational
levels of these molecules will be also populated by the intramode V-V exchange Np-N; and 0,-O;. It is

well known [19] that until vibrationally excited molecules start producing rapid V-T relaxers in chemical
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reactions (such as N and O atoms, CO,, etc.), the overall rate of V-T relaxation in the gas mixture remains
slow. Therefore, a substantial fraction of the energy added to the vibrational mode of CO by the laser
remains stored in vibrational modes of N, and O,.

When the laser is turned off, the vibrational levels are depopulated, again mainly by the V-V
energy transfer, and the vibrational energy distribution approaches the Boltzmann distribution at the
translational temperature. In the steady-state measurements reported in the present paper, the laser
remains on all the time, so that a complete steady state is reached. Note that the vibrational energy stored
in the diatomic molecules is constantly converted into heat both in V-V and V-T processes. However, the
large heat capacity of the gases (including the vibrational modes), as well as conductive and convective
cooling of the gas flow, allow us to control the translational/rotational mode temperature in the cell. Even
in steady-state conditions, when the average vibrational mode energy of the CO would correspond to a
few thousand degrees Kelvin, the temperature does not rise above a few hundred degrees. Thus a strong
disequipartition of energy can be maintained in the cell, characterized by very high vibrational mode
energy and a low translational/rotational mode temperature. As discussed in Section 1, similar
nonequilibrium conditions exist in a variety of rapid supersonic expansions, in glow plasma discharges,
and in a number of other thermodynamic environments. The present setup allows us to study the energy
transfer and kinetic processes in a closely controlled environment, without the complications of electron
impact processes and instabilities, which occur in electric discharges, or the experimental difficulties of
creating and controlling a supersonic flow.

As shown in Fig. 1, the population of the vibrational states of the CO in the cell is monitored by
infrared emission spectroscopy. For this purpose, a Bruker Fourier transform (FT) IFS 66 spectrometer is
used to record the spontaneous emission from the CO fundamental, first and second overtone bands
through a window on the side of the cell. The emission spectra are recorded at both high spectral
resolution of 0.25 cm™* and low resolution of 8.0 cm™. The translational-rotational temperature of the cell

gases is determined from the rotational structure of the R-branch of the CO fundamental band 1-0.

2.2. Raman spectroscopy

To measure vibrational populations of N, and O, molecules in optically pumped gas mixtures,
spontaneous Raman spectroscopy is used. Laser Raman diagnostics were performed by combining the CO
laser beam and a pulsed Nd:YAG Raman pump laser beam using a 90° CaF, dichroic mirror, which
transmits the CO laser, while reflecting the Nd:YAG laser (see Fig. 2). Raman spectra were obtained
using the second harmonic output of the Nd:YAG laser in combination with an Optical Multichannel
Analyzer (OMA) detector. The Nd:YAG laser was focused coaxial to the CO pump laser and Raman

scattering in a volume element approximately 0.100 mm in diameter x 2 mm long was captured at 90°. A
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simple long wavelength pass (OG - 570) colored glass filter was used to attenuate the elastic scattering at
0.532 microns and transmit the Stokes shifted scattering, which was in the range 0.570 — 0.615 microns.
The OMA consists of a 1/4 meter grating spectrometer with a micro-channel plate intensified CCD
camera as the detector. The intensifier allowed a fast (~10 nsec) gate so that spontaneous emission from
the optically pumped gas, which was much brighter than the detected Raman signal, could be minimized.
The signal was integrated for time duration in the range 1-10 minutes. The resolution of the spectrdmeter
was sufficient to resolve individual Q-branch vibrational bands but could not resolve any rotational fine
structure. The wavelength coverage enabled the capture of approximately 15 vibrational bands
simultaneously. Determining the complete N,, O,, and CO vibrational distributions required merging of 3
spectra, which were obtained sequentially with identical experimental conditions. More experimental
detail can be found in our separate publication [20].

Note that inference of the vibrational level populations from Raman spectra requires knowledge
of the Raman cross section dependence on the vibrational quantum number. For all data presented in this
paper, we assume that the Stokes scattering cross sections scale as v+1, which is rigorously true only for a
harmonic potential [21]. The measurements are made in CO/N, and CO/N,/O, mixtures at total gas

pressures of P=400 torr up to 1 atm, with 2-5% fraction of CO and up to 16% of O, in the cell.

3. Kinetic Model and the V-V Rate Parametrization

To interpret the results of the measurements, we use a state-specific kinetic model of excitation and
relaxation of optically pumped anharmonic oscillators in inhomogeneous media. It is based on the master
equation model described in detail in [10]; a significant upgrade is the incorporation of laser power
distribution profile and transport processes (diffusion and heat conduction) across the Gaussian laser
beam, which become of crucial importance when the beam is focused. The model evaluates the time-

dependent vibrational level populations in CO-N;-O,-Ar mixtures excited by a laser beam:

. Ar,t
I, (0 l-a—[rD, a—“_Q] +VV,, +VT,, +SRD,, + VE,, +PL,

ot ror| ' or
an—v.ia(zlf—)- =0 ; nv,i(r’t)| =nvi(r’t)l_ =nvi(T0) (4)
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In Egs. (4,5), ny(r,t) is the population of vibrational level v of species i, ny(To) is the initial equilibrium
population at Te=300 K, n; are the species concentrations, r is the distance from the beam axis, D; and A
are the diffusion and heat transfer coefficients, respectively, p and c, are density and specific heat of the
gas mixture at constant pressure. The rest of the notation is the same as in [10]: VV, vibration-vibration
term; VT, vibration-translation term; SRD, spontaneous radiative decay (infrared); VE, vibration-
electronic coupling; PL, laser pumping; HVR, gas heating by vibrational relaxation. The explicit
expressions for these terms are given in [10].

The V-V rates for CO-CO, the V-T rates for CO-Ar, and the vibration-to-electronic (V-E) energy
transfer rates CO(X‘Z)+CO—>CO(A'H)+CO, used in the present model, were inferred from previous
time-resolved optical pumping experiments [9,22]. The V-V rate parametrizations for CO-Nz, Np-Na, Op-
0,, and N,-O, are based on the results of the close-coupled trajectory calculations by Billing et al. [23-
26]. Since the V-V rates for CO-O, are not available, they are evaluated by replacing the vibrational
quantum of N, for that of O, in the CO-N; rate parametrization (see Appendix). The rationale for this
assumption is that the near-resonance V-V exchange in both CO-N; and CO-O, collisions is primarily
induced by the dipole-quadrupole interaction. The V-T rate parametrizations for CO-CO, N»-N,, and Oy~
0, are also based on the results of calculations [23-26]; the remaining molecule-molecule V-T rates AB-
M are considered to be independent of the collision partner M. Note that the V-T relaxation on molecules
and on argon atoms is not expected to play an important part in the vibrational energy balance, because at
the relatively low gas temperatures involved these V-T rates are very slow. The present version of the
model does not incorporate V-T relaxation on reactive atoms such as N and O, because of the large
uncertainty in prediction of chemical reaction rates of vibrationally excited molecules. The explicit
analytic rate expressions used can be found in Appendix.

The system of equations (4,5) for 40 vibrational levels of CO, N,, and O; is solved using a standard
solver for stiff partial differential equations, PDECOL [27]. In the calculations, a 21-point nonuniform
grid, with most points located near the laser beam axis, is used. The laser line intensity distributions are
given by the equation Ii(r)=IOi~[2/nR2~exp(-2rz/R2)], where Ij; are the incident line intensities in W, and
parameter R=0.56 mm in the Gaussian intensity distribution across the focused laser beam is calculated

by the code STRAHL developed at University of Bonn [28]. The present code uses the spectroscopic data
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for the CO molecule [29] and accurate Einstein coefficients for spontaneous emission and absorption

coefficients for the CO infrared bands [30] as inputs.

4. Results and Discussion
4.1. Emission Spectroscopy Results

Under the conditions described in Section 2, a highly nonequilibrium distribution of vibrational
energy is created in the cell. Figure 3 shows the CO infrared emission from the CO-Ar mixture excited by
the focused laser beam, as recorded by the FT spectrometer at a resolution of 0.25 cm’'. The second
overtone bands can be seen at the highest frequencies on the left (v>4300 cm’™), the first overtone bands
dominate at the lower frequencies (2250 cm'<v<4300 cm™), and the high frequency tail of the R-branch
of the v = 1— 0 fundamental is the tall peak on the right. A long wavelength cut-off filter is used to
prevent any more of the very intense fundamental band emission at frequencies v<1950 cm’ from
entering the instrument, and swamping the overall signal. While this resolution is approximately 1/10 the
rotational spacing of the CO molecule, there is a dense array of individual vibrational-rotational lines, due
to the overlapping of the various band components.

The CO vibrational distribution functions (VDF) inferred from such high-resolution spectra using
the standard technique [31], as well as theoretical line-of-sight averaged VDFs, are shown in Fig. 3 for
two different gas mixtures, CO/Ar=2/100 and CO/N,=2/100, at P=100 torr. The measured translational-
rotational temperatures for these two cases are T=600 K and 450 K, respectively. The distributions shown
in Fig. 4 are the well-known "V-V pumped" distributions [4,5], maintained by the rapid redistribution of
vibrational energy by the V-V processes, which pump energy into the higher vibrational levels. They are
obviously extremely non-Boltzmann, and characterized by high population of the upper vibrational levels.
Note that replacing argon with nitrogen in the cell somewhat reduces the measured CO vibrational level
populations, since some vibrational energy is transferred from CO to N,. This effect is somewhat less
pronounced in the calculations (see Fig. 4), which suggests that the theoretical V-V rates for CO-N; [23]
used in the present calculations are underestimated. Figure 4 also shows the calculated centerline CO and
N, VDFs in the CO/N, mixture. One can see that carbon monoxide at the beam center is in extreme
vibrational disequilibrium. Furthermore, modeling calculations suggest that nitrogen also becomes
strongly V-V p_umped by vibrational energy transfer from CO, as discussed in Section 3. Calculated radial
distributions of the first level vibrational temperature Ty(r), shown in Fig. 5, predict the centerline values
of T,(CO)=12,000 K in the CO/Ar mixture, and T,(CO)=8500 K, T«(N2)=2400 K in the CO/N, mixture.
For comparison, the apparent CO vibrational temperatures inferred from the line-of-sight averaged VDFs
of Fig. 4 are TV(CO)=33OO K and 2700 K, respectively. Figure 6 plots the calculated CO distribution
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functions in the CO/Ar mixture at different distances from the laser beam axis. From Figs. 5,6, one can
see that the optically pumped region is strongly nonuniform in the radial direction.

Figure 7 shows the experimental and the theoretical VDFs in CO/Ar/O, mixtures at different oxygen
concentrations. One can see that the increase of O, partial pressure results in truncation of the CO VDF
due to the V-V energy transfer from CO to O,. However, even with 30 torr of O, in the cell, CO is still V-
V pumped up to the level v~20. The model predictions do not fully reproduce the observed CO VDF fall-
off at v>25 (see Fig. 7) unless the V-V rates for CO-O, at high vibrational levels (see Eq. (3)), varied in
the calculations, considerably exceed the gas kinetic collision frequency. We believe this discrepancy to
be due to (i) possible contribution of a fast nonadiabatic (reactive) channel of the V-V exchange between
highly excited CO and O,, and (ii) the effect of rapid V-T relaxation of CO on O atoms, both not
incorporated into the model. An indirect evidence of these effects is the CO, infrared spectrum observed
in CO/Ar/O, mixtures (see Fig. 8). CO, radiation, which could not be detected in CO/Ar and CO/N;
mixtures, is most intense at oxygen partial pressures of 0.1-1.0 torr and becomes weaker as the O,
concentration increases. CO, and oxygen atoms in the cell are likely to be produced in vibrationally
stimulated chemical reaction CO(v)+0,(w)—CO,+0. This scenario is consistent with the modeling
calculations which predict strong vibrational excitation of diatomic species at the low O, partial pressures
(see Fig. 9). For the conditions of Fig. 8, centerline vibrational temperatures are T,(CO)=13,000 K,
T«(0,)=7000 K and T((CO)=9500 K, T,(0,)=3000 K for 1 torr and 30 torr of O, in the cell, respectively.

4.2. Raman Spectroscopy Results

Spontaneous Raman spectroscopy allows access to vibrational levels of homopolar molecules and
thereby provides powerful diagnostics of nonequilibrium gases. It also gives an opportunity for
comparing predictions of modeling calculations discussed in Section 4.1 with the experimental data. In
the experiments described in Section 3.2, Raman spectra of optically pumped CO, N, and O, are
recorded in the pressure range P=400-760 torr. Figure 10 displays Raman spectra of these species
measured in a CO/N,/O, mixture at P=740 torr, with CO and O, partial pressures of 40 torr and 30 torr,
respectively. In these spectra, one can easily identify a few low vibrational levels of CO, N, and O,.
However, Raman vibrational spectra of CO in CO/N, mixtures also show multiple peaks corresponding to
about 40 first vibrational states of carbon monoxide [20]. This makes inference of vibrational populations
of all these levels possible, provided that the Raman cross sections for highly vibrationally excited
molecules are known with reasonable accuracy. As discussed in Section 3.2, Raman spectroscopy is
essentially a point measurement. This means that if the focused Nd:YAG laser is aligned along the axis of
the CO pump laser (see Fig. 2), the Raman spectra would provide vibrational level populations in the

vicinity of the centerline of the excited region.
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Figure 11 displays vibrational level populations of CO, N,, and O, inferred from the Raman spectra
such as shown in Fig. 10, at P=740 torr, with CO and O, partial pressures of 40 torr and 120 torr,
respectively. Figure 12 shows vibrational level populations of CO and N, inferred from the Raman
spectra of the optically pumped CO/N,=3/100 mixture, at P=1 atm. At these conditions, the incident CO
laser power of 10-13 W was about the same as in the experiments discussed in Section 4.1, while the gas
pressure in the cell was much higher (~1 atm vs. 100 torr). Therefore vibrational energy loading per
molecule in this second series of experiments is also much lower than in the first series. Indeed, the first
level vibrational temperature of CO near the centerline, where vibrational disequilibirum is the strongest
(T,=2600-3000 K, see Figs. 11, 12), is in the same range as apparent values inferred from the line-of-sight
averaged CO VDF in emission spectroscopy measurements (T,=2700-3300 K, see Figs. 4,8). In other
words, vibrational disequilibrium becomes weaker at higher pressures. However, even at P=1 atm it
remains very strong. This is consistent with modeling calculations, also shown in Figs. 11, 12. Calculated
centerline VDFs of the three diatomic species are in reasonable agreement with the data. Comparing the
results of calculations in Figs. 11, 12, one can see that addition of oxygen to optically pumped gases
results in depletion of the high vibrational levels of CO, as has been also observed in the emission
spectroscopy experiments (see Fig. 6). From Fig. 11 one can see that the model somewhat overestimates
the vibrational temperature of oxygen. We believe this to be an in indication of an additional energy sink
from the vibrational mode of O,, possibly due to V-T relaxation on O atoms.

Tfanslational temperature in this series of experiments is evaluated from comparison of two Raman
spectra of nitrogen, one with the CO laser on (e.g. see Fig. 10(a)), and the other with the laser turned off,
i.e. in an equilibrium gas mixture at T,=300 K. In the latter case, as expected, only the signal from v=0 is
measured. Since the Raman signal intensity, 7,, is proportional to the product of the absolute population of
a vibrational level, n,, and the Raman cross section, o,~(v+1), this allowed inference of the number

density of N, molecules, as well as the translational temperature, on the centerline of the excited region,

T _ny, (@) I,
T, n,(T) X 1,/(v+1) ©

Nitrogen spectra have been used for the temperature inference for two reasons, (i) in the present
experiments it is the most abundant species (78-98% of the gas mixture), so that vibrationally-stimulated
chemical reactions are least likely to affect its concentration, and (ii) it has the fewest number of

vibrational levels excited. From Eq. (6), the centerline translational temperature of the optically pumped

gases for the conditions of Figs. 10-12 is inferred to be T=500 K. Additional experiments [20]
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demonstrate that the rotational structure of the S-branch Raman spectra can also be resolved, which
allows inference of the translational-rotational temperature of the optically pumped gas.

These experimental results confirm the predictions of modeling calculations (see Section 4.1) and
demonstrate that strong vibrational disequilibrium can be sustained by a c.w. CO laser in relatively cold
molecular gas mixtures at atmospheric pressure. Among the numerous implications of this major result is
the possibility of sustaining cold stable plasma in atmospheric pressure air (with CO used as an additive).
Associative ionization of carbon monoxide in strongly vibrationally excited CO/Ny, CO/Ar/O,, and
CO/Ar/NO mixtures already been demonstrated in our previous work [11,32,33]. The unconditional
stability of these optically pumped plasmas is ensured by the absence of external electric field and
electron impact ionization. The present data (in particular, strong vibrational excitation of O,), suggest
that oxygen might also play an important role in vibrationally stimulated ionization kinetics. In addition,
high concentrations of vibrationally excited molecules in optically pumped air plasmas might also affect
the rates of electron removal rates, i.e. recombination and attachment. Discussion of these issues is
beyond the scope of the present paper. Recent studies of rates and mechanisms of ionization,
recombination, and electron attachment in optically pumped air plasmas, as well as their stability, are
discussed in our separate publication [33].

Comparison of the experimental data with the modeling calculations provides insight into kinetics
of vibrational energy transfer among diatomic species and energy transport in nonuniform optically
pumped gases. However, the results suggest that the rates of V-V exchange for CO-N,, and especially
those for CO-O,, are not known with sufficient accuracy. Further optical pumping experiments using
complementary infrared and Raman diagnostics would allow inference of the rates of these key energy

transfer processes.

5. Summary
CO/N,, CO/At/O,, and CO/air gas mixtures are optically pumped using a low-power c.w. CO laser.

Carbon monoxide molecules absorb the focused laser radiation and transfer vibrational energy to nitrogen
and oxygen by V-V energy exchange. Infrared emission and spontaneous Raman spectroscopy are used
for diagnostics of optically pumped gases. The results of experiments demonstrate that strong vibrational
disequilibrium can be sustained in diatomic gas mixtures at atmospheric pressure. At these conditions,
experimental vibrational temperatures of diatomic species at the laser beam axis are in the range
T,=1900-2300 K for N,, T,=2600-3800 K for CO, and T,=2200-2800 K for O,. At the same time,
translational-rotational temperature of the gases does not exceed T=700 K. Line-of-sight averaged CO
vibrational level populations up to v~40 are inferred from infrared emission spectroscopy. Centerline

vibrational level populations of CO(v=0-8), Ny(v=0-4), and 0,(v=0-8) are inferred from the Raman
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spectra of these species. The results demonstrate a possibility of sustaining stable nonequilibrium plasmas
in atmospheric pressure air seeded with a few per cent of carbon monoxide. The obtained experimental

data are compared with kinetic modeling calculations showing reasonable agreement.

6. Appendix

V-T rate parametrization:

\'
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Species Ci Aj Bj; G
CO-Ar, Np-Ar, O2-Ar 1.335e-3 10.38 0 0
CO-M 0.25 -15.23 280.5 -549.6
N;-M 0.25 -12.54 258.9 -390.9
O,-M 0.25 -14.0 205 -295

V-V rate parametrization:
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via+2-2v)(a+4-2v)

2
(g“;vo"] =( =1/x,
g a+3-2v a(a+3-v)
Species S L ¢, K’ b, K
CO-CO 1.64e-6 1.614 0.456 40.36
Np-N, 1.0e-7 - 0.120 -
0,-0, 7.0e-8 - 0.185 -
CO-N, 7.0e-8 0.03 0.185 87.67
N»-O, 1.0e-7 - 0.120 -
CO-0, 7.0e-8 0.03 0.185 87.67

Gas-kinetic collision frequency, Z=3-10"%(T/300)"? cm’/s

V-E rate CO(X'%)+M—CO(A' T)+M:

kyg=10" cm’/s
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Figure 3. High-resolution (0.25 cm’) CO infrared spectrum. CO/Ar=2/100, P=100 torr
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CO/Ar=2/100 (T=600 K) and CO/N,=2/100 (T=450 K) mixtures. P=100 torr, laser power is 15
W
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5. OPTICAL PUMPING STUDIES OF VIBRATIONAL ENERGY TRANSFER IN

HIGH-PRESSURE DIATOMIC GASES
Wonchul Lee, Igor V. Adamovich, and Walter R. Lempert

Spontaneous Raman scattering is used to experimentally determine the vibrational distribution
functions of diatomic species in N»/CO and No/CO/O, gas mixtures optically pumped by a CO laser in the
pressure range 410-760 torr. In No/CO mixtures, as many as 38 vibrational levels of CO are observed, in
addition to 6 levels of N,. The CO vibrational distribution function is highly non-Boltzmann, exhibiting
the well-known Treanor plateau. In N,/CO/O, mixtures, up to 13 vibrational levels of O, are observed,
which also exhibit a highly non-Boltzmann distribution. Experimental data are compared to predictions of
a master equation kinetic model, which incorporates absorption of the laser radiation, species and
quantum state-specific vibration-vibration and vibration-translation energy exchange, as well as diffusion
of vibrationally excited species out of the laser-excited volume. It is shown for the first time that modest
power continuous wave lasers can be used to establish highly excited steady-state vibrational distributions
of all three major diatomic species in CO-seeded atmospheric pressure dry air. This has implications for
the energy-efficient creation of low-temperature, high-pressure air plasmas, in which the principal free

electron loss méchanism is known to be three-body attachment to molecular oxygen.

1. INTRODUCTION

Knowledge of detailed nonequilibrium vibrational kinetics of diatomic molecules is essential for
accurate prediction of behavior of low-temperature molecular plasmas for a wide variety of practical
applications, including gas discharges, plasma chemical reactors, molecular lasers, upper atmosphere
chemistry, and pollution control'?. In a series of previous studies, it has been shown that the CO laser can
be used to initiate and sustain highly nonequilibrium vibrational energy distributions in pure carbon
monoxide and in mixtures of CO in noble gas buffers, such as helium and argon“. This, in turn, can
induce a number of l}onequilibrium collision-induced processes, such as energy transfer to high electronic
states>®, ionization”®, and low-temperature free carbon productiong’lo. However, in the presence of
common diatomic buffer gases, such as N, and O, rapid inter-species vibration-to-vibration (V-V) energy
transfer is likely to quench highly vibrationally excited CO molecules, thereby reducing vibrational
disequilibrium. This disequilibrium is critical for the production of free electrons, atoms, and chemically
active metastable species®'’. The rate of vibrational energy loss from CO to N; and O, becomes
especially critical at high partial pressures of the air species. While V-V exchange processes in pure CO
are well understood™'!, V-V exchange rates between high vibrational levels of CO and air species have

not been experimentally measured. In this paper we present measurements of the vibrational state
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distribution functions (VDFs) of N,, O,, and CO in gas mixtures optically pumped by a CO laser at
pressures up to 1 atm.

The process here referred to as "optical pumping" consists of two distinct stages. Stage one is the
direct laser excitation of a suitable target species to a low-lying vibrational level (or levels). In the work
to be presented here the CO molecule is the target, which is directly excited to vibrational levels v<10 by
resonance absorption of a broadband, continuous wave (cw), liquid nitrogen cooled, mid-IR CO laser

radiation, in a single photon stepwise process

CO(v-1)+hv — CO®) (1)

Al

Cooling the laser allows emission on low vibrational transitions of CO, down to 21 (and, in some cases,
1—0), which are essential for triggering radiation absorption by cold CO (initially at room temperature).

The second stage is the anharmonic collisional V-V up-pumping process:
COV)+CO(W) 2 CO(v-1)+CO(w+1) )

where v and w are vibrational quantum numbers such as w>v®. The up-pumping is driven by the
anharmonicity of the intramolecular potential, which results in process (2) being exothermic in the
forward direction. Detailed balance then requires that the forward rate of process (2) exceed the reverse
rate, so that the molecule with the larger initial quantum number, w, is preferentially excited by the
forward V-V energy transfer process. Ultimately, the degree of vibrational excitation is limited by
vibration-to-translation (V-T) relaxation, the rate of which increases with vibrational quantum number’,
or, in some special cases, by vibration-to-electronic (V-E) coupling™"".

In pure CO, or in mixtures of CO and inert gas buffers such as argon and/or helium, previous work®
%! has shown that at pressures in the range 0.1 - 1.0 atm., optical pumping driven by a modest intensity
(~10 W/cm?) ew CO laser produces steady-state vibrational distribution functions (VDFs) with significant
fractional population in levels as high as v=30-40 (f~10” and above) while maintaining relatively low
translational/rotational temperature (T=300-750K). Under these conditions, a variety of nonequilibrium
processes can occur. For example, when up-pumping is sufficient to populate CO vibrational levels higher

than v~33, so that the sum of the vibrational energies of binary collision partners exceeds the ionization

potential, €, +€, > ¢, =14 eV, ionization occurs by associative ionization mechanisms™ such as

CO)+CO(w) = (CO); +¢ 3)
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In addition, if vibrational levels higher than v~25 are populated, the total vibrational energy of the
collision partners may exceed the activation energy of disproportionation reaction, e~5.5eV, which

produces free carbon’,
CO(v)+CO(w) = C+CO, 4)

Since the overall rate of energy relaxation from the vibrational mode of CO due to both V-T, V-E, and
non-resonance V-V processes is fairly slow, vibrational up-pumping (1,2), associative ionization (3), and
free carbon production (4) can all be generated in a low translational temperature, high-pressure, steady-
state plasma sustained by continuous wave CO laser irradiation.

Adding air species to the optically pumped CO plasma initiates V-V energy transfer to nitrogen and

oxygen,

CO(v)+N, (W) 2 CO(v-1)+ N,(w+1) (5)
CO(v)+0, (W) 2 CO(v-1)+0,(w+1) 6)

If the energy relakation rate from the vibrational modes of all three diatomic species remains sufficiently
slow, these processes may produce strong vibrational excitation of N, and O,, and even lead to ionization
of these species by association mechanisms such as that given by Eq. (3). Additionally, it is well known
that the rate of electron detachment from O, ions increases by several orders of magnitude as the
temperature is increased from ~300 K to ~ 1500 K'? (electron affinity of the O, ion is about 0.43 eV). It
is plausible, albeit speculative, that vibrational excitation of O, at low translational/rotational temperature,
with subsequent rapid resonance charge transfer from O, to O,(v) may produce vibrationally excited ions
and thereby also result in an increased electron detachment rate. Since electron attachment to O, is the
dominant mechanism of electron removal in cold air plasmas'?, this would provide a possibility of
sustaining cold, nonequilibrium, low power budget air plasmas, which is the principal motivation of the
present study.

To summarize, optical pumping in air can be thought of as occurring in two steps. Step one is the
direct laser excitation of CO vibrational levels 1 to ~9 by absorption of continuous wave CO laser

radiation. Step two, which consists of both inter- and intra- species collisional V-V transfer, then excites
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higher levels of CO (up to v~40), as well as multiple vibrational levels of N, (up to v~5) and O, (up to
v~12).

The present paper presents spontaneous Raman scattering measurements which we believe constitute
the first determination of steady-state vibrational state populations of N, and O, in optically pumped gas
mixtures, as well as the first spatially resolved vibrational level population measurements of CO.
Comparison of experimental data with predictions of a detailed master equation kinetic model,'""
incorporating effects of V-V, V-T, and V-E energy transfer, as well as thermal and mass diffusion, is also

presented.

1. EXPERIMENTAL

A schematic diagram of the optical cell and Raman instrumentation is illustrated in Fig. 1. Optically
pumped gas mixtures are formed by loose focusing of a continuous wave (cw) CO laser into a flowing
Pyrex glass cylindrical cell of approximate dimensions 0.60 m long x 0.050 m diameter. The cell is
equipped with 1" diameter calcium fluoride (CaF,) windows in order to provide optical access in the five-
micron region. A gas manifold delivers room temperature mixtures of any combination of N;, O, and
CO, with composition controlled by individual flow meters. Total pressure is monitored with a Baratron
pressure gauge.

The CO pump laser employed in this study has been described in greater detail previously”’”. By
suitable choice of gas composition, flow rate, and temperature, lasing can be induced on a wide variety of
different fundamental vibrational transitions in the vicinity of 5 microns. For the work to be presented
here, the laser was operated with approximately 160 Watts of input electrical power and flow rates of
2000, 200, and 16 ml/min of helium, nitrogen, and carbon monoxide, respectively. The gain region is
approximately 1 m in length, and was cryogenically cooled with liquid nitrogen. Figure 2 shows an
experimental emission spectrum of the laser. It can be seen that a significant fraction of the total CO laser
output power is on the 2—>1 vibrational band. This is designed to trigger the collisional up-pumping
process (see Section 1). Significant power is also seen on transitions 3 — 2 through 9 — 8. For the 3 —
2,4 53,5 —>4,6 > 5,and 7 — 6 transitions, lasing occurs on two rotational lines, while for the other
vibrational bands, lasing occurs on a single rotational line. The total laser output power employed in these
studies is approximately 12 Watts.

Laser Raman diagnostics were performed by combining the CO laser and second harmonic output of
a pulsed Nd:YAG Raman pump laser with a 90° CaF, dichroic mirror. The mirror was coated to transmit
the CO laser, while reflecting the Nd:YAG laser. Q-branch spectra were obtained using the Nd:YAG laser
in combination with an Optical Multichannel Analyzer (OMA) detector. The Nd:YAG laser had a single

pulse output energy of 200 mJ at the second harmonic wavelength of 0.532 microns, and was operated at
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a repetition rate of 10 Hz. The individual pulse duration was approximately 10 nsec. In order to provide
spatial resolution in the radial direction, the Nd:YAG laser was focused coaxially to the CO pump laser
(with a 0.40 m focal length lens) and Raman scattering captured at 90°. The focal length of the lens was
chosen as a compromise which avoids both window/mirror damage and dielectric breakdown of the gas
mixture. A simple long wavelength pass (OG — 570) colored glass filter was used to attenuate the elastic
scattering at 0.532 microns and transmit the Stokes shifted scattering, which was in the range 0.570 —
0.615 microns. To maximize signal to noise, a pair of f/4 lenses and 2" diameter mirrors were used to
rotate the image of the focused laser beam parallel to the vertically oriented input slit of the OMA
spectrometer. The effect was to capture a solid angle of approximately 0.049 sr (corresponding to f/4
optics), while spatially averaging the signal over a cylindrical volume of approximate dimensions 2 mm
in length x 100 microns in diameter. The OMA consisted of a 1/4 meter f/4 spectrometer with a micro-
channel plate intensified CCD camera for the detector. The purpose of the intensifier was to provide a fast
(order 10 nsec) gate so that spontaneous emission from the optically pumped cell, which in some
circumstances was much brighter than the detected Raman signal, could be minimized. The quantum
efficiency of the detector was approximately 6% at the Stokes wavelength, and the signal was integrated
for time durations in the range 20 seconds - 10 minutes. For all Raman measurements reported here, the
spectrometer was used with a 1800 line/mm grating which resulted in a spectral resolution of
approximately 1.5 Angstroms, and a spectral coverage of 16 nm. The resolution was sufficient to resolve
individual Q-branch vibrational bands but not to resolve any rotational fine structure. The wavelength
coverage enabled the capture of approximately 15 vibrational bands simultaneously. Determining the
complete N,, Oy, and CO vibrational distribution functions required merging of 3 spectra, which were
obtained sequentially with identical optical conditions.

Vibrational level populations were obtained directly from the integrated intensity of each unresolved
Q-branch band profile. Due to problems with wavelength calibration of the spectrometer, integrated
intensities were extracted by hand from the raw data. Raw intensity data was corrected for the wavelength
dependence of the detector quantum efficiency, the filter transmission, and the well known inverse fourth
power dependence off the scattering cross section. It should also be noted that extraction of the
vibrational distribution function from the raw Raman data requires knowledge of the vibrational level

dependence of the Raman cross section. For all data presented in this paper, we assume that the Stokes
scattering cross section scales as the square of the matrix element, M, =(m|r—r, | n), where m+1 =

n represent Morse potential wave functions. The matrix elements were evaluated using an analytical
expression given by Callas'. As an example, Fig. 3 shows the vibrational quantum number (v)
dependence of the relative CO cross section, normalized by division by v+1, the well known harmonic

oscillator result. It can be seen that for v = 40, the Morse potential cross section exceeds the harmonic
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oscillator prediction by approximately 35%. A very similar dependence was found for N, and O,. It

should be noted, however, that this procedure assumes that the polarizability derivative, (aa 3 Q) , 18
0

independent of v. It also ignores matrix element terms higher than first order.

Uncertainty in the relative intensities from which the experimental vibrational level populations are
derived is estimated to be 10-20%. Uncertainty in the ratio of vibrational populations of levels v=0 and
v=1, which is used to determine the effective vibrational temperatures of the species (see Section 3), is
estimated to be 5% for N, and 7% for CO and O,. The uncertainty in this ratio is lower than that of the

relative populations due to significant cancellation in systematic uncertainties in baseline and linewidth.

2. EXPERIMENTAL RESULTS

Figure 4 shows a Raman spectrum obtained from a 4% mixture of CO in N, at a total pressure of 410
torr, acquired with an integration time of 1 minute. The six peaks on the right, in the wavelength range
between 608 and 602 nm correspond to the Stokes shifted transitions from vibrational states v=0-5 of N,
respectively. While the vibrational level populations cannot be described by a Boltzmann distribution it is

useful, for illustrative and comparison purposes, to define a “first level vibrational temperature” as

T 0
=T 3> 7
] N

1
"l /S,

where 6,=3353 K is the energy of the first vibrational level of Ny, and f; and f; are the relative populations
of vibrational levels v=0 and v=1, respectively. With this definition, the "vibrational temperature" of N,
obtained from the data of Fig. 4 is approximately T, = 2200 +/- 70 K. The expanded intensity scale on the
left side of Fig. 4 shows vibrational levels v=0-37 (from left to right) of CO, illustrating that in this case a
clear "Treanor plateau" has been achieved in the CO population distribution. While this distribution is
highly non-Boltzmann, an effective vibrational temperature of T,=3500+250 K can still be defined by
considering the first two level populations, using Eq. (7). The apparent relative populations range from
£,=0.4 for the ground vibrational level to £,7=2.5-10" for the highest observed level, v=37. Similar to that

911 "the relative population

which has been observed in CO/Ar mixtures using IR emission spectroscopy
drops precipitously at v~40. This sudden drop-off in the VDF has been attributed in the past to near-
resonance collisional energy transfer between v~40 of the ground electronic state, X'z*, and low
vibrational levels of the A'IT excited state’® (the upper state of the well-known 4" positive system of CO).

Translational/rotational temperature, although not measured for conditions identical to that of Fig. 4, is
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estimated to be less than T=600 K, based on previous rotationally resolved CO IR emission spectra
measured in optically pumped Ar/CO mixtures'' and S-branch N, Raman spectra (see Fig. 7) obtained for
other gés compositions as part of this work. A

Figure 5 shows typical Raman spectra obtained from a mixture of 40 torr CO, 15 torr O,, and 700 torr
N,. Similar to Fig. 4, the top spectrum shows six N; vibrational levels, v=0-5, with corresponding first
level vibrational temperature of approximately T,=2500+100 K. The middle spectrum shows the §=0-8
bands of CO, with T,=3400+250 K. The bottom spectrum contains vibrational states of O,, which shows
significant population in levels v=0-12, with T,=3660+400 K. Note, again, that the full vibrational
distributions of CO and O, are strongly non-Boltzmann and cannot be truly characterized by a single
vibrational temperature. Figure 6 shows experimental spectra taken under similar conditions to that of
Fig. 5 except that the mole fraction of oxygen has been increased from 2% to 16%, and the total pressure
slightly dropped, from 755 to 740 torr. In this case the effective N, and CO vibrational temperatures
somewhat decrease (from T,=2500+100 K to 2100+70 K, and from T,=3400£250 K to 30504200 K,
respectively), whereas the effective O, vibrational temperature drop is even more significant (from
T,=3660+400K to 22001150 K).

The data of Figs. 4-6 represent, to our knowledge, the first steady-state optical pumping experiments
performed in high pressure (up to 1 atm) mixtures of diatomic gases. In particular, it is clear from the
data of Fig. 6 that a relatively low intensity (~100 W/cm?) CO laser can be used to produce steady state
optical pumping in atmospheric pressure air with effective vibrational temperatures exceeding 2000 K for
all three major diatomic species. As will be discussed in the next section, this has the potential to
significantly impact the ability to create volume ionization in air.

Comparison of predicted and observed VDFs requires a reasonable (+/- 100 K) estimate of the
rotational/translational temperature. For the data given in Figs. 5 and 6 this is accomplished using
rotationally resolved S-branch Raman spectra of N,. As an example, Fig. 7 shows an experimental Stokes
S-branch spectrum of N; in an optically pumped mixture at the same experimental conditions as those
used to obtain the Q-branch spectra of Fig. 5. The relatively weak S-branch spectrum "sits" on top of the
long wavelength wing of the N, Q-branch, complicating extraction of an accurate rotational temperature.
Nonetheless, an estimate of the rotational temperature can be made, based on the observation that the
rotational population is maximum at approximately level 8 or 10, leading to an inferred temperature in the

range T=420 - 640 K.

3. COMPARISON TO KINETIC MODELING CALCULATIONS
To model the results of the experiments, a state-specific master equation model*'"""* has been used,

which evaluates the radial and time dependence of vibrational populations of diatomic species in
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CO/N,/O, mixtures optically pumped by a CO laser. The model has been described in detail previously,

and will be only summarized here. The basic governing equations are given by:

on, (rit) 10 on, ;(r,t)
WD 29y T L yy 4VT, +SRD,, +VE, +PL, (8
ot ror or ’ ' ' ' '
oT(r,t) 10 oT(r,t) |
Sl o P A—22| + HVR 9
Py ot r or [r or i ©

where n,(r,t) is the time and space dependent population of vibrational level v of species i, r is the
distance from the laser beam axis, D; and A are the mass diffusion and heat conduction coefficients,

respectively, and p and c, are density and specific heat of the gas mixture at constant pressure. The rest
of the notation is the same as in Refs. [4,11,13]: VV,; represents the species and v level-dependent
vibration-vibration energy transfer term; VT,; represents the species and v level-dependent vibration-
translation relaxation term; SRD, represents the v level dependent CO spontaneous radiative decay
(infrared) term; VE,; represents vibration-electronic coupling terms, principally the coupling between the
X's and A'll states of CO; PL,; represents the laser absorption term; and HVR represents the term
describing gas heating by vibrational relaxation (both in V-T and in non-resonance V-V processes).
Equations (8,9) are primarily coupled through the strong temperature dependence of the V-T relaxation
and V-V transfer rates, as well as somewhat weaker temperature dependence of the laser radiation
absorption cross sections. The explicit expressions for each of the terms in Eqs. (8,9) are given in Ref. [4].

With the exception of CO-CO V-V rates, for which extensive state-specific experimental data have
been previously obtained™'!, V-V and V-T rates incorporated into Egs. (8,9) are based both on the results
of semiclassical close-coupled trajectory calculations'>'® by Billing et al. and state-specific experiments,
where available'*?'. Note that the semiclassical V-V and V-T rates for 0,-O, and O,-N, used in the

present paper'’ are in good agreement both with the experiments'”?'

and with the fully quantum
calculations®?. The model also uses accurate Einstein coefficients for spontaneous emission for the CO
infrared bands?® and assumes Gaussian intensity distribution of the CO excitation laser with beam waist of
1 mm. The resulting system of equations describing forty vibrational levels of CO, N,, and O, is solved
using a standard stiff partial differential equation solver™. More detailed discussion of the model can be
found in Refs. [11,13]. In the present paper, the vibrational distribution functions inferred from the

Raman spectra are compared with the calculated vibrational level populations on the centerline of the
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laser beam. The validity of this approach is justified by the previous modeling calculations’® which show
that the change of the populations across the Raman pump laser beam of ~0.1 mm diameter is very weak.

Figure 8 shows experimental and predicted vibrational distribution functions inferred from the
Raman spectra of Fig. 4. The modeling predictions were performed assuming a steady-state
rotational/translational temperature of 500 K, which, as discussed previously, is near the middle of the
range of temperatures inferred from the rotational Raman spectra of Fig 7 and previous IR emission
spectra'’.  Qualitatively, the general features of the steady-state CO and N, vibrational energy
distributions can be understood by comparison, on the one hand, of the rates of inter- and intra-species V-
V exchange and, on the other hand, the rates of inter- and intra-species V-T relaxation. It is well known®
that in the absence of significant concentrations of atoms and/or polyatomic molecules, such as O, N,
CO,, and H,0, the overall rate of V-T and vibration-to-rotation (V-R) relaxation in diatomic gases such as
CO and N, is extremely slow. In fact, the dominant vibrational energy relaxation mechanism in this case
is the non-resonant V-V exchange of Egs. (2,5). In addition, diffusion of vibrationally excited molecules
out of the laser beam path (with characteristic time Tg~0.01-0.1 sec) and convection through the
absorption cell (with characteristic time Teon~1 sec) are both far too slow to be significant vibrational
energy sinks. Therefore, as illustrated in Fig. 8, a substantial fraction of the laser energy initially
deposited into the CO vibrational mode remains stored in vibrations of CO and N,. Furthermore, from
simple detailed balance arguments (see discussion in Section 1), the larger vibrational mode spacing of N,
(2330 cm™) compared to CO (2143 cm’™) results in preferential N, — CO energy transfer by the V-V
process of Eq. (5), which becomes exothermic in the reverse direction. The combined effect is to
establish, in the steady state, highly nonequilibrium VDFs for both diatomic species, but in which the
average vibrational energy in CO strongly exceeds that of N,.

Quantitatively, it can be seen that for N, the experimental and predicted distributions agree very
well. In the case of CO, while the experimental VDF agrees reasonably well with the prediction (within
about 50%), there is a rather consistent disagreement among the highest observed levels. While the cause
of this disagreement is not completely understood, there are several possible sources of experimental
error. In particular, it should be noted that the individual Q-branch CO bands in Fig. 4 are not completely
resolved. This can lead to uncertainty in the baseline, and some resulting uncertainty in the populations.
This is aggravated by the fact that for the highest vibrational levels, the dark current in the ICCD camera
was a substantial fraction of the total detected signal. While the dark current is reasonably constant, any
background drift would lead to a not insignificant error. In addition, some of the discrepancy could be
due to inaccuracy in the assumed rotational/translational temperature. This effect will be estimated

below, using the data of Fig. 5.
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Figure 9 shows the comparison of experimental and calculated vibrational distribution functions
inferred from the N,/CO/O, Raman spectra of Fig. 5. Again, a rotational/translational temperature of 500
K is assumed, based on the approximate temperature inferred from the S-branch spectrum of Fig. 7. It
can be seen that, in contrast to N,, the main effect of adding even relatively small amounts of O, to the
mixture (here oxygen partial pressure is 15 torr) is to significantly reduce the vibrational level populations
of CO. Again, this can be understood qualitatively by consideration of detailed balance of inter-species
V-V transfer. Since the vibrational mode spacing of oxygen (1556 cm’™) is considerably less than that of
CO, the forward rate for CO — O, V-V exchange (see Eq. (6)) exceeds the backward rate, resulting in
steady-state vibrational distributions in which the populations of CO are lower than those of O,. Here
again non-resonant V-V exchange processes such as those given by Egs. (2,5,6) control the overall
vibrational energy relaxation rate.

More quantitatively, it can be seen that for this gas composition, the model predicts the first level
vibrational temperature of O, to be considerably higher (T,=5600 K) than that of CO (T,=3900) or
nitrogen (T,=2500 K). While the ordering of the experimental first level vibrational temperatures is
qualitatively consistent with this prediction, the quantitative agreement is rather poor. In particular, the
experimental O, vibrational populations are significantly lower than predicted by the mode!, and,
referring back to Fig. 5, appear to drop dramatically for levels higher than approximately twelve. Again,
some of this discrepancy could be due to uncertainty in the rotational/translational temperature. Figure 10
shows the model predictions for the CO, N,, and O, VDFs at T = 400K, 500 K, and 600 K, for the
conditions corresponding to the spectra of Fig. 5. It can be seen that the predictions for the O,
populations for levels higher than approximately eight exhibit considerable temperature dependence, even
over this rather restricted range. The temperature dependence of the CO and N, VDFs is considerably
smaller.

In addition, the discrepancy between the experiment and the prediction could indicate the presence of
an additional rapid energy sink for the oxygen vibrational mode. One possibility is a vibrationally

stimulated chemical reaction between carbon monoxide and oxygen,
COW)+0,(w) = CO,+0, (10)

not incorporated into the model. Note that this reaction also produces oxygen atoms, which are known to
be very efficient V-T relaxers of O,, Ny, and CO®. Therefore V-T relaxation of O, by O atoms might well
contribute to this vibrational energy sink. These arguments are consistent with the results of previous
infrared emission spectroscopy studies” which show significant emission from carbon dioxide in

optically pumped CO/Ar/O, mixtures with similar partial pressures of O, (~1 torr).

92



Finally, Fig. 11 shows the comparison of calculated (at T=500 K) and experimental VDFs
corresponding to the data of Fig. 6. It can be seen that increasing the mole fraction of O, from 2% to 16%
results in a further substantial drop in the vibrational level populations of both O, and CO. It is clear that
in this mixture, the fixed power of the excitation laser, in combination with the increased net rate of CO-
0, V-V transfer (due to the higher concentration of O,) is responsible for the drop in the CO and O,
vibrational energy loéding. Significant systematic deviation between the experimental populations and the
modeling predictions is also quite evident, with the experimental CO and O, VDFs being much closer to
each other than predicted by the model. The precipitous drop-off in the VDFs of both species for
vibrational levels greater than approximately 6 provides further evidence of the presence of an additional
rapid relaxation process which is not accounted for in the model.

Nonetheless, the main result of Fig. 11 is that it demonstrates, for the first time, that optical puniping
can be used to obtain highly excited vibrational distributions of all three major diatomic species in CO-
seeded atmospheric pressure dry air. Among the implications of this result is a possibility for efficient
generation of low temperature nonequilibrium air plasmas. In particular, it is well known that in low to
moderate temperature air plasmas (T<1500 K) the principal mechanism for loss of free electrons is three-

body attachment to molecular oxygen'%:
0,+e +0, 2 0; +0, (11)

The forward rate of this process, ka“:—:2-10'30 cm®/s, is nearly temperature-independent, while the reverse
rate increases exponentially with temperature”, =10 exp(-€x/T) cm’/sec, where €,4=0.43 eV is
electron affinity of oxygen molecule. Note that €, is approximately equal to two vibrational quanta of O,.
Therefore vibrational excitation of O, up to levels v>2, with subsequent rapid resonance charge transfer
from O, to O(v) is potentially capable of accelerating electron detachment from O, ions, thereby
shifting the equilibrium of process (11) toward the left. The results shown in Figs. 6 and 10 suggest that
this major loss mechanism can be mitigated at low translational temperature using a modest intensity,
energy-efficient CO laser. This suggests a potential strategy for efficient generation of large-volume,
nonequilibrium atmospheric pressure air plasmas at low power budget. We are currently pursuing this

approach using a 80 KeV electron beam as a source of efficient volume ionization.

4. SUMMARY
Experimental Raman Q-branch spectra have been obtained in optically pumped mixtures of diatomic
gases under a variety of conditions, with total pressure up to 1 atm. In N»/CO mixtures, quantitative

vibrationallpopulation fractions have been determined for levels v=0-5 and v=0-37 for N, and CO,
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respectively. At P=410 torr, the first level vibrational temperatures of N; and CO are approximately
T,=2200K and T,=3500K, respectively. In atmospheric pressure N,/CO/O, mixtures, 6 vibrational levels
of N, up to 13 levels of O,, and up to 9 levels of CO are observed. At these conditions, first level
vibrational temperatures of these three species are in the approximate range T,=2100-2500 K, T,=2200-
3700 K, and T,=3000-3400 K, respectively.

Experimental vibrational level populations have been compared to predictions of a master equation
kinetic model, which incorporates absorption of laser radiation, species and quantum state-specific
vibration-vibration and vibration-translation energy exchange, as well as diffusion of vibrationally excited
species out of the excited volume. In the case of No/CO, the experimental and calculated vibrational
distribution functions agree rather well (within 50%). It is believed that the remaining disagreement can
be attributed to a combination of experimental uncertainty in the integrated spectral Raman intensities, as
well as systematic uncertainty in the rotational/translational temperature. In N»/O,/CO mixtures, the
agreement between the experiment and the calculations becomes somewhat worse. In particular, the
model tends to overpredict the high vibrational level populations of O,. This could be indicative of the
presence of a fast Oy(v) relaxation process, not incorporated into the model, such as vibrationally-
simulated chemical reaction CO+O,(v)—O+CO,. Other possibilities include rapid V-T relaxation of O,
on oxygen atoms formed in this reaction, or a systematic error in rotational/translational temperature.

Finally, it has been demonstrated that modest intensity (~100 W/cm?) continuous CO lasers can
be used to establish highly excited steady-state vibrational distributions of all three major diatomic
species in CO-seeded atmospheric pressure dry air. This offers a possibility for efficient generation of
low-temperature nonequilibrium air plasmas in which the principal free electron loss mechanism is

known to be three-body attachment to molecular oxygen.
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List of Figures
Figure 1 Experimental apparatus for Raman studies of optically pumped mixtures.

Figure 2 Experimental emission spectrum of CO pump laser output. Vibrational lasing transitions are
labeled.

Figure 3 Vibrational level dependence of CO Raman Q-branch cross section, calculated assuming Morse
potential wave functions. Cross sections are divided by v+1, the harmonic oscillator result, and
normalized to v=0 value.

Figure 4 Experimental Raman spectrum of optically pumped 394/16 torr mixture of No/CO. Vibrational
quantum number increases smoothly with decreasing wavelength, as indicated.

Figure 5 Experimental Raman spectrum of optically pumped 700/15/40 torr mixture of N,/0,/CO.
Figure 6 Experimental Raman spectrum of optically pumped 580/120/40 torr mixture of N,/O,/CO.

Figure 7 Experimental N, S-branch rotation-vibration Raman spectrum obtained under same conditions as
Figure 5 (upper trace) and at room temperature (lower trace).

Figure 8 Experimental (symbols) and calculated (solid lines) centerline VDFs of N; and CO
corresponding to data of Figure 4.

Figure 9 Experimental (symbols) and calculated (solid lines) centerline VDFs of N, O, and CO
corresponding to data of Figure 5.

Figure 10 Calculated centerline VDFs for N, O, and CO corresponding to conditions of Figure 5 for
assumed translational temperatures = 400 K, 500 K, and 600 K. Temperature dependence for
0, is seen to greatly exceed that of N, or CO.

Figure 11 Experimental (symbols) and calculated (solid lines) centerline VDFs of N;, O, and CO
corresponding to data of Figure 6.
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6. ELECTRON DENSITY AND RECOMBINATION RATE MEASUREMENTS IN CO-
SEEDED OPTICALLY PUMPED PLASMAS .
Peter Palm, Elke Plonjes, Matt Buoni, Vish V. Subramaniam, and Igor V. Adamovich

Electron production rate and electron density in cold optically pumped CO-Ar and CO-N;
plasmas in the presence of small amounts of O, and NO have been measured using a Thomson discharge
probe and microwave attenuation. Nonequilibrium ionization in the plasmas is produced by an associative
jonization mechanism in collisions of highly vibrationally excited CO molecules. It is shown that adding
small amounts of O, or NO (50-100 mtorr) to the baseline gas mixtures at P=100 torr results in an
increase of the electron density by up to a factor of 20-40 (from n.<10" cm™ to ne=(1.5-3.0)-10"" cm).
This occurs while the electron production rate either decreases (as in the presence of O;) or remains
nearly constant within a factor of 2 (as in the presence of NO). It is also shown that the electron-ion
recombination rates inferred from these measurements decrease by 2 to 3 orders of magnitude compared
to their baseline values (with no additives in the cell), down to [351.5-10'8 cm’/sec with 50-100 mtorr of
oxygen or nitric oxide added to the baseline CO-Ar mixture, and B=(2-3)-107 cm’/sec with 75-100 mtorr
of O, or NO added to the baseline CO-N, mixture. The overall electron-ion removal rates in the presence
of equal amounts of O, or NO additives turn out to be very close, which shows that the effect of electron
attachment to oxygen at these conditions is negligible. These results suggest a novel method of electron
density control in cold laser-sustained steady-state plasmas and open a possibility of sustaining stable

high-pressure nonequilibrium plasmas at high electron densities and low plasma power budget.

1. Introduction
Steady-state nonequilibrium optically pumped environments are produced by resonance
absorption of infrared laser radiation by molecules in low vibrational quantum states, with subsequent

collisional vibration-to-vibration (V-V) pumping up to high vibrational levels [1,2],
AB(v)+ AB(w) = AB(v-1)+ AB(w +1) (1)

In Eq. (1), AB stands for a diatomic molecule, and v and w are vibrational quantum numbers. This
method creates strong vibrational disequilibrium at high densities (up to a few atm in the gas phase), wide
temperature range (T=100-1500 K), and a low power budget (~1-10 W/cm?). In particular, optical
pumping by a CO laser has been previously achieved in gas phase CO/Ar/He mixtures [3-8] at pressures

of up to 10 atm [3], gas phase nitric oxide [9,10], liquid phase CO [11,12], and solid CO and NO matrices
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[13,14]. Recently, optical pumping has also been demonstrated in mixtures of CO with infrared inactive
gases, such as nitrogen and air, at atmospheric pressure [15,16]. In this case, N and O, molecules become

vibrationally excited by near-resonance V-V energy transfer from CO,

CO(v)+Nl2(w) - CO(v-1)+N,(w+1) Q)
CO(v)+0,(w) > CO(v-1)+0,(w+1) €))

In the experiments of Refs. [2-16], the CO laser power was fairly low, ranging from a few Watts to 200
Wew.

Tonization in optically pumped gases is produced by an associative ionization mechanism, in
collisions of two highly vibrationally excited molecules when the sum of their vibrational energies

exceeds the ionization potential [17-20],

AB(v)+ AB(w) = (AB)! +¢”,

Ev + Ew > Eion (4)

Jonization of carbon monoxide by this mechanism has been previously observed in CO/Ar/He gas
mixtures optically pumped by resonance absorption of CO laser radiation [18-20]. The estimated steady-
state electron density sustained by a 10 W CO laser in optically pumped CO/Ar/He plasmas with high
vibrational level populations of neo(v~30)~10" em” is n,~10'-10"" cm™ [19]. Note that unlike electron
impact ionization, the ionization mechanism of Eq. (4) is not susceptible to ionization heating instability,
which is responsible for filamentation and the glow-to-arc collapse in high-pressure nonequilibrium
plasmas, where ionization is primarily produced by electron impact [21]. Indeed, since the high
vibrational level populations of diatomic molecules decrease with temperature due to an exponential rise
of the vibration-translation (V-T) relaxation rates [22], there is a negative feedback between the gas
heating and the rate of associative ionization. This precludes the ionization instability development and
provides a possibility for the use of associative ionization for sustaining unconditionally stable optically
pumped nonequilibrium plasmas at high gas pressures (1 atm and above).

The present paper addresses the effect of adding air species, such as O, and NO, to optically pumped
CO/Ar and CO/N; plasmas on the electron production and removal kinetics. Previous results [20] suggest
that adding these species produces a significant electron density rise in these plasmas at a nearly constant
plasma power budget and electron production rate. Therefore, the main objective of the present study is to

investigate the role of these additives on the electron density and on the electron removal rate in the
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plasma. This would provide insight into the feasibility of sustaining large-volume atmospheric pressure

nonequilibrium air plasmas at a minimum power budget.

2. Experimental

The overall schematic of the experimental setup is shown in Fig.1. A carbon monoxide laser is
used to excite CO/Ar and CO/N, gas mixtures, with additives such as O, or NO, slowly flowing through
the pyrex glass optical absorption cell shown. The residence time of the gas mixture in the cell is of the
order of a few seconds. The liquid nitrogen cooled CO laser [8] is designed in collaboration with the
University of Bonn and fabricated at Ohio State. It produces a substantial fraction of its power output on
the v = 10 fundamental band component in the infrared. In the present experiment, the laser is typically
operated at 10-13 W c.w. broadband power on the lowest ten vibrational bands. The output on the lowest
bands (1—0 and 2—1) is necessary to start the absorption process in cold CO (initially at 300 K) in the
cell. The laser beam can be focused to a focal area of ~1 mm diameter to increase the power loading per
CO molecule, producing an excited region 10-20 cm long and 2-3 mm in diameter.

The lower vibrational states of CO, v<10, are populated by direct resonance absorption of the
pump laser radiation in combination with rapid redistribution of population by V-V exchange processes.
The V-V processes then continue to populate higher vibrational levels above v=10, which are not directly
coupled to the laser radiation (see Eq. (1)). The large heat capacity of the Ar and N, diluents, as well as
conductive and convective cooling of the gas flow, enables control over the translational/rotational mode
temperature in the cell. At steady-state conditions, when the average vibrational mode energy of the CO
would correspond to a few thousand degrees Kelvin, the temperature never rises above a few hundred
degrees. Thus a strong disequipartition of energy can be maintained in the cell, characterized by very high
vibrational mode energy and a low translational/rotational mode temperature. As shown in Fig. 1, the
population of the vibrational states of CO in the cell is monitored using a Biorad FTS 175C Fourier
transform infrared spectrometer, which records spontaneous emission from the CO fundamental, first and
second overtone bands through a CaF, window on the side of the cell.

Tonization of highly excited CO molecules in the cell occurs by the associative ionization
mechanism of Eq. (4). The electron production rate in this optically pumped plasma is determined from
the saturation current of the non-self-sustained DC Thomson discharge [18-20] between two 3 cm
diameter brass plate electrodes located in the absorption cell as shown in Fig. 2. Two infrared transparent
CaF, windows were placed upstream and downstream of the plates (see Fig. 2), so that the laser beam
creates a nearly cylindrical excited region between the windows. Thus the plasma generated in the
interelectrode space is isolated from the plasma sustained in the remainder of the cell, which significantly

reduces the charged species drift and diffusion into the interelectrode space. This allows reaching a well-
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pronounced current saturation. The electrodes, which are typically 10 to 20 mm apart, are connected to a
reversible polarity DC power supply (Thorn EMI GENCOM Inc., Model 3000R), which produces voltage
in the range 0-3000 V. The induced current is measured with a Keithley 2001 multimeter, with a 1 MQ
resistor connected in series with the cell to protect the multimeter in case of breakdown. The applied DC
voltage is deliberately kept sufficiently low to preclude electron impact ionization. Therefore, in the
saturation regime of the Thomson discharge, the applied electric field, which does not produce any
ionization by itself, removes as many electrons per second as are produced in the entire discharge volume.
The electron production rate per unit volume of the plasma is found from the saturation current as follows

(20],

I

N

S=z—F—,
end?D /4 )

m

where d is the diameter of the ionized region created by the focused laser beam, D is the electrode
diameter, and d°D/4 is the volume occupied by the plasma. The plasma diameter, d=2.5+0.5 mm, is
estimated from the diameter of the visible blue glow of the C, Swan band radiation, which is strongly
coupled with the high vibrational level populations of CO [7].

The electron density in the optically pumped plasma is independently measured by microwave
attenuation. The microwave experimental apparatus consists of an oscillator, a transmitting and receiving
antenna / waveguide system, and transmitted and reflected microwave power detectors. The phase-locked
dialectrically stabilized oscillator generates 20 mW (13 dBm) of microwave radiation at a frequency v=10
GHz, which is transmitted via SMA-type semi-rigid cable to an-antenna within the transmission
waveguide. The gap between the waveguides is 1 cm. The receiving waveguide is positioned directly
opposite the transmitting waveguide, with the laser-generated plasma located between them (see Fig. 2).
The signal transmitted through the plasma is received by an antenna at the back of the receiving
waveguide and sent to a tunnel diode detector with a low-noise preamplifier. The detector produces a
low-noise DC voltage proportional to the received microwave power, ranging from 0 to 15 V for the
transmitted power in the range from —60 dBm to —30 dBm. The voltage noise level is typically 1-2 mV, so
that the resultant signal-to-noise ratio is ~10°. Power reflected by the plasma is detected by a zero-bias
Schottky diode detector through an isolator in the line between the oscillator and transmitting antenna.
This detector produces a DC voltage in the mV range proportional to the reflected microwave power in
the range from 0 to 20 mW. In the present experiments, the measured change in reflected power between

the laser on and laser off conditions is negligible.
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Typical microwave power levels transmitted across the 1 cm gap between the waveguides were in
the range of —10 dBm to 0 dBm, decreasing by up to 1 dB when the plasma was generated. To scale the
transmitted signal down to the power range over which the detector has the highest sensitivity (that is,
down to —60 dBm to —30 dBm range), attenuators were inserted in the line between the receiving antenna
and the transmitted power detector. From the relative difference of the transmitted power with and
without a plasma the attenuation of the microwave signal across the plasma was determined with an
uncertainty of 0.002 dB. This assumes a negligible difference in the power radiated from the gap between
the waveguides, with and without the plasma present, which is justified by the negligible change in the
measured reflected power at these conditions.

During the microwave attenuation measurements, the laser beam was chopped at a frequency of 57
Hz, providing a square wave laser input into the cell. The laser remained on and off for approximately 8
msec. Our previous time-resolved Fourier transform infrared spectroscopy measurements [8] showed that
at CO partial pressures Pco>0.5 torr this time is sufficiently long to reach both the quasi-steady state fully
V-V pumped distribution and the complete vibrational relaxation of CO in the cell. In addition, the
characteristic time scales for associative ionization and for electron-ion recombination,
Tio,.~ne/(kio,,ncozfv>302)~0.1 msec and Ty~ 1/Bne~0.1-1.0 msec are both much shorter than the chopper cycle
duration. Here k;,,=1.5-10"" cm?/sec is the associative ionization rate coefficient [20], ngo=10"" cm™ is the
CO concentration in the cell (at Pco=3 torr), f»30~107 is the fraction of the CO molecules participating in
the associative ionization process of Eq. (4) [20], p=10"*-10" cm’/sec is the electron-ion dissociative
recombination rate, and n=10" cm™ is the estimated maximum electron density [20]. Therefore the laser
on and laser off conditions correspond to the quasi-steady state weakly ionized plasma and nearly fully
recombined plasma conditions, respectively. The difference between the incident and transmitted
microwave powers between the plasma on and plasma off conditions was determined from the amplitude
of the resultant nearly square wave forward power detector signal, 8V=VuVans, modulated by the
chopper, and averaged by a Textronix TDS380 oscilloscope over 256 averages. The average electron

density in the plasma was inferred from these measurements using the following relation [21],

N = m,CE, o iw

4 )
| e e 2 coll V d d (6)

nc

V

trans inc

. .y V : : .
where v, is the electron-neutral collision frequency, — = is the relative attenuation factor

inc inc

in terms of the forward power detector voltage proportional to the incident and the transmitted microwave
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power, W=1 cm is the waveguide width, and d=2.5£0.5 mm is the diameter of the ionized region. The
electron-neutral collision frequency in CO-Ar and CO-N, mixtures at P=100 torr and T=600 K,
Veor=1.1 .10'"* cm*/sec and Vm“=2.1-10lz cm’/sec, respectively, was obtained from the Boltzmann equation
solution [19] using the experimental cross-sections of elastic and inelastic electron collision processes
available in the literature.

0, or NO were both diluted in nitrogen at the 5000 ppm level to add controlled small amounts
(from a few millitorr to a few hundred millitorr) of these species to the cell. The resultant Oy/N, and
NO/N, gas mixtures have been added to the baseline CO/Ar and CO/N, gas mixtures. The baseline
pressure in the cell was P=100 torr, with the CO partial pressure of Pco=3 torr. The O,/N; and NO/N,
mixture partial pressure was varied from 1 torr to 100 torr. Note that adding the same amounts of pure

nitrogen (without the additives) to the baseline gas mixtures did not produce significant changes in the

measured electron density.

3. Results and Discussion

Figure 3 shows the low-resolution (8 cm’) CO first overtone infrared emission spectra measured
in the optically pumped CO-Ar plasmas with O, and NO additives. At these conditions, vibrational levels
up to v~35-40 are populated and radiating. From Fig. 3, one can see that adding small amounts (~0.1%)
of oxygen to the cell gases results in the depopulation of the high vibrational levels of CO (v>15-20),
without producing significant changes in the low vibrational level populations. This is most likely due to

the rapid near-resonance V-V energy transfer from highly excited CO to O,,
CO(v)+0,(0) > CO(v-1)+0,(1), v~25 @)

as discussed in our previous publication [15]. On the other hand, adding comparable amounts of nitric
oxide to the baseline CO-Ar mixture, in addition to reducing the intensities of the high vibrational bands
(v'=20-30) compared to the low bands (v'=2-5), decreases the absolute intensity of the entire spectrum
(see Fig. 3). This indicates that the populations of all CO vibrational levels in the range v~2-35 are
substantially reduced in the presence of NO. This is consistent with the fact that compared to CO and O,,
NO is a much faster V-T relaxer [23], so that even the low vibrational levels of CO are depopulated by

the rapid V-T relaxation processes such as

CO(v =1)+ NO — CO(v = 0)+ NO, (8)
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which are competing with the V-V pumping process of Eq. (1). Thus, in both these cases, the
concentration of the highly vibrationally excited CO molecules in the cell is reduced. Indeed, Fig. 4
illustrates this effect showing CO vibrational distribution functions inferred from the high-resolution
(0.25 cm™) CO infrared spectra in CO-Ar-O, mixtures. Similar behavior has been previously observed
from the CO distribution function measurements in CO-Ar-NO mixtures [20]. At these experimental
conditions (P=100 torr, Pco=3 torr), the translational/rotational mode temperature inferred from the high-
resolution (0.25 cm™) infrared spectra is in the range of T=500-700 K [8,18,20].

Figure 5 displays the microwave signal intensity transmitted through an optically pumped CO-Ar-NO
plasma. As discussed in Section 2, the signal is modulated by a chopper providing a square wave laser
input into the cell. It can be seen from Fig. 5 that turning on the laser results in the well-pronounced
attenuation of the transmitted signal due to the vibrationally stimulated ionization in the cell.

Figures 6 and 7 show the average electron density in the optically pumped CO-Ar plasmas with small
admixtures of O, and NO, respectively. One can see that in both cases adding 50-75 mtorr of oxygen or
nitric oxide to the cell gases increases the electron density by about a factor 20-40, up to n.=(1.5-3.0)-10"
cm, compared with the baseline case with only CO and Ar in the cell, ne=(3-6)-10° cm™. This type of
behavior is somewhat unexpected since oxygen is known to be an efficient electron attacher by a three-

body process,
e +0,+M -0, +M ©)

with a rate of k,xN=10""" cm®/s [24], which is likely to reduce the electron density. Further increase of the
additive partial pressure up to 400-500 mtorr resulted in the gradual reduction of the electron density back
to to ne=(1-2)-10" cm™ (see Figs. 6,7). The uncertainty in the measured electron density, indicated by the
error bars in Figs. 6,7 is mostly due to uncertainty in the diameter of the ionized region, estimated to be in
the range between 2.0 and 3.0 mm (see Section 2). The measured maximum electron densities are
consistent both with the values predicted by coupled master equation / Boltzmann equation modeling
calculations [19] and inferred from RF probe conductivity measurements [20]. Similar behavior of
electron density as a function of additive partial pressure Was observed in CO/N»/O, and CO/N,/NO
mixtures (see Fig. 8), where the electron density also increased by about a factor of 10-20 in the presence
of 25-75 mtorr O, or NO.

The observed sharp electron density rise with the additive partial pressure between 0 and 100 mtorr
(see Figs. 6,7) occurs despite the fact that the CO vibrational level populations have been found to

monotonously decrease when oxygen or nitric oxide are added to the cell (see Figs. 3,4 and Ref. [20]).
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This rise might be interpreted by the participation of O, and NO molecules, which both have lower
jonization potentials than CO (12.1 eV, 9.6 eV, and 14.0 eV, respectively), in the vibrationally stimulated
ionization process of Eq. (4). However, measurements of the net electron production rate at these
conditions turn out to be inconsistent with this suggestion. Figure 9 shows current-voltage characteristics
of the Thomson discharge sustained between two DC electrodes in the CO-Ar-O; plasma (see Fig. 2).
One can see that the saturation current of this discharge, proportional to the electron production rate in the
plasma, is actually dropping with the O, concentration. As discussed in Section 2, in the saturation
regime, the applied electric field removes as many electrons per second as are produced in the entire
discharge volume. This is illustrated by the measurements of electron density in the Thomson discharge
as a function of the applied voltage (see Fig. 10). The fact that the electron density in the plasma drops by
about an order of magnitude as the discharge approaches saturation confirms that the saturation current
indeed approaches the net electron production rate (within about 10%).

The independent measurements of the electron density and the electron production rate lead us to
conclude that the simultaneous electron production rate drop and electron density rise with the additive
partial pressure can be only due to the net electron removal rate reduction in the presence of small
amounts of O, or NO (up to 100 mtorr) in the optically pumped CO-Ar and CO/N; plasmas.

To infer the electron removal rate in the optically pumped plasmas, we measured both the electron
production rate and the electron density in the same experiment. At these conditions, the electron removal
rate is essentially a sum of three processes, (i) ambipolar diffusion of charged species out of the ionized
region, (ii) electron-ion recombination, and (iii) electron attachment to oxygen molecules. The time scales
for the electron removal by the first two mechanisms differ by about an order of magnitude, Tdm~d2/D3~10
msec and Tr~1/Bn~0.1-1.0 msec, where d~0.2-0.3 cm is the diameter of the ionized region, D,~5
cm?/sec is the ambipolar diffusion coefficient at P=100 torr [25], [3~1'0‘8-10'7 cm’/sec is the dissociative
recombination coefficient, and n¢,~10‘l cm” is the electron density. Therefore in the present work we
neglect charge species loss by diffusion. Also, O, ion formation by the three-body electron attachment
process of Eq. (9) is neglected. The arguments in favor of this assumption are as follows: (i) adding small
amounts of O, to the cell gases results in an increase of the electron density in the plasma, which suggests
that rapid three-body elecron attachment to oxygen is mitigated to a large extent, (ii) similar results were
obtained when comparable amounts of NO, which is not an efficient electron attacher, are added to the
cell gases, and (jii) Raman spectroscopy measurements of the O, vibrational level populations (v=0-12) in
the optically pumped CO/N,/O, plasmas [15,16] show that O, in these mixtures becomes strongly
vibrationally excited, reaching vibrational temperature of T,(02)=2200-3600 K. In particular, the latter
result suggests that strong vibrational excitation of O, might well stimulate detachment of electrons from

the weakly bound O, ions (with electron affininity of ~0.43 eV).
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With the dominant electron removal process being dissociative recombination, in the steady state its
rate can be directly inferred from the electron production rate per unit volume, S, and the electron density,

ne,

S
B=— - (10)

n

Figures 11, 12 show the results of simultaneous measurements of the electron production rate inferred
from the Thomson discharge saturation current and the electron density in the optically pumped CO-Ar-
0, and in CO-Ar-NO mixtures, respectively. From Fig. 11, one can see that the electron production rate
drops with the O, partial pressure by about a factor 5, while electron density increases by approximately a
factor of 30. Similarly, Fig. 12 shows that the electron production rate weakly changes (approximately
within a factor of 2) depending on the NO partial pressure, while the electron density increases with the
NO partial pressure almost by a factor of 50. Figure 13 shows the electron-ion recombination rate
coefficients inferred from these data using Eq. (10). It can be seen that the recombination rate in CO-Ar-
0, and in CO-Ar-NO mixtures decreases by about three orders of magnitude, from its baseline value of
B=2-10" cm®/sec (with no additives in the cell) to B~1.5-10"* cm’/sec with 50-100 mtorr oxygen or nitric
oxide added (see Fig. 13). Interestingly, the electron-ion recombination coefficients in both mixtures
(with 50-100 mtorr of O, or NO added) are very close, which shows that the contribution of electron
attachment to oxygen at these conditions is negligible. Similarly, the recombination rate in CO-N,-O; and
CO-N,-NO mixtures decreases by about two orders of magnitude, from B=5-10" cm®sec with no
additives in the cell to B~(2-3)-107 cm*/sec with 75-100 mtorr O, or NO added (see Fig. 14). Here again
the difference between the recombination coefficients in O, and NO doped CO-N, mixtures is small.

Thus, adding small amounts (~0.05-0.1%) of O, and NO to the optically pumped CO-Ar and CO-
N, plasmas allows control and considerable increase of the electron density (from n.=(6-8)- 10° cm™ up to
ne=(1-3)-10"" cm™) by reducing the electron-ion recombination rate (by up to 2-3 orders of magnitude).
This result is consistent with the electron density and recombination rate inference from the RF probe
plasma conductivity measurements [20].

Quantitative interpretation of the observed effect, i.e. identifying specific kinetic processes
responsible for the electron recombination rate reduction, requires knowledge of the ion composition of
the optically pumped plasma. However, a qualitative scenario can be suggested based on previous ion
composition measurements in a glow discharge in CO-Ar-O, mixtures using in situ ion mass spectrometry

[26]. The mass spectra taken in CO/Ar mixtures without oxygen show that the dominant ions in the
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discharge are dimer ions (CO)," and cluster ions of the general form C.(CO),", n=1-15. However, adding
a few tens of millitorr of O, to these gas mixtures resulted in nearly complete disappearance of these ions
and their replacement by the O," ions. Note that the electron-ion dissociative recombination rate of the
dimer (CO)," ion, p=2- 10" cm®/s [27], greatly exceeds the rate of recombination of the monomer 0, ion,
|3=(3-5)-10'8 cm’/s at the electron temperature of T~0.3-0.5 eV [21]. The recombination rate of the large
carbon cluster ions can possibly be even higher. A similar process, i.e. destruction of the rapidly
recombining carbon-based cluster ions and their replacement by the slowly recombining monomer ions,
such as O," and NO', might also occur in optically pumped plasmas. This might occur in rapid

exothermic ion-molecules reactions, such as

(CO); +0, »CO+CO+0; (11)
(CO)}; + NO - CO+CO+NO* (12)

(both O, and NO have much lower ionization potential than CO). In addition, rapid resonance charge
transfer from the vibrationally excited O,(v) and NO(v) molecules to 0," and NO" ions can produce
vibrational excitation of these ions, which may further reduce the dissociative recombination rate [28].
More information on the detailed kinetic mechanism of the observed effect is expected to be obtained
from ion mass spectrometry measurements in the optically pumped plasmas.

The observed effects also open a possibility of additional energy coupling to the vibrational modes of
diatomic molecules in the optically pumped plasmas (such as CO and N;). This process, which requires
some initial ionization of the gas mixture, relies on free electron heating by an external sub-breakdown
RF field with subsequent vibrational excitation by electron impact. Indeed, if the reduced electric field is
in the range E/N=(1-3)-10"® V.cm’, which is about an order of magnitude lower than the breakdown
threshold, up to 90% of the input electrical power coupled to the plasma goes to excitation of vibrational
modes of molecules, such as CO and N, [29-31]. The use of this effect would allow sustaining large

volumes of strongly nonequilibrium optically pumped gases without using a high-power pump laser.

4. Summary

Electron production rate and electron density in cold optically pumped CO-Ar and CO-N;
plasmas in the presence of small amounts of O, and NO have been measured using a Thomson discharge
probe and microwave attenuation. Nonequilibrium ionization in the plasmas is produced by an associative
ionization mechanism in collisions of highly vibrationally excited CO molecules. It is shown that adding

small amounts of O, or NO (50-100 mtorr) to the baseline gas mixtures at P=100 torr results in an
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increase of the electron density by up to a factor of 20-40 (from n.<10" cm? to n=(1.5-3.0)-10"" cm™).
This occurs while the electron production rate either decreases (as in the presenée of O;) or remains
nearly constant within a factor of 2 (as in the presence of NO). It is also shown that the electron-ion
recombination rates inferred from these measurements decrease by 2 to 3 orders of magnitude compared
to their baseline values (with no additives in the cell), down to B=1.5-10"® cm’/sec with 50-100 mtorr of
oxygen or nitric oxide added to the baseline CO-Ar mixture, or B=(2-3)-107 cm’/sec with 75-100 mforr of
0, or NO added to the baseline CO-N, mixture. The overall electron-ion removal rates in the presence of
equal amounts of O, or NO additives turn out to be very close, which shows that the effect of electron
attachment to oxygen at these conditions is negligible. These results suggest a novel method of electron
density control in cold laser-sustained steady-state plasmas and open a possibility of sustaining of stable

high-pressure nonequilibrium plasmas at high electron densities and low plasma power budget.
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Figure Captions

Figure 1. Schématic of the experimental setup

Figure 2. Schematic of the Thomson discharge electrode and microwave waveguide arrangement in the
absorption cell

Figure 3. First overtone CO emission spectra in optically pumped CO-Ar mixtures with small amounts of
0, and NO added. Pco=3 torr, PA~=100 torr

Figure 4. CO vibrational level populations for the conditions similar to those of Fig. 3. Pco=2 tor,
PA~=100 torr

Figure 5. Transmitted microwave signal with the pump CO laser turned on and off. Pco=3 torr, Po=100
torr, Pno=50 mtorr

Figure 6. Electron density in CO-Ar-O, mixtures as a function of the O, partial pressure

Figure 7. Electron density in CO-Ar-NO mixtures as a function of the NO partial pressure

Figure 8. Electron density in CO-N, mixtures as a function of the NO partial pressure

Figure 9. Saturation of the Thomson discharge in the optically pumped CO-Ar-O, mixtures

Figure 10. Electron removal by the applied ffield in the Thomson discharge approaching saturation

Figure 11. Electron production rate and electron density in CO-Ar-O, mixtures as a function of O, partial

pressure

121



Figure 12. Electron production rate and electron density in CO-Ar-NO mixtures as a function of NO

partial pressure

Figure 13. Electron recombination rate coefficient in CO-Ar mixtures as a function of additive partial

pressure

Figure 14. Electron recombination rate coefficient in CO-N, mixtures as a function of additive partial

pressure
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7. A COLD THERMIONICALLY-EMITTING DUSTY AIR PLASMA FORMED BY

RADIATIVE HEATING OF GRAPHITE PARTICULATES
J. L. Lilly, and V. V. Subramaniam

Formation of an atmospheric pressure dusty air plasma is explored experimentally in this paper. The
plasma is created by seeding an air flow with graphite particles and irradiating the particulates with a
focused CO, laser beam. The graphite particles are thus heated to thermionically emitting temperatures,
and average particle temperatures and average particle number densities are measured. The presence of
charges is inferred both from these measured quantities using a simple theoretical transient model, and
experimentally by applying a DC bias across the irradiated region. It is found that an electron density of
~6.7x 10° cm™ (6.7 x 10" m™) can be produced at steady state in the presence of O,. This value can be
increased to 3.6 x 107 cm™ (3.6 x 10" m™) in the ideal case where electron attachment to O, is suppressed

and where a lower work function particulate is used.

1. Introduction

Dusty plasmas occur in nature as well as in many man-made devices and processes. In some cases,
particulates are formed within the plasma itself while in others, the particulates may be introduced
deliberately. For instance, in silicon etching plasmas, particulates are formed and suspended at sheath
boundaries in rf discharges[1,2], and in other laboratory plasmas[3-5]. Dusty plasmas also occur
naturally in space[6-9]. Further, the presence of particulates in a plasma can lead to formation of ordered
structures, or Coulomb crystals, which can exhibit phenomena similar to phase transition depending on
the Coulomb parameter[10, 11]. In all these dusty plasmas, the particulates or “dust” are generally
negatively charged. More recently, dusty plasmas in which active electron emission occurs from the
particulates themselves have been explored theoretically[12,13]. In such dusty plasmas, electrons may be
emitted from the particulates by photoemission or thermionic emission, resulting in positively charged
particulates. Dusty plasmas with thermionically emitting particulates have been studied previously, but in
plasmas in thermal equilibrium[14, 15]. An advantage of plasmas with electron-emitting particulates is
that electron production may depend on photoemission or thermionic emission, rather than on electron-
impact ionization processes. Consequently, diffuse volumetric weakly ionized plasmas can be produced
at higher pressures such as atmospheric pressure, where conventional methods involving application of
electric fields result in constricted, filamentary discharges. ' Production of diffuse plasmas in atmospheric
pressure air with sufficient electron concentration can have application as electromagnetic reflectors and
absorbers[16]. In this work, a thermionically emitting dusty plasma is formed by heating graphite

particles entrained in an air flow. The graphite particles are heated by irradiation from a focused CO,
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Jaser beam. The resulting plasma has a low average gas temperature (room temperature) while the grain
temperatures are high (~ 2400 K) causing the graphite particles to emit electrons thermionically. This
dusty plasma therefore differs from other thermal equilibrium dusty plasmas that have been studied
previously[14, 15]. Experimental measurements of average particulate temperature and average
particulate number density are reported, from which the steady state electron concentration can be
inferred.

This paper is organized as follows. The experimental apparatus and procedure are described in section II,
followed by the experimental results and discussion in section IIl. These results are summarized in

section IV.

II. Experimental Apparatus and Procedure

A schematic of the experimental apparatus is shown in Fig. 1. It mainly comprises a fluidized bed (not

. shown in Fig. 1) where graphite particles are entrained in a flow of air supplied from a compressed air

source, a main chamber with optical access and purges for the windows, a CO, laser source, and
associated diagnostic equipment. The CO, laser (Apollo, model 3020) using a nominal gas mixture of
6%CO,, 76%He, and 18% N,, produces a maximum output of 25W cw. This beam is focused into the
main chamber using a plano-convex ZnSe focusirig lens (1 inch diameter, with focal length, f=7.5 ins.).
The focal point of the beam is at the center of the main chamber. Orthogonal to the axis of the laser
beam, ports allow specific diagnostic apparatus to be placed. For example, copper electrodes can be
placed on either side of the focal region as shown in the schematic in Fig. 1, enabling a DC bias to be
applied to detect the presence of charged species. Alternatively, windows can be placed to allow the
determination of average particulate temperature from radiative emission. Experiments are conducted
using graphite powder (average particle diameter of 25 pm, Alpha Aesar) since it is readily obtainable
and economical, although other materials such as oxides with lower work function are available. The
sustained delivery of these particles to the experimental chamber requires the use of a fluidized bed to
continuously entrain them in the gas flow. Utilizing a tangential flow emanating from the bottom of the
fluidizer, the particulate is entrained within the gas flow (compressed air) and delivered to the experiment
chamber. Because of the nature of the fluidizer, its size naturally limits the run time for an experiment.
However, some control can be exercised over the flow rate and number density of the particulate
delivered, so that operating conditions are repeatable. Thus for a given flow rate, a specific number
density of particles is attained within the chamber.

A typical run begins by loading 4g of graphite particulate into the fluidizer. The flow rate through the
fluidizer is increased to 4000 sccm, causing the particles to fluidize. Once fluidized, the particulate is

delivered to the experiment chamber where it is irradiated by the focused CO, laser beam. In the
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presence of this laser irradiation, the particulate begins to glow yellow to white along the axis of the laser

beam, as can be seen in the photograph in Fig. 2. Although the laser beam is focused at the center of the
chamber, a substantial portion of the beam is rendered visible along its axis by the glowing particles. Itis
important to note that the particulates are not stationary within the experiment chamber and are convected
by the gas flow. Power measurements taken with and without the particulates indicate that approximately
10 W cw is absorbed. The typical duration of an experiment is less than 10 minutes with these conditions
maintained, for the size of the fluidizer and amount of particulates used[17].

The average particle number density is separately determined for set run conditions using the
attenuation of a 1mW HeNe laser source (Uniphase, 1508-0). Transmission of the laser through the
chamber with and without the presence of the particulate flow is measured using a photodiode (Thor
Labs, DET210) connected to a digital oscilloscope (Tektronix, TDS 360) at a 100Hz sampling frequency.
However, due to the limitations of the oscilloscope, 45 seconds is required to save acquired data.
Consequently, instantaneous data is collected over a 10 second time interval, followed by a period of 45
seconds during which the data is stored and no new data is acquired. When particulates are present, the
laser beam is attenuated. Assuming the particles to be spherical, and the beam attenuation to be due to
scattering by the particulates away from the detector, the average particle number density can be
estimated from the signal recorded by the photodiode. This signal depends on the ratio of intensities
recorded with (V(t)) and without the particles (V,) , the radius of the particles (r;), and the length of the

particle-laden flow that is traversed by the beam (I.). Then the number density of the particulates, ny(t) is
given by:
np() = _;_[1_&‘)] O
gl Vo

A normalized intensity (V(t)/V,) is recorded by the photodiode during a typical 10 second trace of a run.
Many such normalized traces are then obtained over the course of a run, each separated by the 45 seconds
required to store the data. Each 10 second trace is averaged to yield a single representative value of the
normalized intensity over that 55 second interval. This procedure is effective in yielding reproducible
results for a given set of run conditions.

Visible emission from the particulate allows the average temperature of the particles to be determined
using radiative emission. The particulate emission is collected onto the slits of a spectrometer
(Instruments SA, Triax550 monochromator) using two glass (BK-7) plano-convex focusing lenses and
two first surface mirrors (to match the f-number of the spectrometer). The intensity of the emitted
radiation is recorded using a detector (Spectrum One — 2000 x 800 pixel, CCD3000D). The system is
calibrated using a blackbody source (Infrared Industries, Inc. Model 563 blackbody cavity and model 201

temperature controller)[17]. The radiating particles are assumed to be diffuse gray emitters over the
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wavelength range 500 nm — 700 nm (consistent with the radiative properties of carbon reported in
ref.[18]). This enables an average particle temperature to be determined from the measured intensities.
The inténsities of particle emission are normalized by the intensity at a spéciﬁed wavelength (690 nm) in
order to eliminate the emissivity, corrected for the measurement system response, and compared with
blackbody emission to yield the best fit temperature. Note that this method yields a single value for the
average particulate temperature based on emission from all the radiating particles.

Verification of the presence of charges within the dusty plasma is achieved through the application of
an external electric field. Copper electrodes are placed across the plasma with the center of the electrodes
corresponding to the focal point of the laser beam. A DC voltage of 3 KV is applied to the electrodes,
which are separated by a distance of 0.3 ins. (7.6 mm.). The current is measured by a pico-ammeter

(Keithley, 2001 Multimeter) in the external circuit.

1L Experimental Results & Discussion

There are several concurrent processes in the thermionically emitting dusty air plasma. These include
absorption of laser radiation by the particulates, convective heat transfer between the particulates and the
air flow, radiative heat transfer from the particulates, electron production by thermionic emission, electron
attachment to oxygen, electron recombination on positively charged grains, and reaction between the
carbon particulates and oxygen. In this section, characteristic times for several of these processes are
considered in order to determine those that are dominant in the thermionically emitting dusty plasma.
Estimates of these characteristic times depend upon certain experimentally measured quantities such as
average particulate number density, np, and average particle temperature, Tp. These afe measured using
the techniques described in Section I, and are discussed first.

The particulate concentration is determined in a separate experiment by attenuation of a He-Ne laser
beam, in the absence of CO, laser irradiation, as described in Section II. Using the normalized values of
laser intensity transmitted through the dusty gas, transient normalized laser intensities averaged over 10
second intervals, are obtained over the duration of the experiment. From both these data, the particulate
number density can be evaluated using equation (1). Figure 3 shows the time-varying particulate number
density over a typical 10 second interval. As can be seen in Fig. 3, the particle-laden flow is highly
unsteady and average particulate concentrations vary from 10° cm™ to 10* cm™. Figure 4 shows the 10-
second averaged particulate number densities over the course of an entire run, yielding particulate number
densities that are unsteady and reaching values up to nearly n, = 10* cm™.

The particulate temperature is measured using the radiation emitted from the heated particulates. As
described in Section II, the measured intensities normalized by the intensity at a reference wavelength

(690 nm), are used to infer the average particulate surface temperature. The average particulate
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temperature measured over a 5 minute period during the steady state portion of a typical run is shown in
Fig. 5. The average particulate temperature is found to be approximately T, = 2400K * 100K, and is
relatively constant during this time. It is likely that the particulate temperatures in the focal region of the
laser beam are higher than this value, while those temperatures away from this region will be lower.

Using these measured values of n, and T, characteristic times for the various processes in the
thermionically emitting dusty plasma can be estimated. From Fig. 2, the size of the glowing region can
be determined to be 0.5 mm. Assuming the velocity of the particulate is the same as the speed of the gas
through the chamber, its velocity is estimated to be 6 cm/s from the measured gas flow rate of 4000 sccm.
This yields a lower limit on the time required for the particles to traverse the glowing region. The
residence time of a grain within the (glowing region) path of the laser beam can therefore be estimated to
be T,.; ~ 8 ms. Assuming that in the presence of fluidized graphite all the measured attenuation in laser
power of 10 W is due to absorption by the particulate, the characteristic time required to heat the graphite
particles (Cy = 2043J/kg/K) from their initial room temperature to a final temperature of T, = 2400K can
be determined to be Ty = 200 ps. It can be seen that this characteristic time for heating is an order of
magnitude less than the minimum time the particles are resident in the path of the laser beam. From the
measured flow rate, a Reynolds number (based on particle diameter and a flow speed of 6 cm/s) of about

0.1 can be deduced. At such low Reynolds numbers, the convective heat transfer coefficient can be

estimated to be h = k(Nu 6 )/ I, = 4200 W/m?/k. This yields a characteristic time for convection of Teony

~ 4.5 ms. Similarly, assuming optically thin radiation, the characteristic time for heat loss by radiation
can be estimated to be T.q = 21 ms. It can be seen that for the particle sizes relevant to this work,
convective loss dominates radiative loss. Moreover, the characteristic time required for convective
cooling is on the order of the time the particle spends in the path of the laser beam. This suggests that the
size of the glowing region is of the same order as the width of the focused laser beam, or larger.
When the hot graphite particles are exposed to the air, they can react with the gaseous oxygen to form
CO, and CO. Assuming the graphitic carbon is reacted to form CO, (C(s)+0,—CO,), the loss of mass
due to chemical reaction can be estimated. Using the calculated mass-based rate coefficient of k =
1.12x10g/cm’s for a particle temperature of 2400 K and atmospheric pressure from ref.[19], a residence
time of 8 ms, and an initial particle size of 25 um diameter, the net loss in mass of the particle can be
estimated to be approximately 10%. Thus, the heated particle is not entirely consumed in the presence of
oxygen.

At the measured average temperatures of 2400 K, it is expected that graphite emits electrons
thermionically. However, direct measurement of electron concentration is difficult in such a weakly

ionized plasma. Efforts were made to measure the average electron concentration across the laser-
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irradiated region using attenuation of 10 GHz microwave radiation, but the attenuation was
indistinguishable from background noise. The attenuation measurement was designed to nominally detect
an electron concentration of 10'> cm™, and was sensitive to electron concentrations as low as 10° cm™
[20]. The fact that no measurable attenuation could be observed with this diagnostic suggests that the
average electron concentration in the thermionically emitting dusty plasma was less than 10° cm®. The
presence of charges within the thermionically emitting dusty plasma was detected by applying a DC bias
(3 kV) on electrodes (separated by a distance of 0.3 ins. or 7.6 mm) placed across the laser-irradiated
region, as discussed previously in Section II. The electrodes were connected to an external circuit so that
the presence of current flow could be measured. In the presence of both the applied DC bias and laser
irradiation of the particulate, unsteady currents ranging from 0.1 pA to 0.6 LA were observed. The
unsteady nature of the observed current flow is understandable given that the particulate number density
was unsteady as well (see Fig. 4). As a control, current flow in the external circuit was also measured in
the absence of laser irradiation but with the particulate flow present. No current flow was observed in this
latter case.

Additional evidence of the presence of charges was found when the electrodes were examined upon
completion of the experiment. With no laser irradiation of the particulate and in the presence of an
applied 3 kV bias, both electrodes were completely covered with graphite particles. When the
particulates were irradiated by the laser beam in the presence of the externally applied electric field, the
particulates deposited onto the anode surface displayed a specific pattern (see Fig. 6a). The particulate
deposits were observed at the edges of the positive electrode (anode) with a vertical stripe in the center
devoid of any particulates (Fig. 6a). This can be explained by the fact that the positively charged graphite
particles heated near the focal point of the laser (where the highest particulate temperatures are expected)
are repelled by the anode thereby producing a particle-free region on the electrode surface. In contrast, the
ground or negative electrode (cathode) was completely covered with particles (see Fig. 6b). This is
exactly what would be expected when the laser heats those particles at the focal point in the center of the
inter-electrode gap, up to temperatures where appreciable thermionic emission takes place. These
particles should assume a positive charge after emitting electrons. Consequently, in the presence of an
electric field, they would drift in the direction of the field toward the negative electrode. This explains
why the cathode was completely covered with particulates and the anode coverage displayed a specific
pattern. The amount of deposits was influenced by the ambient humidity, which affected agglomeration
of the particles loaded into the fluidizer section. Nevertheless, the pattern of deposits on the electrodes
was repeatable, and served to verify that electrical charges were indeed present while particulates were

heated by the laser.
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Direct measurement of the electron concentration in the thermionically emitting dusty plasma was not
possible. However, an estimate of the electron concentration in the region of the focal point can be
obtained using the experimentally measured n, and T,, as well as the operating conditions in the
experiment. The electron production can be estimated from measured values of n, and T, using the
Richardson-Dushman equation, while electron loss rates depend on specific loss mechanisms. Electron
loss mechanisms in the neighborhood of the focal point of the laser beam include two channels of electron

attachment to oxygen species, and recombination with the positively charged grains:

e +0,+N,—4—>0; +N, )
e +0,+0,—5—0; +0, 3)
e +0,—2>0"+0 )
(dust)” + e~ —L—(dust) (5)

Assuming that n o << {ne,n o: } , the net rate of production of electrons is then given by the difference
2

between production and loss mechanisms:

dn n

e _[p 2 g 2 (e et ) kaT, ) 2

= mr, AT, e ' —lkyny ny n,—kyn, n, —king n, —kyn,n, (6)
dt e

where r, is the radius of the particulate and is assumed to be constant (12.5 um), A is the theoretical
thermionic emission coefficient, kg is Boltzmann’s constant, e is the charge on an electron, k; is the rate
coefficient for electron attachment via process (2), k; is the rate coefficient for electron attachment via
process (3), ks is the rate coefficient for recombination via process (4), ks is the rate coefficient for
recombination via process (5), ¢, is the work function of graphite, ¢, is the grain potential [13], and ny is
the concentration of species o. The work function of graphite depends on crystallographic orientation,

and varies widely[21], but here we take it to be constant at 4.5 eV. The rate coefficients

2
k, =1.07x107" x 300 X exp 1430 _1500 m®s™
T, T T

4

and

k,=14%x10"% x@gxexp 1007001651
T T T
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—-5106
are obtained from ref.[22], and k; =8.8 x107" Xexp[—ST—q }mz‘s"l is given in ref.[23]. In these

expressions for the rate coefficients, T is the gas temperature in K and T, is the electron temperature in K.

Here we take T = T. As an approximation for ks, we assume the simplified model of a probe in a
- . . o 4~ = .

collision-dominated sheath[24] holds, and is given by k4 = ECenrpke , where C, is the mean thermal

speed of an electron, and A, is the mean free path of an electron. An independent equation for the rate of

change of the concentration of the O, ion can also be written:

dn 0;

dt

2
—_~k1n02nN2ne +k2n02ne+k3n02ne —k5npn05 @)

where ks is the rate coefficient for recombination of O, ions on positively charged grains. As before,

we assume the simplified model of a probe in a collision-dominated sheath[24] holds for recombination

_ 4 _ _
of O ions on the grains. Thus, ks =—C__mr,A__, where C__ is the mean thermal speed of 0O,
' 3 0, PO, 0;

ions, and A os is their mean free path. Equations (6) and (7) represent two equations in the three
2

unknowns ne, o:° and the grain potential ¢;. The third equation is obtained from charge neutrality:
2
| 4me,,
nOE +n, = —Tnprpq)S (8

Equations (6) — (8) now represent a system of coupled ordinary differential equations that can be solved

for the 'temporal variation of n., and ¢;. We note that in the absence of oxygen (i.e.,

n_ -
0y’

ng, =N, - = 0, ks = 0, and with k4 replaced by the appropriate rate coefficient corresponding to the
2

electron collection current determined from the orbit-limited current to an attracting probe at low pressure
(i.e. collisionless sheath limit), the present model reduces to that of ref.[13] identically, at steady state.

For the conditions determined from the present experiment (T, = 2400 K, n, ~ ( 10% em™), rp, = 12.5 um)
and with Ow = 4.5 eV, equations (6) through (8) are solved numerically subject to the initial conditions

n, =n__ =0. The particle temperature of 2400 K is prescribed at t = 0 and maintained thereafter. The

0,
calculated concentrations are shown in Fig. 7 for the range of times 0.1 ns to 10 ps. As can be seen, the
electron concentration rises to a maximum of 5.2 x 10® cm™ at about ten nanoseconds, after which it

drops to a steady state value of 6.7 x 10° cm™ due to attachment to O,. It can be seen that at steady state,
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the dominant negatively charged particle is the O, ion with a concentration of 1.1 x 10’ cm™®. The grain

potential is shown in Fig. 8 for this case, and asymptotes to a value of 1.4 V. Such low values of electron
concentrations are consistent with experimental observations of fluctuating currents in the range of 0.1
HA — 0.6 uA when a 3 kV DC bias is applied across the irradiated region (see discussion earlier in this
section).

Equations (6) through (8), when combined, reveal that the electron concentration n, increases directly
with the concentration of particulates n,. The results shown in Figs. 7 and 8 are for a fixed value of n, =
10° cm?. However, the dust density can be seen from Fig. 4 to vary up to an order of magnitude in the

experiments, so that the electron concentration would also be expected to vary. For n, = 10* cm?,

equations (6) through (8) yield steady state values of n. = 6.7 x 10° cm? and n o =L1X 108 cm™,
2

while for n, = 10% cm”, steady state values of n, = 6.7 x 10* cm> and n 0 = 1.1 x 10° cm™ are found.

It is interesting to explore the ultimate electron concentration that can be attained in the thermionically
emitting dusty plasma at atmospheric pressure, by lowering the work function to that of oxide particles
(such as CeO, with ¢,, = 2.5 eV, and melting temperature of 2873 K), raising the particle temperature to
2800 K, and assuming the attachment process to O, to be inhibited (i.e. ki, ks, ks, and ks equal 0). The
Jatter can be achieved in principle under non-equilibrium conditions where O, is vibrationally excited in
order to favor electron detachment (i.e. reverse of the processes (2) and (3))[25]. Figure 9 shows the
resulting electron concentration as a function of time over the range of 0.1 ns to 10 ps after the particles
have reached their steady state temperature of 2800 K. As expected, electron concentrations are much
higher (maximum and steady state value of 3.6 x 107 cm™) than in the case where attachment processes to
0, are active. The grain potential for this case is shown in Fig. 10, and can be seen to asymptote to o =
4.2 V. The higher value for the grain potential obtained in this case is consistent with higher electron

concentrations in the absence of O, as can be seen from equation (8).

IV. Summary & Conclusions

A volumetric thermionically emitting dusty air plasma has been created at atmospheric pressure using
CO, laser irradiation of graphite particles. Experimental measurements of the average particle
temperature and the average particle number density are found to be T, = 2400K and n, = 0(10* cm™ or
10° m™) respectively. An analysis of the relevant time scales shows that the characteristic time for heating
of the particles is an order of magnitude less than the minimum characteristic residence time in the
irradiated region. As the graphite particles are heated in air, it is estimated that their average initial mass

is reduced by approximately 10% because of chemical reaction with O,. The presence of charges has
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been verified both through observation of a current flow through an external circuit in the presence of an
applied DC bias, and deduced from the specific pattern of particle deposits found on the electrodes.

Using experimentally measured values of the average particle temperature and average particle number

densities, a simple model is used to estimate the steady state concentrations of electrons and O, ions in
the thermionically emitting dusty air plasma. The steady values of n. ~ 6.7 x 10° cm™ (6.7 x 10" m™) and

Do~ 1.1 x 10" em™ (1.1 x 10" m™) are consistent with the fact that 10 GHz microwave radiation could
2

be transmitted through the thermionically emitting dusty plasma. For attenuation of microwave radiation
of this frequency to be observable using our apparatus, electron concentrations in excess of 10° cm™ (107
m™) would have been necessary. Scaling to larger volumes and an order of magnitude higher electron
concentration can be accomplished by increasing the particle number density and particle size, using a
low work-function material, or by increasing the laser power irradiating the particulate (i.e. increasing the

particle temperature).
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Figure 1: Schematic of the experimental apparatus showing the electrodes across the laser-irradiated region.

Figure2:  Graphite particulates in an air flow glowing while irradiated by a focused CO, laser beam.
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is an arbitrary point as the flow conditions become established on average.
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Figure 6a: Anode (positive) surface displaying a specific pattern of graphite particle deposits. The diameter of
the electrode is 1 in. (2.54 cm), the inter-electrode gap spacing was 0.3 ins. and the applied bias was
3kV.

Figure 6b: Cathode (ground) surface covered by graphitic particles. The diameter of the electrode is 1in. (2.54
cm), the inter-electrode gap spacing was 0.3 ins. and the applied bias was 3 kV.
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Figure 7: Electron concentrations in the atmospheric pressure dusty air plasma calculated as a function of time

with particle radius (12.5 pum), temperature (2400 K), number density (103 em? or 10° m™), and
work function (¢ = 4.5 €V) prescribed.
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Figure 8: The grain potential calculated from equation (8) versus time is shown here for the same case as Fig. 7.
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Figure 9:
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function of time with electron attachment to O, inhibited, with particle radius (12.5 im), temperature
(2800 K), number density (10° cm™ or 10° m™), and work function (O = 2.5 eV) prescribed.
The work function corresponds to particles of CeO,[13].
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Figure 10: The grain potential calculated from equation (8) versus time is shown here for the same case as Fig. 9.
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8. RF ENERGY COUPLING TO HIGH-PRESSURE OPTICALLY PUMPED NON-
EQUILIBRIUM PLASMAS

Elke Plénjes, Peter Palm, Wonchul Lee, Walter R. Lempert, and Igor V. Adamovich

The paper presents an experimental demonstration of a high-pressure unconditionally stable
nonequilibrium molecular plasma sustained by a combination of a continuous wave CO laser and a sub-
breakdown radio frequency (RF) electric field. The plasma is sustained in a CO/N, mixture containing
trace amounts of NO or O, at pressures of P=0.4-1.2 atm. The initial ionization of the gases is produced
by an associative ionization mechanism in collisions of two CO molecules excited to high vibrational
levels by resonance absorption of the CO laser radiation with subsequent vibration-vibration (V-V)
pumping. Further vibrational excitation of both CO and N; is produced by free electrons heated by the
applied RF field, which in turn produces additional jonization of these species by the associative
ionization mechanism. In the present experiments, the reduced electric field, E/N, is sufficiently low to
preclude field-induced electron impact ionization. Unconditional stability of the resultant cold molecular
plasma is enabled by the negative feedback between gas heating and the associative ionization rate. Trace
amounts of nitric oxide or oxygen added to the baseline CO/N, gas mixture considerably reduce the
electron-ion dissociative recombination rate and thereby significantly increase the initial electron density.
This allows triggering the RF power coupling to the vibrational energy modes of the gas mixture.
Vibrational level populations of CO and N, are monitored by infrared emission spectroscopy and
spontaneous Raman spectroscopy.

The experiments demonstrate that the use of a sub-breakdown RF field in addition to the CO laser
allows an increase of the plasma volume by about an order of magnitude. Also, CO infrared emission
spectra show that with the RF voltage turned on the number of vibrationally excited CO molecules along
the line of sight increase by a factor of 3 to 7. Finally, spontaneous Raman spectra of N, show that with
the RF voltage on the vibrational temperature of nitrogen increases by up to 30%. This novel energy
efficient approach allows sustaining large-volume high-pressure molecular plasmas without the use of a
high-power CO laser. This opens a possibility of using the present technique for high-yield plasma

chemical synthesis and plasma material processing.

1. Introduction

Stability control of large-volume high-pressure nonequilibrium molecular plasmas has always been
one of the most challenging problems of gas discharge physics and engineering. At high pressures, the

most critical instability, which produces the collapse of a diffuse nonequilibrium self-sustained discharge
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into a constricted hot arc, is the ionization heating instability. Basically, it develops due to a positive
feedback between gas heating and electron impact ionization rate {1,2]. Therefore small electron density
perturbations, producing excess Joule heat, result in a more rapid electroﬁ generation and eventually lead
to runaway ionization. Among a few well known high-pressure plasma stabilization methods one can
mention the use of separately ballasted multiple cathodes [1], aerodynamic stabilization [3], RF frequency
high-voltage pulse stabilization [4], and external ionization by a high-energy electron beam [5].

The use of these techniques is tantamount to introduction of an additional damping factor into a
conditionally stable system, which raises the instability growth threshold and allows sustaining a diffuse
discharge at higher pressures and/or electron densities. However, they do not affect the original source of
the ionization heating instability. For this reason, raising the gas pressure or discharge current eventually
results in a glow-to-arc collapse. Even the non-self-sustained DC discharge with external ionization
produced by an e-beam is in fact self-sustained in the unstable cathode layer, where ionization is
primarily produced by secondary electron emission from the cathode [2]. Therefore instability growth in
the cathode layer of high power discharges sustained by an e-beam results in the development of high
current density cathode spots extending into the positive column and eventually causing its breakdown.

The cathode layer instability of the e-beam sustained discharge can be avoided by using an RF
instead of a DC electric field to draw the discharge current between dielectric-covered electrodes. In this
case, the secondary emission from the electrodes is precluded, the cathode regions do not form, and the
current loop is closed by the displacement current in the near-electrode sheaths. This type of discharge
remains non-self-sustained in the entire region between the electrodes and is therefore not susceptible to
the cathode layer instability [2]. Indeed, experiments show that an RF beam-driven discharge remains
stable at higher E/N and current densities than a DC discharge [6]. However, at high e-beam currents this
type of discharge also becomes unstable since the rate of ionization by the beam is inversely proportional
to the gas density, so that gas heating by the beam would eventually produce an ionization instability.

The above discussion shows that even the use of external ionization does not always allow
unconditionally stable discharge operation at high currents and pressures. On the other hand, it suggests
that a discharge system sustained by an external source with a negative feedback between gas heating and
ionization rate, and using a sub-breakdown RF field to draw the discharge current might be
unconditionally stable [7]. An ionization process that satisfies this condition is the aésociative ionization

in collisions of two highly vibrationally excited molecules [7-12],

AB(v)+ AB(w) = (4B); +e”,
E +E,>E,

won

(1)
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In Eq. (1), AB represents a diatomic molecule, and v and w are vibrational quantum numbers. Basically,
ionization is produced in collisions of two highly vibrationally excited molecules when the sum of their
vibrational energies exceeds the ionization energy. Ionization by this mechanism has been previously
observed in CO-Ar and CO-N, gas mixtures optically pumped by resonance absorption of CO laser
radiation at pressures of P=0.1-1.0 atm and temperatures of T=300-700 K [7,9-12]. In these optically
pumped nonequilibrium plasmas, where high vibrational levels of CO are populated by near-resonance V-
V exchange, a gas temperature rise results in rapid relaxation of the upper vibrational level populations
because of the exponential rise of the vibration-translation (V-T) relaxation rates with temperature [13].
In other words, ionization by mechanism (1) can be limited and even terminated by the gas heating.

The main objective of the present paper is to experimentally demonstrate the feasibility of the
unconditionally stable high-pressure molecular plasma concept. To accomplish this, carbon monoxide
containing gas mixtures are vibrationally excited at high pressures using a combination of a CO laser and

a sub-breakdown RF field.

2. Experimental

A schematic of the experimental setup is shown in Fig. 1. A continuous wave (c.w.) carbon
monoxide laser is used to irradiate a high-pressure gas mixture, which is slowly flowing through a six-
arm cross pyrex glass optical absorption cell. The gas mixture used in the present experiments is nitrogen
containing 1% of carbon monoxide and trace amounts (~10-100 ppm) of nitric oxide or oxygen, at
pressures of P=0.4-1.2 atm. The residence time of the gases in the cell is about 1 sec. The liquid nitrogen
cooled CO laser was designed in collaboration with the University of Bonn and fabricated at Ohio State.
It produces a substantial fraction of its power output on the v=1- 0 fundamental band component in the
infrared. The laser can operate at more than 100 W c.w. power. However, in the present experiments, the
laser is operated at 10-15 W c.w. broadband power on the lowest ten fundamental bands, with up to ~0.3
W on the v = 1— 0 component. The output on the lowest bands (1 0 and 2— 1) is necessary to start the
absorption process in cold CO (initially at 300 K) in the cell. The quantum efficiency of the CO laser
approaches 90%, with an overall efficiency of up to 40%, which makes it the most efficient gas laser
available. The Gaussian laser beam of ~6 mm diameter is focused to increase the power loading per CO
molecule, providing an excitation region of ~1-2 mm diameter and up to 10 cm long. The absorbed laser
power is of the order of 1 W/cm over the absorption length of about 10 cm, which gives an absorbed
power density of ~100 W/cm?®. The present use of the CO laser to excite high-pressure gas mixtures is a

further development of a technique with a considerable literature [14-22].
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The low vibrational states of CO, v<10, are populated by direct resonance absorption of CO
pump laser radiation in combination with rapid redistribution of population by vibration-vibration (V-V)

exchange processes [23],
COM)+ CO(w) = CO(v-1)+CO(w+1) @)

The V-V processes then continue to populate higher vibrational levels of CO as well as vibrational levels

of N, which are not coupled to the laser radiation [20-22],
CO(v)+ N,(w) = CO(v-1)+N,(w+1) 3)

The large heat capacity of the gases, as well as conductive and convective cooling of the gas
flow, allow control of the translational/rotational mode temperature in the cell. In steady-state conditions,
when the average vibrational mode energy of the CO would correspond to several thousand degrees
Kelvin, the temperature never rises above a few hundred degrees [20-22]. Thus a strong disequipartition
of energy can be maintained in the cell, characterized by very high energy of the vibrational modes and a
low translational/rotational mode temperature. The population of vibrational states of CO in the cell is
monitored by infrared emission spectroscopy. For this purpose, a Bruker IFS 66 Fourier transform
infrared (FTIR) spectrometer is used to record the line-of-sight integrated spontaneous emission from the
CO fundamental, first and second overtone bands through a CaF, window in the side of the cell.
Vibrational populations of N, molecules are measured by spontaneous Raman spectroscopy. For this, a
pulsed Nd:YAG Raman probe laser beam is directed into the cell (see Fig. 1). In the present experiments,
the Nd:YAG laser is focused coaxial to the CO pump laser, and Raman scattering signal from a volume
element approximately 0.100 mm in diameter x 2 mm long is captured at 90°. Raman spectra are obtained
using the second harmonic output of the Nd:YAG laser in combination with an optical multichannel
analyzer (OMA) detector. A detailed description of the emission spectroscopy and Raman spectroscopy
diagnostics used in the present experiments can be found in [20-22].

At these highly nonequilibrium conditions, the optically pumped gas mixture becomes ionized by
the associative ionization mechanism of Eq. (1). Ionization of carbon monoxide by this mechanism has
been previously observed in CO-Ar and CO-N, gas mixtures optically pumped by resonance absorption
of CO laser radiation [7,9-12]. The calculated [9-11] and measured [7,12] steady-state electron density

sustained by a 10 W CO laser in these optically pumped plasmas is in the range of n~10"%10" cm™.
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Two 3 cm diameter brass plate electrodes are placed in the cell as shown in Fig. 1, so that the laser
beam creates a roughly cylindrical excited region between the electrodes, 1-2 mm in diameter. The probe
electrodes, 13.5 mm apart, are connected to a 13.56 MHz, 600 W ENI ACG-6B RF power supply via a
modified MFJ-949E tuner used for plasma impedance matching. Typically, the reflected RF power does
not exceed 5-10% of the forward power. The applied RF voltage amplitude, measured by a high voltage
probe, is varied in the range of 2-3 kV at P=0.8-1.2 atm, so that the peak reduced electric field did not
exceed E/N=1-10"° V.cm®. We emphasize that this low value of E/N precludes electron impact ionization
produced by the applied field, so that the associative ionization of Eq. (3) remains the only mechanism of
electron production in the plasma. The applied RF field is primarily used to heat free electrons created by
the associative ionization mechanism and to couple additional power to the vibrational modes of the gas

mixture molecules by electron impact processes,

CO(v)+e (hot) > CO(v+Av)+ e (cold) @)

N,(v)+e (hot) > N,(v+Av)+e (cold) (5)

It is well known that in a wide range of the reduced electric field values, E/N=(0.5-5.0)-10"® V-cm’, more
than 90% of the input electrical power in nitrogen plasmas goes to vibrational excitation of N, by electron
impact [1] (see Fig. 3). Combined with the high efficiency of the CO laser, this provides a very efficient
method of sustaining extreme vibrational disequilibrium in high-pressure molecular gases without the use
of a high-power pump laser.

Strong vibrational disequilibrium enhanced by the electron impact processes of Eqs. (4,5) results in a
faster electron production by the associative ionization mechanism of Eq. (3). The resultant electron
density increase in turn further accelerates the rate of energy addition to the vibrational modes of the
molecules. However, this self-accelerating process does not produce an ionization instability such as
occurs in other types of high-pressure nonequilibrium plasmas. The reason for this is a built-in self-
stabilization mechanism existing in plasmas sustained by associative ionization. In high-pressure self-
sustained discharge plasmas, excess Joule heating produced by a local electron density rise accelerates the
rate of impact ionization and therefore results in a further increase of electron density (see Fig. 2), This is
the well-known mechanism of ionization-heating instability development [1,2]. In a plasma sustained by
associative ionization, excess Joule heating due to a local electron density rise sharply increases the
vibration-translation (V-T) relaxation rates, which results in a rapid depopulation of high vibrational

energy levels, slows down the ionization rate, and reduces the electron density (see Fig. 2). This provides

150



negative feedback between gas heating and the ionization rate and enables unconditional stability of the
plasma at arbitrarily high pressures, for as long as the applied RF field does not produce any impact
ionization. Obviously, optically pumped plasmas sustained by the CO laser alone (without the externally
applied field) are always unconditionally stable. Indeed, stable and diffuse plasmas of this type have been
sustained in CO-Ar mixtures at pressures up to 10 atm [14]. Figure 4 shows a schematic of the dominant
kinetic processes in the CO laser / RF field sustained CO-N; plasma.

Triggering the RF power coupling to the vibrational modes of the cell gases requires the initial
electron density, n., to exceed a certain threshold value. Our recent studies of associative ionization in CO

laser pumped plasmas [7,11,12] showed that the electron density in these plasmas,

n,= \/% , where S=k,, ZnCO WIngo(w), ©)

Ev+Ew>Eian

can be significantly increased (from n.< 10" em™ to ne=(l.5-3.0)-10” cm™) by adding trace amounts of
species such as O, and NO to the baseline CO/Ar or CO/N; gas mixtures. In Eq. (6), S is the electron
production rate by the mechanism of Eq. (3), Kion=(1.1-1.8)-10""* cm?/s is the associative ionization rate
coefficient [7], B is “the electron-ion dissociative recombination rate coefficient, and nco(v) is the
population of the vibrational level v of CO. Note that the observed electron density increase occurs at a
nearly constant electron production rate S, which was measured independently [7,12]. In other words,
adding small amounts of O, or NO to the gas mixture considerably reduces the dissociative recombination
rate B. This result is consistent with previous measurements of the ion composition in glow discharges in
CO-Ar-0, and CO-He-O, mixtures [24,25]. These previous studies showed that in a discharge in CO-Ar
and CO-He mixtures without oxygen the dominant ions are rapidly recombining cluster ions such as
C.(CO),", n=1-12. However, adding a few tens of mtorr of O resulted in a nearly complete destruction of
the cluster ions and their replacement by the slowly recombining monomer 0, ion. The recombination
rate coefficients of (CO)," and O," ions in the presence of 1 eV electrons are [3=2'10"” and 3-10° cm’/s,
respectively [1,26]. Therefore, replacing the cluster ions with the monomer ions would increase the
electron density at a constant electron production rate S by about an order of magnitude. For this reason,
in the present experiments trace amounts of oxygen or nitric oxide have been added to the baseline CO/N,

gas mixture.

3. Results and discussion
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In a first series of experiments, the baseline 1% CO — 99% N, mixture was optically pumped by a
CO laser at P=600 torr. The pump laser power was 10 W. Figures 5 and 6 show the CO first overtone
emission spectrum and the N, spontaneous Raman spectrum at these conditions, respectively. One can see
that about 35 vibrational levels of CO and 4 vibrational levels of N, are populated. The first level
vibrational temperature of N, at the CO laser centerline was determined from the ratio of the v=0 and v=1

N, vibrational level relative populations, fo and fi,

0
T =———s, 7
nf,/ £,] @

Ty(N;)=1900 K. In equation (7), 6,=3353 K is the energy of the first vibrational level of N,. The
translational temperature at the centerline was evaluated from comparison of two Raman spectra of
nitrogen, shown in Fig. 6, one with the CO laser on, and the other with the laser turned off, i.e. in an
equilibrium gas mixture at Tg=300 K. In the latter case, as expected, only the signal from v=0 is
measured. Since the Raman signal intensity, ,, is proportional to the product of the absolute population of

a vibrational level, n,, and the Raman cross section, o,~(v+1), this allowed straightforward inference of

the number density of N, molecules, 7, (T), as well as the translational temperature,

T _m@)_
T, ny(T) 21,/(v+1) (®)

For the conditions of Figs. 5 and 6, the translational temperature of the optically pumped plasma is T=380
K.

Applying 2500 V peak RF voltage to the cell electrodes did not result in any detectable change in the
plasma appearance or in the infrared and Raman spectra. We believe this to be due to the low electron
density in the optically pumped CO/N, plasma without additives, because of the rapid recombination of
electrons with the cluster ions [7,11,12] (see discussion in Section 2). Measurements in the same mixture
at the lower cell pressure of P=300 torr and 100 torr also did not show any effect. In these low-pressure
runs, the applied RF voltage was also lowered to keep the peak reduced electric field E/N=1-10"® V.cm’
well below the electron impact ionization threshold.

In the second series of measurements, 20 torr of NO/N, mixture containing 5000 ppm of NO was

added to the cell gases at a total pressure of P=600 torr, so that the NO partial pressure in the cell was 100
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mtorr. In this case, applying the same 2500 V peak RF voltage to the electrodes produced a dramatic
change of the plasma (see Fig. 7). In the absence of the RF field, the cylindrical region excited by a
focused CO laser can be easily seen due to a few cm long, 1 mm diameter violet-blue glow produced by
radiation of electronically excited molecules (C, Swan and CN bands, see Fig. 7). Turning the RF field on
produced a curtain-like glow about 1-2 mm thick, centered at the laser beam and filling nearly the entire
distance between the electrodes (approximately 1 cm x 3 cm). In other words, the apparent plasma
volume increased by about an order of magnitude. This curtain-like plasma looked diffuse and stable,
with no hint of arc filaments.

The significance of this result is that the applied weak electric field, not capable of initiating
electron impact ionization, nevertheless results in producing ionization up to 6-7 millimeters away from
the CO laser beam which initiates the plasma. Note that at these conditions, the amplitude of the drift
oscillations of the plasma electrons, induced by the RF field, is only about &~wgy/2v~1 mm. Here
wa~2-10% cm/s is the electron drift velocity at E/N=1-10"¢ V.cm® [1] and v=13.56 MHz is the RF field
frequency. Therefore the present technique allows “propagation” of the coupled vibrational excitation and
associative ionization over distances considerably exceeding the electron oscillation amplitude, thereby
significantly increasing the volume occupied by the plasma. Turning the CO laser off with the RF field on
resulted in a slow decay and eventual extinguishing of the plasma curtain (within a few seconds).
Covering the RF electrodes with teflon layers did not change the appearance of the plasma curtain, which
shows the effect of the secondary electron emission for the electrodes to be insignificant.

CO first overtone infrared emission spectra taken at these conditions with the RF voltage off and on
show that the infrared signal intensity, integrated along the line of sight, increases by about a factor of 7
(see Fig. 8). Figure 8 also shows CO spectra obtained in the same gas mixture at a higher pressure of
P=720 torr, a higher laser power of 15 W, and a somewhat lower RF voltage of 2200 V, which look
similar to the 600 torr data. We believe that the signal intensity rise is primarily due to the plasma volume
increase, although the FTIR line of sight is perpendicular to the plasma curtain. However, Raman spectra
of nitrogen taken at the centerline of the CO laser beam with RF voltage off and on (see Fig. 9) show that
the vibrational temperature of N, at P=600 torr increases from T,(N2)=1900 to 2500 K. This demonstrates
that the RF field makes the vibrational disequilibrium at the CO laser beam axis considerably stronger.
Comparison of these Raman spectra with the cold N, spectrum show that at P=600 torr the centerline
translational temperature increases from T=380 K with the RF field off to the T=530 K with the RF on,
which apparently self-limits further ionization by the associative ionization mechanism (see Section 2).
Note that even at this somewhat higher gas temperature the peak reduced electric field does not exceed

E/N=z=1.3-10"¢ V.em?.
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We believe that the amount of RF power coupled to the vibrational modes of the cell gases can be
considerably increased by increasing the mass flow rate through the cell. In this case, more efficient
convective cooling of the flow would reduce the steady-state gas temperature so that the associative
ionization process would terminate at a higher electron density.

Adding a small amount of oxygen to the baseline CO/N, mixture at the same pressure of P=600 torr
produced similar results. Oxygen was added to the cell directly from a gas cylinder, and therefore its
partial pressure could not be precisely controlled. We estimate the upper limit of the O, partial pressure in
the cell at approximately 0.1 torr. Turning the RF field on (peak voltage 2750 V) with oxygen in the cell
considerably increased the visible glow intensity and nearly doubled the glow diameter, although in this
case the plasma curtain did not form. Figures 10, 11 show CO infrared spectra and N, Raman spectra at
these conditions, taken with the RF voltage on and off. Figure 10 also shows CO spectra obtained in the
same gas mixture at a high pressure of P=720 torr, a higher laser power of 15 W, and a higher RF voltage
of 3150 V, which look similar to the 600 torr data. In this case, the infrared signal intensity increased by
approximately a factor of 3, while the N, vibrational temperature at P=600 torr increased from
T«(N,)=1850 to 2460 K. Translational temperature of the gas mixture at P=600 torr, inferred from the
Raman spectra, increased from T=360 to 540 K.

Similar results have been obtained at several different cell pressures in the range P=0.4-1.2 atm. In
this entire pressure range, the CO laser / RF field pumped plasma always looks stable and diffuse. At the
highest pressures P>1 atm, the effect of the RF field on the vibrational populations of CO and N, becomes
somewhat lower, since the pumping processes are limited by the RF voltage available. For the RF field
pumping process to be efficient, the applied reduced electric field has to be in the range E/N=(1-5)-10""
V.cm’ (see Fig. 3). In this range, only a small fraction of the input electrical power goes into direct gas
heating and electronic excitation. At P=1.2 atm, this condition requifes the peak RF voltage to exceed
3000 V. Unfortunately, at these high voltages the MFJ tuner sometimes started arcing internally, which
limited our ability to run at optimum conditions. Also, the design of the absorption cell available for these
experiments did not allow measurements at higher pressures or higher flow rate. However, we expect the
CO laser / RF field pumped plasmas to be unconditionally stable also at higher pressures, given enough
laser and RF power to trigger the pumping.

In the present work, the electron density with the RF field turned off and on has not been measured.
Electron density measurements using both microwave attenuation [12] and filtered Thomson scattering,
as well as ion composition measurements using in situ ion mass spectrometry [24,25] would provide
additional insight into the kinetics of these unique high-pressure nonequilibrium plasmas.

The high-pressure unconditionally stable CO-containing plasmas studied in the present paper may be

used for high-yield single-wall carbon nanotube (SWNT) production. In particular, ordered arrays of 60-
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70% pure SWNT material have been recently produced in optically pumped, chemically reacting,
nonequilibrium CO/Ar/Fe(CO)s plasmas sustained by a 20 W CO laser [27]. In this process, strong
vibrational excitation of CO molecules by V-V pumping drives the gas-phase CO disproportionation

reaction,
COW)+CO(w) — CO, +C, L ©

producing free carbon atoms at low gas temperatures, with subsequent SWNT formation on catalytic iron
cluster surfaces. The yield of this process at a relatively low CO partial pressure of Pco=50 torr (tens of
milligrams per hour) is comparable with the yield of the high-pressure CO (HiPCO) SWNT synthesis
process developed at Rice University [28]. Note that the CO reactant pressure in the HiPCO process is
much higher (Pco=1-10 atm). The RF energy coupling effect reported here is expected to be used to scale
up the plasma volume and the SWNT yield at high CO pressures (Pco21 atm), without producing

ionization instabilities or the use of a high-power pump laser.

4. Summary
The results of the experiments demonstrate the feasibility of unconditionally stable high-pressure
plasmas sustained by a combination of a continuous wave CO laser and a sub-breakdown RF field. The
plasma is sustained in a CO/N, mixture containing trace amounts of NO or O, at pressures of P=0.4-1.2
atm. The initial ionization of the gases is produced by associative ionization in collisions of two CO
molecules excited to high vibrational levels by resonance absorption of CO laser radiation with
subsequent vibration-vibration (V-V) pumping. Further vibrational excitation of both CO and N; is
produced by free electrons heated by the applied RF field, which in turn produces additional ionization of
these species by the associative ionization mechanism. Vibrational level populations of CO and N, are
monitored by infrared emission spectroscopy and spontaneous Raman spectroscopy. In the present
experiments, the reduced electric field, E/N, is sufficiently low to preclude field-induced electron impact
jonization. The unconditional stability of the resultant cold molecular plasma is enabled by the negative
feedback between gas heating and the associative ionization rate. Trace amounts of nitric oxide or oxygen
added to the baseline CO/N, gas mixture considerably reduce the electron-ion dissociative recombination
rate and thereby significantly increase the initial electron density. This allows triggering the RF power
coupling to the vibrational energy modes of the gas mixture.
The experiments demonstrate that the use of a sub-breakdown RF field in addition to the CO laser
allows the increase of the plasma volume by about an order of magnitude. Also, CO infrared emission

spectra show that with the RF voltage turned on the number of vibrationally excited CO molecules along
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the line of sight increase by a factor of 3 to 7. Finally, spontaneous Raman spectra of N, showed that with

the RF voltage on the vibrational temperature of nitrogen increases by about 30%. This novel energy

efficient approach allows sustaining large-volume high-pressure molecular plasmas without the use of a

high-power CO laser.
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Figure 4.

Figure 5.
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Figure 8.

Figure 9.

Figure Captions

Schematic of the CO laser / RF field pumping experiment

Stability feedback loops for a self-sustained discharge plasma and for the CO laser / RF pumped

plasma

Electron energy balance in a nonequilibrium nitrogen plasma

Schematic of the dominant kinetic processes in a CO/N, plasma pumped by a CO laser and a

sub-breakdown RF field

CO first overtone infrared emission spectrum in the CO laser pumped baseline 1% CO — 99%

N, gas mixture at P=600 torr.

Raman spectra of nitrogen in a cold (T= T,(N;)=300 K) and the CO laser pumped (T=380 K,
T.(N,)=1900 K) baseline 1% CO — 99% N, gas mixture at P= 600 torr.

Photographs of the CO laser / RF field pumped 1% CO - 99% N, — 10 ppm NO gas mixture at
P=1 atm. Top, RF field turned off; bottom, RF field turned on.

CO first overtone infrared emission spectra in the CO laser / RF field pumped 1% CO — 99%

N, — 150 ppm NO gas mixture at (a) P=600 torr, laser power 10 W, and (b) P=720 torr, laser

power 15 W.

Raman spectra of nitrogen in the CO laser / RF field pumped 1% CO ~ 99% N, — 150 ppm NO

gas mixture at P=600 torr. The spectra are normalized on the v=0 peak intensity.

Figure 10. CO first overtone infrared emission spectra in the CO laser / RF field pumped 1% CO —99%

N, gas mixture with about 0.01% O, at (a) P=6Q0 torr, laser power 10 W, and (b) 720 torr,

laser power 15 W.

Figure 11. Raman spectra of nitrogen in the CO laser / RF field pumped 1% CO ~ 99% N, gas mixture

about 0.01% O, added at P=600 torr. The spectra are normélized on the v=0 peak intensity.
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9. SPATIALLY RESOLVED RAMAN MEASUREMENTS OF N, VIBRATIONAL

LEVEL POPULATIONS IN OPTICALLY/RF PUMPED PLASMAS
Kraig Frederickson, Peter Palm, Elke Ploenjes, Walter R. Lempert, and Igor V. Adamovich

This section presents the results of spatially resolved Raman measurements of nitrogen vibrational
level populations in a nonequilibrium optically pumped plasma sustained by a combination of a
continuous wave CO laser and a sub-breakdown radio frequency electric field. The plasma is created in a
CO/N, environment, at a total pressure of 300 torr. Ionization of the gases occurs by an associative
ionization mechanism, in collisions of two highly vibrationally excited molecules. These highly
vibrationally excited states are populated by resonance absorption of the CO radiation followed by
anharmonic (vibration-vibration) V-V pumping. Additionally, N, also becomes vibrationally excited due
to collisions with vibrationally excited CO. When an RF field is applied to the plasma, collisions between
the free electrons heated by the field and the diatomic species create additional vibrational excitation
within the plasma region. Note that the reduced electric field, E/N, is sufficiently low to prevent electron
impact ionization, which would lead to the glow-to-arc collapse. Vibrational level populations of N, are
measured using spontaneous Raman spectroscopy.  The results show that applying the RF field to an
optically pumped CO/N, plasma produces stronger vibrational disequilibrium both in the region occupied
by the CO laser beam and outside of this region. The experimental results are compared with kinetic

modeling calculations showing a satisfactory agreement.

1. Introduction

Creating a high-pressure, low-temperature, large-volume plasma has been a challenge to the fields of
gas discharge physics and engineering. Large-volume plasmas have traditionally been established at low
pressure. At high pressures plasmas become constricted due to rapid instability development. While
heating can increase the electron production and diffusion rates, it can quickly lead to runaway ionization
due to the ionization heating instability. The runaway ionization causes the glow-to-arc collapse
occurring in high-pressure plasmas. By utilizing an ionization method that does not rely on electron
impact ionization, it is possible to prevent the thermal instability [1].

The associative ionization mechanism of Eq. (1) produces free electrons in collisions of two

vibrationally excited molecules

AB(w) +AB(x) > (AB)," +¢ (1
E\v + Ex > Eion
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Here E;,, is the ionization potential for the molecule of interest. In the case of the CO molecule the
ionization potential‘is on the order of 14 eV.

Associative ionization is produced by collisions of molecules with the total vibrational energy of the
collision partners exceeding that of the ionization potential. This type of ionization has been previously
observed in CO/Ar and CO/N, optically pumped plasmas [2-6]. It has been accomplished by resonance
absorption of CO lasér radiation followed by vibration-to-vibration (V-V) anharmonic up-pumpiﬁg (71

These processes are shown in Eq. (2,3), where v and w are vibrational quantum numbers.

CO(v) + hv — CO(v+1) Q)
CO(v) + CO(w) — CO(v-1) + CO(w+1) 3)

The result is a significant population of high vibrational levels of CO molecules. These molecules can
then undergo the associative ionization mechanism illustrated by Eq. (1). It is important to note that while
the CO vibrational mode energy at these conditions is a few thousand degrees Kelvin, the
translational/rotational temperature never exceeds a few hundred degrees.

While this method can create high-pressure, low-temperature plasmas, it does not produce a large-
volume discharge. The optically pumped plasma created by this method is confined to the volume
defined by the incident CO laser beam. Outside of the CO laser beam the electrons rapidly recombine
and diffusion of the vibrationally excited species is limited due to the high pressure of the system.
Additionally, the vibrationally excited species diffusing out of the excitation volume quickly relax to the
ground vibrational state.

The main objective of this paper is to demonstrate experimentally the volume increase of the optically
pumped plasma outside of the region defined by the incident CO laser beam when an external sub-
breakdown RF field is applied. When applied, the RF field couples additional power to the CO and N,
vibfational energy modes by electron impact excitation. In this case, additional vibrational excitation of
both CO and N, is. produced by free electrons heated by the applied RF field [1]. This in turn produces
additional ionization of these species by the associative ionization mechanism of Eq. (1). Note that in the
present experiments, the reduced electric field, E/N, is sufficiently low to preclude field-induced electron
impact ionization. In the present work, this effect is studied by measuring spatially resolved spontaneous

Raman spectra of N, with and without an applied RF field.
2. Experimental

- A schematic of the experimental set-up is shown in Figs. 1 and 2. A broadband continuous wave

CO laser having output at the first 10-12 fundamental bands of CO is used to irradiate a gas mixture. The
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mixture consists of nitrogen containing approximately 1.5% CO and trace amounts (approximately 300
ppm) of NO. The total pressure of the gas mixture is approximately 300 torr. The residence time of the
gases in the cell is approximately 1 second. The cryogenically cooled CO laser was designed in
collaboration with the University of Bonn and constructed at The Ohio State University. It is tuned to
emit a substantial percentage of its power on the v=1—0 and v=2—1 fundamental transitions with the
majority of the remaining power output in the next 10 vibrational bands. The total output of the laser is
approximately 10-15 W,

The output of the CO laser is focused into a six arm cross pyrex absorption cell containing the gas
mixture. Focusing the beam increases the power loading per CO molecule along the laser beam. This
produces an optically pumped region approximately 2 mm in diameter and 10 cm long. Two circular
copper electrodes (3 cm diameter) placed above and below the path of the CO laser beam are used to
apply the RF field to the optically pumped plasma. The absorption cell is supported by a vertical
translation stage fitted with a micrometer that produced precision movement on the order of £0.005 mm.
This setup permitted the movement of the Raman laser probe beam vertically with respect to the optically
pumped plasma.

A nonequilibrium vibrational mode energy distribution of the cell gases is produced by anharmonic
V-V up-pumping. In particular, irradiating the gas mixture with a CO laser tuned to the lowest 10-12
vibrational transitions leads to the vibrational excitation of CO molecules to vibrational levels from v=1
to v=10-12 by direct resonance absorption. Higher vibrational levels v~10-40, which are not accessible to
the laser, are populated by V-V energy transfer.

In the laser excited CO/N, plasma, vibrational energy transfer in collisions between vibrationally

excited CO molecules and N, molecules also causes vibrational excitation of nitrogen. As shown in Eq.

“4)
CO(W) + Ny(v) = CO(w-1) + Ny(v+1) 4)

N, can be vibrationally excited although it is not directly coupled to the incident CO laser radiation.
Presence of free electrons in the gas mixture may also lead to vibrational excitation of molecular
species by electron impact. Basically, free electrons heated by the applied electric field primarily lose

their energy by collisional energy transfer to vibrational energy modes of the diatomic species.

CO(w) + e — CO(w+Aw) + ¢ (5)
Ny(w) + & = Ny(wtAw) + ¢ (6)
166



By heating free electrons created by associative ionization of vibrationally excited molecules with an
applied RF field, vibrational nonequilibrium can be attained outside of the volume occupied by the CO
laser beam. In this experiment, two copper electrodes are placed above and below the optically pumped
plasma with a separation of approximately 13 mm. Connected to these electrodes is a 13.56 MHz, 600W
ENI ACG-6B RF power supply via a modified MFJ-949E tuner, which is used for plasma impedance
matching. Tuning the impedance so that the reflected RF power does not exceed 5-10% of the forward
power was typical for these experiments. Setting the output wattage of the RF power supply to 100 W
produced a peak-to-peak voltage of 4 kV measured by a high voltage probe. At these conditions, the peak
reduced electric field did not exceed E/N=1-10"® V.cm® [1]. This low value of the reduced electric field
precludes electron impact ionization and ionization instability development. Therefore, electrons in the
optically pumped plasma enhanced by the RF field are produced only by the associative ionization
mechanism.

In these present experiments, the gas mixture in the cell contains approximately 300 ppm of nitric
oxide. Addition of trace amounts of NO to the optically pumped plasma is necessary to increase the
electron number density. Previous experiments in CO/Ar glow discharge plasmas [8] showed that the
dominant jons in the discharge are dimer ions, (CO),", and cluster ions of the general form C.(CO),",
n=1-15. However, adding a few tens of millitorr of O, to these gas mixtures resulted in nearly complete
disappearance of these ions and their replacement by O," ions. Note that the electron-ion' dissociative
recombination rate of the dimer (CO)," ion, B=2-10"® cm®/s [9], greatly exceeds the rate of recombination
of the monomer O, ion, [3=(3-5)-10'8 cm’/s [‘1 0]. The recombination rate of the large carbon cluster ions
can possibly be even higher. Our previous measurements [11] showed that electron density in the
optically pumped CO/Ar and CO/N, plasmas can be considerably increased by adding small amounts of
0, and NO. This might occur due to a similar process, i.e. destruction of the rapidly recombining carbon-
based cluster ions and their replacement by the slowly recombining monomer ions, such as O," and NO".

To acquire spontaneous Raman spectra of the optically pumped plasma, a pulsed Nd:YAG laser tuned
to the second harmonic (532 nm) and operated at 10 Hz was used to probe the gas mixture. Each laser
pulse has an output energy of 200 mJ and a duration of approximately 10 ns. The Nd:YAG laser probe
beam was combined with the CO laser pump beam using a 90° CaF, dichroic mirror which was coated to
allow transmission of the CO laser beam while reflecting the Nd:YAG beam. Spatial resolution of the
Raman spectra was enhanced by focusing of the probe beam using a 0.4 m focal length lens. A notch
filter was used to attenuate the 532 nm line resulting from elastic scattering. The Stokes shifted signal
was in the range of 600 to 612 nm, which is well outside the attenuation profile of the notch filter. To
maximize the signal to noise the image of the plasma was rotated using 2 inch diameter mirrors so that the

it was oriented parallel to the vertical input slit of the OMA spectrometer. In addition the signal was
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focused with f/4 lenses to match the 0.25 meter f/4 spectrometer. This resulted in a solid angle of
approximately 0.049 sr, corresponding to an area defined by the monochromator slits and probe beam of
approximately 2mm in length by 100 pm in height. The detector used to acquire the Stokes shifted signal
was a microchannel! plate intensified charge-coupled device (ICCD) camera. By using a pulser to gate the
intensifier the signal to noise increased by eliminating much of the spontaneous emission from the
optically pumped cell. The quantum efficiency of the detector was on the order of 6% at the Stokes
wavelength and the signal was integrated for a duration of 30s. Within the monochromator, a 1800
line/nm grating was used which resulted in a spectral resolution of approximately 1.5 = and a spectral
range of approximately 10 nm. The resolution was adequate to resolve the individual Q-branch
vibrational bands, but insufficient to obtain any rotational fine structure.

Uncertainty in the relative band intensities of the Raman spectra of the laser-excited plasma from
which the experimental vibrational level populations are derived is estimated to be 10%-20%. For Raman
spectra of the optically pumped plasma enhanced by the RF field, the uncertainty is somewhat greater
(20-25 %) due to a lower signal-to-noise ratio. Uncertainty in the ratio of vibrational populations of levels

v=0 and v=1 is estimated to be 6%.

3. Kinetic model
The two-dimensional time-dependent model of the non-self-sustained RF discharge used in the
present optical pumping experiments incorporates the equations for electron and positive ion

concentrations, as well as the Poisson equation for the electric field:

on, (x, y,t -
_5(_aty_>+vrk -0,

I%l— 1,V (x, y,00m, (x,y,1)
(7)

ank (O,y,t) _ ank (iWayst) =0
ax ax
n,(x,y,0)=0

f‘k =D, Vn, (x,y,t)—

n,(x,0,t)=n,(x,d,t)=0,

1
V2¢(xsy’t) :g_zqknk(x,yat) s
0 k&

2¢(0, y,t) _ oP(W, y,t) _0 .
ox ox (®)

¢(x,0,6)=0, ¢(x,d,t)=U,cos(2nvt),

¢(x,y,0)= on/d
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Qe =5- ﬁnen+ )
0,=S-Pnn, ©

In Eqs. (7-9), the index k stands for electrons and positive ions, € is the electron charge, n and q=te are

the species concentrations and charges, Dy, L, and f‘k are the species diffusion coefficients, mobilities,
and fluxes (conduction current density vectors), respectively, ¢ and E= —V¢ are the electric potential

and electric field, j = Zq kf'k is the electric current, d is the separation between the electrodes, W is the

electrode half-width, Uy and v are the applied voltage amplitude and frequency, S is the rafe of electron
production by the associative ionization mechanism of Eq. (1), and P is the electron-ion recombination
coefficient.

Equations (7-9) are accompanied by equations for vibrational energies of two diatomic species, CO

and N,, as well as the translational-rotational energy equation:

€, ; (X, ,1) “ + RIM R
_'%‘_'{'V[Djvsvib,j(xsy’t)]:‘kj' +R—’f ‘ _Rj l’
e, (0, 3,1)
£y (50, = 8 (510) = €., (700 =, (T,), 522220 q10)

€.iv, (x:,3,0)=¢€,4; (7,)

ghV§K§&Q+VMVT@Jwﬂ=hWWmR£+ymR$L

T(x,0,6) = T(x,d,t) =TEW,y,£)=T, , g-T-%)—’&on an
X
T(x,,0)=T,

In Egs. (10,11), &, is the average vibrational energy per molecule, the index j stands for CO or N, k is

the Boltzmann constant, N is the number density, yco and yy, are mole fractions of CO and N, in the
mixture, and R,J’f”, R jﬁe'd, R ;e' are the rates of vibrational excitation by the laser and electron impact and

vibrational energy relaxation, respectively.
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It is well known that the vibrational distribution functions (VDF) of diatomic species at the
conditions of extreme vibrational disequilibrium sustained by the combined laser and electric field
excitation can be strongly non-Boltzmann. Determination of the vibrational level populations of CO and
N, in such nonuniform plasmas, f;;, would require solution of master equation, i.e. approximately 100

coupled 2-D partial differential equations of the general form

aﬁ,_j(X,y,f)+V[D v/ ]= Laser N Electron
ot 775 Excitation )\ Impact ) | (12)

+V-71),,; +(V-V),,; +(V-E),;,
which would be rather computationally intense. In Eq. (12), f, ; are the relative populations of

vibrational levels (vibrational distribution function) and v is the vibrational quantum number. The explicit
expressions for the terms in the right-hand-side of Eq. (12) can be found in [12]. The present kinetic
model retains only two equations for the vibrational energy modes of CO and N, &, (Eqs. (10)),

obtained from the master equation (12) using the relations

Eipj = ng,jfv,j; €,; =we,jv[1_xe,j(v+l)]> (13)

where @; and x.; are the vibrational frequency (in K) and the anharmonicity of the molecules. The

vibrational distribution functions (VDFs) of CO and N,, ﬁ e have been determined using analytical

theory of vibration-vibration (V-V) pumped anharmonic oscillators [13], as a steady-state solution of

master equation (12) without space diffusion terms,

Eyv AFEv(v-1) 1 T
exp| — + ; vy, =—
T, T 2 2x,[T,
L=<ex VeAE Y v, —v o Ve +1 a4
Sy A 7 v,—=v, | v+l
T 8 yMPIg’ exp(&f:") 1 VS Y
12AE y,0,, S v+l °
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In Eq. (14), E;=@(1-2x¢), AE=ex., T=E/In(f/fo) is the first level vibrational temperature, Py, ém , Ovr,

and dyy are the parameters in the expressions for the V-T and V-V rate coefficients,

M
})v+1,v

= Py (v+ 1) exp(6ypv) (15)

0t = v+ 1) (w+1){ 05 expl- 8, [v — wl) [ - L exp(= 8,y v - w])]

(16)
+Obexpl- A, v—wy )},
N 3 - 1/2
0o =05 +—2—|—1| O, 17
1 1 12AVV AVV 10 ( )

ym is the V-T relaxation collision partner mole fraction, and v,=EJ/E, is the activation level of the

vibration-to-electronic (V-E) energy transfer process,
CO(X'E,v ~ 40)+ CO — CO(A'TI,v ~ 0)+CO, (18)

The analytic VDFs of Eq. (14) are in good agreement with steady-state distribution functions obtained by
numerical integration of master equation with the V-T and V-V rates given by Egs. (15,16) [14]. In the
present calculations, the two VDFs have been determined iteratively from Eq. (13) using the functional
dependence (14) on the first level vibrational temperatures, T.,j, as adjustable parameters. This approach
greatly reduces the number of equations solved while taking into account the key effect of strongly non-
Boltzmann distribution function on the associative ionization rate in the plasma. Note that this approach
assumes that both vibrational distributions are quasi-steady-state and that their perturbation by diffusion is
weak.

The rate of CO vibrational excitation by resonance absorption of the CO laser radiation, used in

Eq. (10), is evaluated as follows [12],

AB (cY B.J(J+1)
Rlas — vy V2| T GS exp| - 4——— ,
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where A, is the Einstein coefficient for spontaneous radiation, B, is the rotational constant, v is the laser
line frequency, I, is the laser line power density, 0 is the absorption line shape factor, J is the rotational
quantum number, and S; is the Honl-London factor.

The rate of vibrational excitation of CO and N, molecules by electron impact in the presence of

the RF field is approximated as

JoE

R).ﬁe,d — Nk

(20)

The approximation of Eq. (20) is applicable in the range of the reduced electric field E/N=(0.5-5.0)-10™

V-cm?, where more then 95% of the input electric power, ] .E , goes to vibrational excitation of CO and
N, {10].
The rate of energy relaxation from the vibrational mode of each diatomic species with the

vibrational distribution function (VDF) given by Eq. (14) is evaluated as follows [13],

vv

2
R =E, 6%0 (v, +1)* exp| — AE]y

E E N 21

+EQS exp| 220 (fifo = fuf N

In Eq. (21), the first term in the right-hand-side represents the intra-mode energy relaxation rate due to V-
T, V-V, and V-E processes combined, while the second term is the energy relaxation rate due to the V-V’

energy exchange between vibrational modes of CO and N,

CO(v)+N,(v') > CO(v=1)+ N, (v'+1) (22)
Again, Eq. (21) is in good agreement with the steady-state energy relaxation rate obtained from the
numerical solution of the master equation [14].

The electron production rate by the associative ionization mechanism of Eq. (1), used in Eq. (9),

is calculated as follows,
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§= kionNzyZ‘O Efv,CO w,CO (23)

Ev+Ew>Eian

The electron and ion mobilities and diffusion coefficients in a nitrogen plasma as functions of the reduced
electric field E/N, whére N=P/kT is the number density, are taken from [15,16]. The V-V and V-T rates in
CO-N,-He mixtures are taken from [12,17]. The CO pump laser spectum is taken to be the same as in
[18].

Direct numerical solution of coupled partial differential equations (7,8,10,11) remains rather

problematic due to the fact that the characteristic time scales for reaching the quasi-steady-state
distributions of electric field, Trp~d/Wg;, vibrational populations and electron density, Tviy™Tion™ E,/ R™,

and gas temperature, 1yr~d*/D, are widely different,
T ~10"sec << T, ~T,, ~107*-107sec << 7, ~lsec  (24)

In the above estimates, d~1 cm, wd,=*-ueE~106 cm is the electron drift velocity, and D~1 cm?/s ié the
diffusion coefficient. The values of Ty for CO and N, are estimated from Egs. (14,21) for T~300 K,
T.(CO)~3000 K, N~10'® ¢cm™, yco~0.01, and yy~1. For this reason, the RMS electric field distribution
has been evaluated by integrating Egs. (7,8) separately, over the time period At;~Tgr, and then assumed to
remain unchanged while integrating Eqs. (10,11) over Aty~Tyit™Tion- These two stages were repeated until
the steady-state spatial distribution of RMS electric field, RMS charged species concentrations,
vibrational level populations, and gas temperature was achieved over Aty~Tyr.

In the calculations discussed in the following section, the 3 cm diameter circular electrodes (see Fig.
3) are modeled as square electrodes of the same surface area. The electrode separation and full width are
d=1 cm and 2W=2.66 cm. The CO laser beam power distribution is assumed to be Gaussian with the 1/¢?
radius of 1 mm. Calculations are made for a CO-N, mixture with 1.4% of CO at P=300 torr. To simulate
the effect of additional V-T relaxation produced by addition of small amounts of NO to the plasma, the
model gas mixture was also assumed to contain 1% helium. The RF voltage amplitude and frequency are
Uy=1500 V and v=10 MHz, respectively. The system of equations (7,8,10,11) is solved using standard
stiff PDE solver PDECOL [19].
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4. Results and Discussion

4.1. Experimental Measurements

Previously, it was shown that RF coupling to free electrons produced in an optically pumped CO
plasma enhances the vibrational disequilibrium induced in the path of the laser excitation beam [1]. The
current results show that this effect is not limited to the volume occupied by the CO laser beam, which is
approximately 2 mm in diameter and 10 cm long. Indeed, as can be seen in Figs. 4 and 5, the N, Raman
spectra band intensities (i.e. the fractional vibrational level populations) increase when the RF field is
applied, both at the CO laser beam axis (see Fig. 4), and away from the CO laser beam (see Fig. 5). Note
that the Raman spectra with the RF applied have been scaled and baseline corrected to match the intensity

. of the v=0 peak when the RF is off. This effect is also illustrated in Fig. 6, which shows fractional
vibrational level populations. From Fig. 6, one can see that the vibrational level populations for v=1-4
become greater when the RF filed is applied. As discussed in Section 2, the RF power is coupled to the
vibrational mode of the diatomic molecules via the free electrons produced in the laser-sustained plasma.

Analysis of the spontaneous Raman spectra of N, provides insights into the vibrational population
distribution. The vibrational state fractional populations are proportional to the intensity of the
corresponding peaks after scaling by 1/(v + 1). When the spectra of the RF and laser sustained plasmas
for a coaxial alignment of the pump and probe beams are compared, the increase in fractional population
of states with larger v becomes apparent. By comparing the relative peak heights a greater fractional
population is found in states with larger v for the RF sustained plasma. This is illustrated in the
Boltzmann plot for that case Fig. 6.

Similar analysis of the case in which the probe and pump beam are not coaxial show a similar result.
At a vertical separation of 2.25 mm, when a RF field is not applied, the vibrational nonequilibrium is
diminished. However, when a vertically aligned RF field is applied the vibrational loading of the
molecule intensifies. This is demonstrated in the Raman spectra and fractional population analysis shown
in Figs. 5 and 6. It is important to note that at each probe position the fractional population of states with
higher v becomes greater when a RF field is applied. By subjecting the plasma to the RF field a wider
distribution of vibrational states is obtained.

The broadening of the vibrational state distribution may be demonstrated quantitatively by defining
an equivalent Boltzmann temperature. The equivalent Boltzmann temperature is the slope of the

vibrational distribution function at v=0, defined as follows
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In Eq. (25), 6,=3353° K is the characteristic vibrational temperature for N, and fy/f is the ratio of the
fractional populations for vibrational levels v=0 and v=1. Illustrated in Fig. 12 are the first level
equivalent Boltzmann temperatures for varying degrees of separation between the probe and pump beam
in the vertical plane. Note that with a vertical displacement between the probe and pump beam the
equivalent Boltzmann temperatures never drop below 2000° K when the RF field is applied, even at a
displacement of more than 5 mm. Examining the vibrational temperature at the maximum and minimum
displacements exhibits this behavior. At coaxial alignment there is a percent gain of approximately 10%.
However, at the maximum displacement the percent gain is almost 60%. It is important to note that the
increase in vibrational temperature is not due to simple heating of the species present. The
translational/rotational temperature does not approach the vibrational temperature in any of the cases
presented.

The translational/rotational temperatures were inferred from the Raman spectra by comparing the
peak intensities of a vibrationally pumped sample to that of a vibrationally cold sample. These

temperatures were calculated as follows,

I
T, = TC*(!—C] (11

H

where T is the cold gas temperature (300° K), I is the intensity of the cold peak and Iy is the integrated
scaled intensity [1/(v +1)] of the peaks in the vibrationally hot spectra. Temperatures inferred from the
Raman spectra using this method can be found in Fig. 13. Note that this method provides only a rather
crude estimate of the temperature since the rotational band structure is ignored. In addition, at large
displacement between the pump and probe beam the probe beam path begins to become blocked, causing
the probe beam to scatter. This might well introduce an additional error in the temperature inference. Note
that the first level vibrational temperature remains much greater than the translational temperature at all

data points measured (see in Figs. 12 and 13).
4.2. Modeling Calculations

Figures 7-10 show contour plots of the calculated first level vibrational temperatures of CO and

N,, as well as the translational temperature and the electron density in optically pumped CO/N,/He
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plasmas. The left half of each of these plots refers to the parameter distribution in the plasma sustained by
a CO laser alone, while the right half shows distribution of the same parameters in the plasma sustained
by a combination of the laser and the RF field. For the laser/RF sustained plasma, the parameters shown
have been averaged over the RF field oscillation period. From Figs. 7 and 8, it can be seen that applying
the RF field to the optically pumped plasma produces a stronger vibrational disequilibrium, with
vibrational temperatures of both CO and N, considerably increasing (from T,(CO)=3700 K to 4300 K and
T.(N;)=2500 K to 2900 K on the laser beam centerline). Note that with the RF field turned on the size of
the vibrationally nonequilibrium region also substantially increases (roughly by a factor of 2 in the x-
direction).

Calculations of the energy balance in the plasma shows that the absorbed laser power in the
region between the electrodes is 0.9 W, while the RF power coupled to the plasma is greater by
approximately a factor of 2, 1.9 W. In other words, using the sub-breakdown RF field nearly triples the
total power added to the plasma. More rapid vibrational energy relaxation in V-V exchange processes in
the laser/RF sustained plasma produces additional heat removed from the plasma by conduction.
Diffusion of vibrationally excited molecules provides another channel of energy removal from the
plasma. In the present calculations, convective cooling of the gas mixture in the slow-flow absorption cell
is neglected. From Fig. 9, one can see that the calculated translational temperature on the laser beam axis
increases from T=470 K in the laser-sustained plasmas to T=600 K in the laser/RF sustained plasma.

Analysis of Fig. 10 shows that the electron density in the presence of the RF field is greatly
reduced, from n=0.8-10"" cm” to 0.6-10'" cm™. This result is not surprising since additional heating
produced by relaxation processes in the presence of the RF field considerably increases the V-T rates
(especially among the high vibrational levels of CO). This results in depletion of the high CO vibrational
level populations (at v230-35), as shown in Fig. 11, and reduces the rate of ionization by the associative
ionization mechanism. This effect, i.e. the negative feedback between the temperature rise and the
ionization rate self-stabilizes the plasma and precludes the ionization-heating instability development. On
the other hand, the same effect self-limits the amount of RF power coupled to the plasma. However, the
electron density and consequently the power coupled to the plasma can both be increased by reducing the
translational temperature (e.g. using convective cooling of the plasma in a fast-flow absorption cell). This
may considerably increase energy stored in vibrational mode energies of CO-containing molecular gas
mixtures at high pressures.

Figure 12 compares the measured and the calculated N, vibrational temperatures in the plasma
along the line between the electrode centers. One can see that in the absence of the RF field the agreement
is quite satisfactory. With the RF field turned on, the calculated vibrational temperature turns out to be

somewhat lower than in the experiment. The difference between the experiment and the calculations is
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within 20% except for one data point taken at y/d=0.94, or less than 1 mm away from the bottom
electrode. We believe that at this location scattering of the probe Nd:YAG laser beam off the electrode
surface might considerably increase the uncertainty in the measured vibrational level populations.
Additional measurements with a smaller separation between the measurement points are necessary to
estimate reproducibility of the data and the magnitude of this effect.

Figure 13 shows the measured and the calculated translational temperature of the plasma along
the line between the electrode centers. Again, with the RF field turned off and far from the electrodes the
agreement is satisfactory. However, temperature measured closer to the bottom electrode (within 2.5 mm)
appears to be considerably higher than on the laser beam centerline. The same effect is observed with the
RF field turned on (see Fig. 13). Again, probe laser beam scattering off the electrode surface might
account for this counterintuitive behavior of the gas temperature in both these cases. With the RF field on,
the discrepancy between the calculated and the measured temperature becomes quite substantial, up to 50-
100% (see Fig. 13). There are two most likely reasons for such considerable disagreement. First, the
translational temperature inferred from the intensities of the rotationally unresolved vibrational bands of
the Raman spectra (see Section 2) can be considered only as a fairly crude estimate, since the individual
rotational line contribution is not taken into account. Second, there is a considerable uncertainty in the
pivotal parameter of the kinetic model controlling the steady-state ionization rate and therefore the RF
power coupled to the plasma (as well as the gas temperature), i.e. the temperature dependence of the CO
V-T rates among the high vibrational levels (v230-35). Weak V-T rate temperature dependence would
produce a fairly strong gas heating before the CO vibrational populations would be depleted thereby
slowing down the ionization. On the other hand, steep rise of the V-T rates with temperature would slow
down the ionization at more moderate temperatures.

These V-T rates are most likely controlled by collisions of highly vibrationally excited CO
molecules with fast relaxer trace species, such as products of the CO disproportionation reaction,
including carbon clusters, or NO molecules present in the plasma. Currently, the data on the rates of these
processes are.not available. Therefore, in the present calculations, the self-termination of ionization by V-
T relaxation is modeled semi-qualitatively, by adding 1% of helium to the baseline CO/N, mixture, which
might well affect the accuracy of the model predictions. Additional temperature measurements in
CO/N,/He optically pumped plasmas using the rotationally resolved Raman spectra [20] are needed to

resolve this issue.
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Figure 1. Experimental apparatus for spatially resolved Raman measurements.
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Figure 2. Schematic of electrode arrangement and CO laser and Nd:YAG laser beams at
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Figure 4. Raman spectra of vibrationally excited N, for the coaxial orientation of the pump and
the probe laser beams, with the RF field on and off.
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Figure 5. Raman spectra of vibrationally excited N, with a 2.25 mm vertical separation between the
pump and the probe laser beams, with the RF field on and off.
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without (left) and with (right) RF field applied.
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Figure 11. CO vibrational distribution functions along the centerline between the
electrodes (at y=0.5) in the optically pumped CO/N; plasma without (left) and with
(right) RF field applied.
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Figure 12. Comparison of the measured and calculated N, vibrational temperature in the
optically pumped CO/N; plasma with and without RF field applied (at x=0).
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10. HIGH PRESSURE AIR PLASMAS SUSTAINED BY AN ELECTRON BEAM AND

ENHANCED BY OPTICAL PUMPING
Peter Palm, Elke Plonjes, Igor V. Adamovich, Vish V. Subramaniam, Walter R. Lempert,
and J. William Rich

This chapter presents experimental work on the concept of using an electron beam as an efficient
volume ionization source combined with optical pumping. The optical pumping is used to vibrationally
excite diatomic molecules in the plasma in order to reduce the overall electron removal rate. By this
means, the power budget to sustain a stable plasma in low temperature, atmospheric pressure air is
significantly reduced.

We present time-resolved electron density measurements in e-beam excited air plasmas.
Vibrational excitation of the air species using optical pumping was found to reduce the electron
recombination rate by more than one order of magnitude and the effective electron attachment rate by at

least three orders of magnitude.

1. Introduction

Sustaining large-volume plasmas in atmospheric pressure air presents an extremely challenging
problem. Among the most critical technical issues that have to be addressed to resolve this problem are
the plasma power budget and stability. Numerous aerospace applications such as supersonic flow control,
supersonic combustion control, and nonequilibrium MHD propulsion require an ability to initiate and
sustain large volume (~1 m’), relatively cold (T<2000 K) diffuse plasmas in atmospheric air, with
electron density up to n.~10" cm™. For these applications, a power budget of the order of 1-10 MW/m? is
desired. Finally, these plasma conditions are to be maintained for relatively long times, at least for 10
msec.

These goals define a highly nonequilibrium molecular plasma. The simultaneous requirement of
electron densities of 10'* cm™ and gas temperatures at or below 2000 K represent an enormous departure
from thermodynamic equilibrium, and rule out the use of purely thermal plasmas, such as high
temperature arc discharges, to achieve this result. This can be illustrated by simple estimates using the
Saha equation for a thermal equilibrium air plasma. For example, to achieve the stated electron density by
merely heating the air, a gas temperature of ~ 4300 K would have to be maintained. Conversely, if
atmospheric-pressure air were maintained at only the desired maximum gas temperature of 2000 K, the
equilibrium electron density would be only ~ 10° cm™, many orders of magnitude below the desired

value.
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The preceding requirements have mandated examination of approaches using low-temperature
nonequilibrium plasmas, of the general type characterized as glow discharges. Sueh systems have iong
been demonstrated to provide highly nonequilibrium plasmas, with relatively high free electron densities,
with the requisite lower gas temperatures. However, if self-sustained discharges, lacking an external
jonization source, are used, such glows are usually only struck at low pressures, well below even 0.1 atm.
Various methods have been used to extend the range of such self-sustained discharges to near
atmospheric pressures, such as the use of individually ballasted multiple cathodes, short duration radio
frequency high-voltage pulse stabilization, or aerodynamic stabilization [1-5]. Typically, however, the
energy efficiency of such discharges is much lower than desired for the present goal, since only a small
fraction of the input electrical power goes into ionization.

An alternative approach is the use of non-self-sustained glow discharges, in which some or all of
the required volume ionization is provided by an external source, such as an electron beam [6,7]. Electron
beams are identified as having by far the lowest power budget among all nonequilibrium ionization
methods [8-10]. Further, reliance on an external ionization source mitigates another principal difficuity
known to exist in high-pressure discharges at large current densities. The well-known glow-te-arc-
transition, with subsequent plasma thermalization, can be significantly delayed or avoided altogether.

There is recent experimental evidence that vibrational excitation of diatomic species produced by
a CO laser may reduce the rates of electron removal (dissociative recombination and attachment to
oxygen) in nonequilibrium plasmas [11]. In the present work, we use the same approach as in Ref. [11],
i.e. optical pumping by a CO laser, to modify the electron removal rates in the electron beam sustained,
CO-seeded high-pressure air plasma.

First, electron impact ionization of vibrationally excited molecules produced by a CO laser can

create vibrationally excited molecular ions such as N," and 0,
- + - —-—
N 2 (V) + ebeam - N 2 (V) + ebeam + esecondary' (5)

Vibrationally excited ions can also be created by a rapid resonance charge transfer from vibrationally

excited parent molecules, such as
0; +0,(v) = 0, (v)+0,. (6)

Recent expefimental data [12] shows that vibrational excitation of molecular ions such as NO* or O;" can

considerably reduce the rate of their dissociative recombination, such as

187




O,(v)+e = 0+O0. (7)

Secondly, three-body attachment of secondary electrons produced by the electron beam to

vibrationally excited oxygen molecules created by a CO laser,
O,v)+e +M > O0,(v)+M, (8)

would produce vibrationally excited ions O, (v). Since the electron affinity of this ion is only about 0.4
eV [1], vibrational excitation of oxygen molecules to vibrational levels v22 might provide enough energy

for auto-detachment of an electron,
O,(vz22)—0,+e. 9)

Since the three-body electron attachment to oxygen molecules is by far the most rapid mechanism of
electron removal in cold, high-pressure air plasmas, reduction of the attachment rate would greatly reduce
the plasma power budget.

Experimental investigation of this effect of electron removal rate reduction in electron beam

sustained optically pumped air plasmas is the main objective of the present paper.

2. Experimental

Figs. 1,2 show schematics of the experimental setup. An electron gun (Kimball Physics EGH-
8101) generates an electron beam with an energy of up to 80 keV and a beam current of up to 20 mA. The
electron gun can be operated continuously or pulsed. From the vacuum inside the electron gun the
electron beam passes through an aluminum foil window into a plasma cell that can be pressurized up to
atmospheric pressure. The foil window with a thickness of 0.018 mm is glued onto a vacuum flange with
an aperture of 6.4 mm. About 30 keV of the electron beam energy is lost in the window, which results in
heating of the window. Pulsed operation of the electron gun at 2 low duty cycle prevents overheating and
failure of the window. In the electron gun the electron beam has a relatively small divergence that
increases significantly (~90° full angle) due to scattering in the foil window. A 12.7 mm diameter brass
electrode faces the window at a distance of 10 mm. This defines a volume of the e-beam excited plasma

of ~ 1 cm?® between the beam window and the electrode. The beam window together with the entire
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chamber is grounded. For the current experiments the electrode was usually also grounded. The electron
gun was typically operated at beam energies between 60 keV and 80 keV and different beam currents
measured using an unbiased Faraday cup placed behind the beam window. The plasma cell is pressurized
with air at pressures between 100 Torr and 1 atmosphere. A slow gas flow is maintained in the cell to
provide flow convective cooling and to remove chemical products. The residence time of the gas mixture
in the cell is of the order of a few seconds. '

Perpendicular to the e-beam axis a CO laser beam is directed into the e-beam excited plasma. The
laser is used to vibrationally excite the diatomic plasma constituents. The liquid nitrogen cooled CO laser
[13] produces a substantial fraction of its power output on the v = 1? 0 fundamental band component in
the infrared. In the present experiment, the laser is typically operated at ~10 W c.w. broadband power on
the lowest ten vibrational bands. The output on the lowest bands (1? 0 and 2? 1) is necessary to start the
optical absorption process in cold CO at 300 K, which constitutes 1-5% of the gas mixture in the cell. The
laser beam is focused by a 250 mm focal distance lens to a focal area of ~0.5 mm diameter to increase the
power loading per CO molecule, producing an excited region ~5 cm long.

The electron density in the e-beam/optically sustained plasma is measured by microwave
attenuation. The microwave experimental apparatus consists of an oscillator, a transmitting and receiving
antenna/ waveguide system, oriented perpendicular to the e-beam axis and under an 45° angle to the laser
axis (Fig. 2), and transmitted and reflected microwave power detectors. The phase-locked dialectrically
stabilized oscillator generates 20 mW (13 dBm) of microwave radiation at a frequency ?=10 GHz, which
is transmitted via SMA-type semi-rigid cable to an antenna within the transmission waveguide. The
receiving waveguide is positioned directly opposite the transmitting waveguide, with the plasma located
between them (Fig. 2). The signal transmitted through the plasma is received by an antenna at the back of
the receiving waveguide and sent to a tunnel diode detector. The detector produces a DC voltage
proportional to the received microwave power. To scale the transmitted signal down to the proper range
for the detector, attenuators (10-20 dB) were inserted in the line between the receiving antenna and the
transmitted power detector. From the relative difference of the transmitted power with and without a
plasma the attenuation of the microwave signal across the plasma was determined. This assumes a
negligible difference in the power radiated from the gap between the waveguides, with and without the
plasma present, which is justified by the negligible change in the measured reflected power at these
conditions.

In the optically pumped high-pressure gas mixture, the lower vibrational levels of CO, v<10, are

populated by direct resonance absorption of the CO laser radiation,
CO(v-1)+hv - CO(®v), )
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in combination with the much more rapid redistribution of population by the intramode vibration-to-

vibration (V-V) exchange processes,
COW)+COW) 2 CO(v-1)+CO(wW+1) (v<w) 2)

These V-V processes then continue to populate the higher vibrational levels of CO above v=10,
which are not directly coupled to the laser radiation. At the same time, the intermode V-V exchange

processes,

COW)+N, (W) 2 CO(v-1)+ N,(w+1) 3)
CO(V)+0, (W) 2 CO(v-1)+0,(w+1) @)

also populate the vibrational levels of nitrogen and oxygen molecules. Therefore, in the laser-excited
region, the concentrations of the vibrationally excited CO, O,, and N, molecules may be very high.
Indeed, our previous experiments in high-pressure optically pumped plasmas [14-16] showed that in
atmospheric preséure air seeded with 4% CO, a 10 W c.w. CO laser can sustain fairly high vibrational
temperatures of all three major diatomic species, T,(C0O)=2700 K, Ty(0,)=T.(N,)=1900 K, while keeping
the gas temperature low, T=350 K (e.g. see Fig. 3).

3. Results and discussion

If the electron removal rates (i.e. the electron-ion recombination rate and/or the electron
attachment rate) in the laser-excited region are reduced, then (i) the steady-state electron density reached
after an electron beam pulse is turned on should rise, and (ii) the electron density decay after the beam is
turned off should become slower. In the present experiment, the average electron density in the e-beam

sustained plasma is inferred from the microwave attenuation measurements using the following relation

[11],

baseline __ meceo 6V 1
n, - ez Vo v 5 ’ (10)

inc
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. .. Vv . . .
where Vv is the electron-neutral collision frequency, — = is the relative attenuation factor

in terms 6f the forward power detector voltage proportional to the incident and the transmitted microwave
power, and D=1.0 ¢m is the size of the ionized region along the microwave signal propagation (see Fig.
2). Note that Eq. (10) assumes a uniform ionization across the plasma. )

A CO laser beam propagating across the electron beam sustained plasma creates a cylindrical
shape optically pumped region of d=2 mm diameter (see Figs. 2,3 [16]). The analysis of the microwave
absorption measurements in electron beam sustained plasmas enhanced by optical pumping is somewhat
complicated by the fact that at the present time the plasma volume affected by a focused CO laser,
~d’D/4~0.03 cm’, is considerably smaller than the volume ionized by the electron beam, ~0.5D*~0.5
cm’. For this reason, Eq. (10) should be modified to take this effect into account. If one assumes that the

electron removal rate modification due to vibrational excitation is significant, and that consequently the

mod ified
e

electron density in the optically pumped region, n , is much higher than in the e-beam ionized

region, n°*“", Eq. (10) becomes

modified _ M,CEy oV 1w
n = v —,
€ 62 coll V dd (11)

inc

where W is the width of the waveguide. In addition, inference of the electron density should account for
the change of the electron-neutral collision frequency,ve., in the optically pumped plasma, which
primarily depends on the electron temperature. In the present paper, the dependence of the collision
frequency on the average electron energy is calculated by solving the coupled master equation for the
vibrational level populations of CO, N, and O,, and Boltzmann equation for the secondary (low-energy)
plasma electrons [17]. In the optically pumped plasma, the electron temperature is strongly coupled to the
vibrational temperatures of the diatomic species due to rapid energy transfer from vibrationally excited

molecules to electrons in superelastic collisions [18-20],
CO(W)+e () > CO(v—-Av)+e (e+Ag), (12)

N,(v)+e () > N,(v—-Av)+e (e +Aeg). (13)
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In the present work, we assume the average electron energy in the optically pumped plasma to be about
€ ~0.2 eV, which is close to the maximum measured vibrational temperature in optically pumped 1 atm
air [15]. This gives the collision frequency of Ve=5-10'2 s at P=1 atm, T=300 K. In the e-beam

sustained plasma, the average electron energy is € ~0.03 eV, and the collision frequency is Vo=2- 10" s

! The collision frequency scales with the gas number density. Summarizing, the electron densities in the

mod iffed
e

baseline

electron beam sustained plasma, n, , are evaluated

, and in the optically enhanced region, n

from Egs. (10) and (11), respectively.

Fig. 4 shows time resolved measurements of the electron density during and after a 5 usec e-beam
pulse with and without optical pumping in CO seeded air at P=0.5 atm. A very fast rise and decay of the
purely e-beam sustained plasma can be seen. The recorded rise and decay time is limited by the rise and
decay time of the electron beam itself of ~ 200 nsec. The trace with the laser on comprises, as mentioned
before, contributions from two plasma regions with very different characteristics. Fig. 5 illustrates how
the equilibrium e-beam excited region and the nonequilibrium e-beam/laser excited region contribute to
the overall signal recorded by the microwave system. The overall signal consists of an initial fast rise of
the electron density in the e-beam sustained region outside of the laser pumped region when the e-beam is
turned on. Due to strong electron attachment and recombination the steady state electron density in this
region is relatively low, on the order of 10" electron/cm’, as determined from Eq. (10). The further rise of
the overall signal after this initial rise is due to the continuing electron build-up in the e-beam ionized /
laser excited region. In this region the overall electron loss rate becomes very low and even at the end of
the e-beam pulsed the electron density has not reached a steady state, i.e. the electron loss rate has not
reached the electron production rate. Similar to the signal evolution after the e-beam was switched on,
switching off the e-beam is followed by an initial very fast decay of the overall signal due to the
contribution from e-beam sustained plasma outside of the laser excited region. After this the plasma
outside of the laser excited region is fully decayed and the observed slow decay of the microwave
attenuation signal is solely due to the slowly decaying plasma in the laser excited region. The electron
density in this final decay has to be determined according to Eq. (11).

Fig. 6 shows the electron density decay in the laser excited region of a 1 atm air plasma seeded
with 5% of CO following a 30 psec e-beam pulse. The e-beam was operated at an initial electron gun
energy of 60 keV that decreased to ~30 keV due to losses in the beam window. The beam current behind
the window was about 5 mA. The laser power absorbed in the e-beam plasma was approximately 1 W. In
order to determine an upper limit (disregarding attachment) of the electron recombination rate § in this
plasma a recombination dominated electron density decay, ne=n/(1+nBt) [1], was fitted to the

measurement. The obtained recombination rate B=1.6x10"7 cm*/sec is one order of magnitude smaller than
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the rate B=2x10" cm?/sec in cold e-beam sustained air plasma without vibrational disequilibrium [21].
This recombination rate agrees well with our earlier results in purely optically pumped CO/N,/O, plasmas
[11]. This indicates that vibrational excitation of the diatomic species can significantly reduce the electron
recombination rate in cold high-pressure air plasmas.

The fit of the electron recombination rate shown in Fig. 6 agrees very well with the experimental
data and therefore does not suggest significant contributions from other electron loss processes, most
notable electron attachment to O,. Nevertheless, since attachment is usually the dominant electron
removal process in cold high-pressure air plasmas, an upper limit of the effective electron attachment rate,
ker=2./[0,]°, was determined by fitting a purely attachment caused electron density decay, ne=ne exp(-2esr
t), to the data of Fig. 6. This is shown in Fig. 7. Although the inferred effective attachment rate,
ke=2.3x10**cm%sec is an upper limit due to the neglect of electron loss by recombination it is three
orders of magnitude smaller than the attachment rate in 1 atm equilibrium cold air, k,=2.5x10cms.
This suggests that electron attachment to O, in vibrationally excited cold air plasmas is very strongly, if
not totally, mitigated. A fit of the experimental decay trace to the theoretical electron density decay curve
with both recombination and attachment incorporated is expected to somewhat improve the accuracy of
the inferred recombination and attachment rates.

The electron densities achieved within the 2 mm diameter e-beam ionized / CO laser excited
region of CO-seeded air, determined from Eq. (11), are ne’="4-1012 cm” at P=0.5 atm and ne§2~1012 cm? at
P=] atm. The plasma power budget at P=1 atm, which includes only the recombination and attachment

losses, is Q=2 W/em?®. If the electron density in increase to ne=10"> cm?, the recombination/attachment

power budget would increase up to Q= 40 W/cm’®. Taking into account the e-beam ionization efficiency

(=50%) and the CO laser power required to sustain vibrational disequilibrium (5-10 W/em®) would
increase the power budget up to Q=10 W/cm® at n=2-10"> cm” and Q= 90 W/em® at n=10" cm”.
Further plasma power budget reduction can only be achieved by further reducing the electron-ion
recombination rate below the currently achieved value of B=1 6x107 cm’/sec.

The optical pumping approach used in the present work to reduce the electron recombination rate
and especially the attachment rate in high-pressure air plasmas has a distinct advantage over equilibrium
gas heating. Indeed, if the CO-air mixture excited by a CO laser up to a vibrational temperature of
T,=2000 K completely relaxes, the gas mixture temperature would increase by only about AT=250 K.
Note that equivalent mitigation of electron attachment to oxygen in equilibrium high-temperature air

would require gas heating by up to about AT=2000 K.

4. Summary
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Time resolved electron density measurements in electron beam sustained cold atmospheric pressure
air plasmas were used to study the effect of vibrational excitation of the diatomic air species on electron
removal processes, notably dissociative recombination and attachment to O,. Vibrational excitation of the
diatomics was efficiently produced by optical pumping of CO seeded into the air and subsequent
vibration-vibration energy transfer within the CO vibrational mode and from the CO to O, and N,. From
the electron density decay after an e-beam pulse upper limits for the electron recombination rate and the
electron attachment rate in these plasmas were determined. Compared to equilibrium cold air electron
recombination and electron attachment in vibrationally excited cold air were found to be reduced to
B=1.6x10"7 cm’/sec and ke=2.3x102cm%sec, i.e. by one and three orders of magnitude, respectively.

Since the three-body electron attachment to oxygen molecules is by far the most rapid mechanism of
electron removal in cold, high-pressure air plasmas, reduction of the attachment rate together with the

reduction of the dissociative recombination rate greatly reduces the plasma power budget.
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Figure 1. Schematic of the electron beam and laser setup.
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Figure 2. Schematic of the plasma cell.

3000

2500

N
(=3
[=}
o

Temperature (K)
S o
(=] (=]
(=] (=]

500

e Py T TV o e -

-2 -1 0 1 2
Position (mm)

Figure 3. Radial dependence of vibrational and translational temperatures in optically pumped
air at 1 atm [16].
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Figure 4. Time resolved measurements of microwave signal absorption during and after a Susec e-beam
pulse with and without optical pumping in CO seeded air at p=0.5 atm.
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Figure 5. Illustration of how the e-beam ionized region and the e-beam ionized / laser vibrationally
excited region contribute to the overall electron density signal recorded by the microwave system. Note
the different scales on the n.-axes.
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Figure 6. Electron density decay in 1 atm of optically pumped CO seeded air following a 30 usec e-beam

pulse. The e-beam was operated at an initial electron gun energy of 60 keV that decreased to ~30 keV due
to losses in the beam window.
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Figure 7. Electron attachment rate in 1 atm of CO seeded optically pumped air determined from the
electron density decay. The e-beam was operated at an initial electron gun energy of 60 keV that
decreased to ~30 keV due to losses in the beam window. The top trace is with the laser pumping on, the
bottom trace is without laser pumping. The electron density was determined from Eq. (10), i.e. the
electron density averaged over the entire e-beam sustained region is shown.
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11. MITIGATION OF ELECTRON ATTACHMENT AND RECOMBINATION IN

ATMOSPHERIC PRESSURE AIR PLASMAS
Peter Palm, Elke Plonjes, Igor V. Adamovich, and J. William Rich

This section presents experimental data and kinetic modeling quantifying the effect of vibrationally
driven mitigation of electron-ion recombination and electron attachment in electron beam sustained
atmospheric pressure dry air plasmas. We present time-resolved electron density measurements in e-beam
excited air plasmas accompanied by kinetic modeling of the electron production and removal processes.
Nonequilibrium vibrational excitation is maintained by optical excitation of carbon monoxide, a few
percent of which is seeded into the air, using a carbon monoxide laser and subsequent vibration-vibration
energy transfer to oxygen and nitrogen. The experimental results are consistent with a model that assumes
rapid vibrationally induced detachment of electrons from O, and vibrationally induced heating of the
electrons to temperatures on the order of 5000 K, thus effectively mitigating the effect of electron

attachment and electron-ion recombination, respectively.

1. Introduction

Sustaining large-volume plasmas in atmospheric pressure air presents an extremely challenging
problem. Among the most critical technical issues that have to be addressed to resolve this problem are
the plasma power budget and stability. Numerous aerospace applications such as supersonic flow control,
supersonic combustion control, and nonequilibrium MHD propulsion require an ability to initiate and
sustain large volume (~1 m’), relatively cold (T<2000 K) diffuse plasmas in atmospheric air, with
electron density up to n,~10" cm™. For these applications, a power budget of the order of 1-10 MW/m® is
desired.

The simultaneous requirement of electron densities of 10" cm™ and gas temperatures at or below
2000 K represent a strong departure from thermodynamic equilibrium, and rule out the use of purely
thermal plasmas, such as high temperature arc discharges, to achieve this result. Electron beams are
identified as having the lowest power budget among all nonequilibrium ionization methods [Ada00,
Mac00, Mac99]. Further, an external ionization source mitigates another principal difficulty known to
exist in high-pressure discharges at large current densities. The well-known glow-to-arc-transition, with
subsequent plasma thermalization, can be significantly delayed or avoided altogether.

Even using an efficient ioniziation source the power budget required to sustain a relatively cold
air plasmas is huge (>1 GW/m’). This is predominantly due to rapid attachment of electrons to oxygen
molecules. Consequently, reduction of the air plasma power budget mandates mitigation of electron

attachment and, for further power reduction, lowering of the electron-ion recombination rate.
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2. Experimental

Figs. 1 and 2 show schematics of the experimental setup. An electron gun (Kimball Physics
EGH-8101) generates an electron beam with an energy of up to 80 keV and a beam current of up to 20
mA. The electron gun can be operated continuously or pulsed. From the high vacuum section inside the
electron gun the electron beam passes through an aluminum foil window into a plasma cell that can be
pressurized up to atmospheric pressure. About half of the electron beam energy is lost in the window.
Pulsed operation of the electron gun at a low duty cycle prevents overheating and failure of the window.
In the electron gun the electron beam has a relatively small divergence that increases significantly (~90°
full angle) due to scattering in the foil window. The electron gun is typically operated at beam energy of
60 keV. A slow gas flow is maintained in the cell to provide flow convective cooling and to remove
chemical products. The residence time of the gas mixture in the cell is on the order of a few seconds.

Perpendicular to the e-beam axis a CO laser beam can be directed into the e-beam excited plasma.
The laser is used to vibrationally excite the diatomic plasma constituents. The liquid nitrogen cooled CO
laser [Plo00] produces a substantial fraction of its power output on the v = 10 fundamental band
component in the infrared. In the present experiment, the laser is typically operated at ~10 W c.w.
broadband power on the lowest ten vibrational bands. The output on the lowest bands (1—0 and 2—1) is
necessary to start the optical absorption process in cold CO at 300 K, which constitutes ~5% of the gas
mixture in the cell. The laser beam is focused by a 250 mm focal distance lens to a focal area of ~0.5 mm
diameter to increase the power loading per CO molecule, producing an excited region ~5 cm long.

The electron density in the e-beam sustained plasma is measured by microwave attenuation. The
microwave measurement apparatus consists of an v=40 GHz oscillator, a transmitting and receiving
antenna/waveguide system, oriented perpendicular to the e-beam and laser (Fig. 2), and transmitted
microwave power detector. The receiving waveguide is positioned directly opposite the transmitting
waveguide, with the e-beam plasma located between them (Fig. 2). The MW detector produces a DC
voltage proportional to the received microwave power. From the relative difference of the transmitted
power with and without a plasma the attenuation of the microwave signal across the plasma is
determined.

With laser excitation, the lower (v<10) vibrational levels of CO, seeded into the gas mixture, are

populated by direct resonance absorption of the CO laser radiation,

CO(v-1) + hv = CO(V) (1)
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in combination with the much more rapid redistribution of population by the intramode vibration-to-

vibration (V-V) exchange processes,
CO(v) + CO(w) — CO(v-1) + CO(w+1)  (v<w) 2)

These V-V processes then continue to populate the higher vibrational levels of CO above §=10,
which are not directly coupled to the laser radiation. At the same time, the intermode V-V exchange
processes,

CO(v) + Np(w) — CO(v-1) + Ny (w+1) (3)
CO(v) + Ox(w) — CO(v-1) + Oy (w+1) 4)

populate the vibrational levels of nitrogen and, due to the smaller vibrational quanta, preferentially to
oxygen molecules. Therefore, in the laser-excited region, the concentrations of the vibrationally excited
CO, 0O,, and N, molecules is very high. Indeed, our previous experiments in high-pressure optically
pumped plasmas [Plo00b, Lee01, Lem00] showed that in atmospheric pressure air seeded with 4% CO,a
10 W c.w. CO laser can sustain fairly high vibrational temperatures of all three major diatomic species,

TJ(C0)=2700 K, T,(02)=T,(N2)=1900 K, while keeping the gas temperature low (see also Fig. 4).

3. Results and discussion

V A reduction of the electron removal rates (i.e. the electron-ion recombination rate and/or the
electron attachment rate) in the vibrationally excited region should manifest itself in two experimental
observations:(i) the steady-state electron density reached after an electron beam pulse is turned on should
rise, and (ii) the electron density decay after the beam is turned off should become slower. In the present
experiment, the average electron density in the e-beam sustained plasma is inferred from microwave

attenuation measurements using the following relation [Pal01a],
n,"*4"*= (meceo/e’) Veor (8V/V)- 1/D )

where V.o is the electron-neutral collision frequency, SV/V=(V rans-Vinc)/ Vinc is the relative attenuation
factor in terms of the forward power detector voltage proportional to the incident and the transmitted
microwave power, and D=0.8 cm is the size of the ionized region along the microwave signal propagation

(see Fig. 2). Note that Eq. (5) assumes a uniform ionization across the plasma.
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A CO laser beam propagating across the electron beam sustained plasma creates a cylindrically
shaped vibrationally excited region of d=2 mm diameter (see Fig. 2). The analysis of the microwave
absorption measﬁrements in electron beam sustained plasmas enhanced by laser excitation is somewhat
complicated by the fact that at the present time the plasma volume affected by a focused CO laser, is
considerably smaller than the volume ionized by the electron beam. For this reason, Eq. (5) should be
modified to take this effect into account. If one assumes that the electron removal rate modification due to
vibrational excitation is significant, and that consequently the electron density in the optically pumped

baseline

region, n, "% s much higher than in the e-beam ionized region, n, , Eq. (5) becomes

nemdfd= (meceg/e? Ve (BV/V) Wi(nd*/4) )

where W=0.33 cm is the width of the waveguide perpendicular to the laser beam axis. In addition,
inference of the electron density should account for the change of the electron-neutral collision
frequency, Ve, in the vibrationally excited plasma, which primarily depends on the electron temperature.
In the present paper, the dependence of the collision frequency on the average electron energy is
calculated by solving the coupled master equation for the vibrational level populations of CO, N, and O,,
and Boltzmann equation for the secondary (low-energy) plasma electrons [Ada98]. In the laser excited
plasma, the electron temperature is strongly coupled to the vibrational temperatures of the diatomic
species due to rapid energy transfer from vibrationally excited molecules to electrons in superelastic
collisions [Ale78, Ale79, Ada97). In the present work, we assume the average electron energy in the
optically pumped plasma to be about 5000 K, which is higher than our earlier estimates of ~ 2300 K (i.e.
the vibrational temperature) but in good agreement with the modeling calculations and recent Langmuir
probe measurement in laser pumped plasmas [Plo02]. This gives a collision frequency of Veq=6.1-10" s
in air at p=1 atm and T=560 K. In the purely e-beam sustained plasma, the average electron energy is
~300 K, and the collision frequency is Veg=1.1:10" s at p=1 atm and T=300 K. Summarizing, the
electron densities in the electron beam sustained plasma and in the laser enhanced region are evaluated
from Egs. (5) and (6), respectively. |

The experimental results are compared with a kinetic model of the electron production, electron
removal, and charge transfer processes in the investigated air plasmas. The model takes into account rates
for electron production by the e-beam, S, electron-ion recombination, B, 3-body ion-ion recombination kg,
electron attachment in 3-body collisions to O, kaoz’ and to Ny, k., electron detachment from O, in
collisions with O, kdm, and in collisions with N,, ks"°. Electron densities, n,, positive ion densities, n’,

and O, densities are calculated integrating the differential equations
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dng/dt =S - k,°? n. [0,] - k' ne [02][N2] - B nen” )
+ k¢ 1, [027][05] + kd'* e [027][N2]

d[0;)/dt = k%% n [0+ ko' ne [02][N2] - k [0z n" N @)
- ka2 0 [02][02] - kd' e [027][N2]

dn*/dt=S-Bn.n" - kg [0 ]n". 9)

In a first step, modeling results are fitted to the time resolved electron density in 1 atm of pure N;
after a 20ps e-beam pulse. Fig. 4 shows the electron density measurement and the calculated electron
density that best agrees in peak electron density and electron density decay. From the fit we obtain an
electron production rate of S=2.7x10"%cm?s" and, since the decay in N, is dominated by electron-ion
recombination, the effective dissociative electron-ion recombination rate for our e-beam ionized N,
plasma. The determined recombination rate B=0.9x10" cm’s™' lies between the known recombination rates
for the expected dominant ions N, (B=2x10" cm’s™) and N, ([3=2x10'6 cm’s"). Consequently, the
measurement suggest that about 50% of the positive ions in the plasma are the faster recombining N, that
is produced in a conversion reaction.

Electron density measurements in the laser excited part of the e-beam plasma are somewhat more
uncertain than measurements in purely e-beam sustained plasmas. This is due to i) the uncertainty in the
diameter d of the laser excited region (see Eq. 6), ii) the uncertainty in the translational temperature in the
laser excited region, and iii) the uncertainty in the electron temperature T, in the laser excited region.
From the size of the visible glow of a laser excited No/CO plasma at p=1 atm and from earlier Raman
spectroscopic measurements [Lem00] the diameter of the laser excited region was estimated to be d=0.2
cm. The translational temperature in the laser region was measured spectroscopically from a Boltzmann
plot of the infrared emission intensities of CO 1—0 R-branch lines. For 1 atm of air seeded with 5% CO
and optically excited by a 10 W CO laser the temperature was found to be 560 K.

Fig.5 shows the measured electron density assuming d=0.2 cm and T,=5000 K and a calculated
electron density pulse in N, at T=560 K. Assuming identical electron production rates in 1 atm of air and
1 atm of N, the slope of the initial electron density rise in laser excited air should be identical to the slope
in N,. Very good agreement is achieved by changing the diameter of the laser excited region in Eq. 6
from d=0.2 c¢m to d=0.185 cm, also shown in Fig. 5. The signal to noise ratios for electron density

measurements in the laser excited region are much lower than purely e-beam excited plasmas. This is

203




caused by the much smaller size of the laser excited region and the consequently lower MW attenuation.
In fact, a microwave attenuation measurement in the laser excited region is always accompanied by a
measurement in the surrounding, purely e-beam excited region (Fig.6).

Fig.7 shows the calibrated electron density pulse from Fig.6 together with a calculated pulse in N,
at T=560 K and the assumed T,=5000 K. Both traces appear to be in very good agreement. Most notably,
the decay of the electron density in laser excited air is equally slow as in Ny, i.e. attachment of electrons
to O, does not seem to be a relevant process in vibrationally excited air. The importance of attachment to
oxygen in cold equilibrium air can be seen in the dashed trace in Fig.7 showing the corresponding
electron density measurement without laser excitation. Note the 200 fold higher peak electron density in
laser excited air (7.9x10' lem/4.4x10°cm™).

As mentioned before, the CO laser excited air plasma is in a very strong vibrational
nonequilibrium. The vibrational temperature of the diatomic species exceeds the translational temperature
by at least a factor of 4. Nevertheless, the fraction of molecules in excited vibrational states is still small
compared to the population of the vibrational ground state. Therefore, the apparent complete mitigation of
electron attachment to oxygen in vibrationally excited air cannot be caused by a vibrationally induced
modification of the attachment rate itself because the ground-state O, molecules (>50%) would still be
exhibiting the full attachment rate, i.e. the total attachment rate could only be reduced by less than 50%.
Consequently, the vibrational excitation has to be acting on the electron detachment side. On the other
hand, the detachment rate shows a strong temperature dependence which raises the question of whether
the observed effect might be due to the temperature rise (300 K — 560 K) associated with the optical
excitation of our air plasma.

Fig. 8 shows the experimental electron density in a 30 psec e-beam pulse in p=1 atm air at
slightly higher beam current than in Fig 7. The modeling calculation, assuming $=0.5x10"%cms”,
B=2x10"cm’s”, k,0=2.5x10%cm®s!, k,?=0.16x10%%m’s", k,=2.2x10"%em’s”, ky"*=1.8x10’cm’s",
kr=1.55x10%cm’s™" [Rai91] and T=300K shown also in Fig. 8 agrees well with the experimental data.
The two other traces in Fig. 8 show the calculated electron densities taking into account modified electron
detachment, and electron-ion recombination rates due to increased electron and translational
temperatures. The modified rates for increased translational temperature only and increased translational
and electron temperature used are B=1.5x10'6cm3s", k0%=2.2x10"em’s ™, de2=1.8x10'”’cm3s", and
]3=6.3x10'7cm3s", kd°2=2.2x10'”cmjs", de2=1.8x10"6cm3s", respectively [Rai91]. It can be seen that the
change of electron and translational temperatures associated with the laser excitation would not produce a
very strong effect on the electron density (x2) and the plasma decay time. Therefore, the strong effect
observed in the experimental data with laser excitation can be attributed to the vibrational excitation, not

temperature effects.
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Fig. 9 shows calculated electron densities for the conditions of Figs. 4,5,7 using hugely increased
electron detachment rates. Increase of the detachment rates by 5 orders of magnitude fully mitigates the
effect of attachment and the calculated trace for laser excited air practically coincides with the calculated
trace for N,. The change of the electron-ion recombination rate from B=0.9x10° cm’s™ to p=2.2x107 is
due to the increase of the electron temperature from T.=300 K in cold gas to T,=5000 K in the
vibrationally excited gas.

~ In Fig. 10 the calculated number densities for the negatively charged species €"and O, are shown.
Due to attachment, the dominant negative species in cold air is O,, whereas in vibrationally excited air
the O, population is insignificant (<2x10° cm) and the dominant negative species is ¢". Note the higher
total number density of charged species in vibrationally excited air which is due to the reduced ion-ion
recombination channel.

The experimental results and modeling calculations are consistent with the following hypothesis
for the effect of vibrational excitation on electron attachment to oxygen and electron-ion recombination in
electron beam sustained atmospheric pressure air plasmas: i) since the electron affinity of O, is only
about 0.4 eV [Rai91], vibrational excitation of O, to vibrational levels v22 can provide sufficient energy

for the detachment of the attached electron
Oy (v22)[+M] > 0O +te [+ M] (10)

while charge transfer from O, to vibrationally excited oxygen is sufficiently rapid to make this process
very efficient and ii) superelastic collisions of the initially cold secondary electrons produced by the
electron beam with highly vibrationally excited molecules increase the electron temperature significantly
to T.~5000 K which reduces the electron-ion recombination rate.

The overall influence of these effects on the plasma power budget can be estimated as follows. In
cold air plasmas the dominant electron removal process is attachment to oxygen. The minimum power
budget (assuming 100% ionization efficiency) to sustain a cold air plasma with an electron density of
n=10"cm™ is therefore given by Pa=Eionka[Oz]2. For an average ionization energy in air of E;,;=14 eV this
gives P;=1.4 kW/cm’=1.4GW/m’. In the case of vibrationally excited air, the electron loss by attachment
is replenished by detachment of electrons from O, instead of O, in the case of cold air. With an electron
affinity of Egu~0.4 éV the minimum power budget to overcome attachment decreases to
P,=Eguk,[0,]’=40 W/cm® at T=300 K or P,=10 W/cm’ at the reduced gas density at T=560 K. In case of
mitigated attachment the main electron removal process in an electron beam sustained air plasma is

dissociative electron-ion recombination. The minimum power budget to overcome recombination is given
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by Prcc=Ei0ancz. With an electron-ion recombination rate of lexlO'(’ cm’s”! we obtain P.=225 W/em’,
With the measured recombination rate in vibrationally excited air, B=2x10" cm’s”’, the minimum power
budget to overcome recombination decreases to Py.=45 W/cm’. This, of course, does not yet include the

efficiency of the laser excitation process and the efficiency of the electron beam ionization process.

4. Summary

Time-resolved electron density measurements in electron beam sustained cold atmospheric pressure
air plasmas were used to study the effect of vibrational excitation of the diatomic air species on electron
removal processes, notably dissociative recombination and attachment to O,. Vibrational excitation of the
diatomics was produced by laser excitation of CO seeded into the air and subsequent vibration-vibration
energy transfer within the CO vibrational mode and from the CO to O, and N,. The experimental results
are consistent with a model that assumes rapid vibrationally induced detachment of electrons from O, and
vibrationally induced heating of the free electrons to temperatures on the order of T,~5000 K, thus
effectively mitigating the effect of electron attachment and electron-ion recombination, respectively. The
theoretical minimum power budget to overcome attachment and recombination in our vibrationally
excited air plasmas was found to be approximately 50 W/cm® which represents a significant reduction

compared to almost 2000 W/em® in cold equilibrium air.

References

[Ada97] 1.V. Adamovich and J.W. Rich, "The Effect of Superelastic Electron-Molecule Collisions on
the Vibrational Energy Distribution Function", Journal of Physics D: Applied Physics, vol. 30,
No. 12, 1997, pp. 1741-1745

[Ada98] LV. Adamovich, J.W. Rich, and G.L. Nelson, "Feasibility Study of Magneto-hydrodynamics
Acceleration of Unseeded and Seeded Air Flows", ATAA Journal, vol. 36, No. 4, 1998, pp.
590-597

[Ada00] 1.V. Adamovich, J. W. Rich, A.P. Chemukho, and S.A. Zhdanok, "Analysis of the Power
Budget and Stability of High-Pressure Nonequilibrium Air Plasmas", Paper 00-2418, 3 1"
Plasmadynamics and Lasers Conference, Denver, CO, June 19-22, 2000

[Ale78] N.L. Aleksandrov, A.M. Konchakov, and E.E. Son, Sov. J. Plasma Physics, Vol. 4, 1978, p.

169

[Ale79] N.L. Aleksandrov, A.M. Konchakov, and E.E. Son, Sov. Phys. Tech. Phys., Vol. 49, 1979, p.
661

[Bas79] Basov, N.G., Babaev, L.K., Danilychev, V.A., et al., Sov. Journal of Quantum Electronics, vol.
6, 1979, p. 772

206



[Gen75] Generalov, N.A., V.P. Zimakov, V.D. Kosynkin, Yu.P. Raizer, and D.I. Roitenburg, Technical
Physics Letters, vol. 1, p. 431, 1975

[Kov85] A.S.Kovalev, E.A. Muratov, A.A. Ozerenko, A.T. Rakhimov, and N.V. Suetin, Sov. J. Plasma
Physics, Vol. 11, 1985, p. 515

[Lee01] W. Lee, 1.V. Adamovich, and W.R. Lempert, "Optical Pumping Studies of Vibrational Energy

Transfer in High-Pressure Diatomic Gases", Journal of Chemical Physics, vol. 114, No. 3,
2001, pp. 1178-1186

[Lem00] W.R. Lempert, W. Lee, R. Leiweke, and V. Adamovich, "Spectroscopic Measurements of
Temperature and Vibrational Distribution Function in Weakly Ionized Gases", Paper 00-2451,
presented at 21% AIAA Aerodynamic Measurement Technology And Ground Testing
Conference, Denver, CO,19 - 22 June 2000

[Mac99] S.0. Macheret, M.N. Shneider, and R.B. Miles, AIAA Paper 99-3721, 30™ AIAA
Plasmadynamics and Lasers Conference, Norfolk, VA, June 28 - July 1, 1999

[Mac00] S.O.Macheret, M.N. Shneider, and R.B. Miles, "Modeling of air plasma generation by electron
beams and high-voltage pulses", AIAA Paper 2000-2569, 31st AIAA Plasmadynamics and.
Lasers Conference, Denver, CO, June 19-22, 2000

[Mae91] H. Maetzing, "Chemical Kinetics of Flue Gas Cleaning by Irradiation with Electrons”, Adv. in
Chem. Phys., vol.80, pp. 315-40

[Mos99] T. Mostefaoui, S. Laube, G. Gautier, C. ebrion-Rowe, B.R. Rowe, and J.B.A. Mitchell, J.
Phys. B: At. Mol. Opt. Phys., Vol. 32, 1999, p. 5247

[PalOla] P.Palm, E. Plénjes, M. Buoni, V.V. Subramaniam, and L.V. Adamovich, "Electron Density and
Recombination Rate Measurements in CO-Seeded Optically Pumped Plasmas”, Journal of
Applied Physics, vol. 89, 2001, pp. 5903-5910

[Pal01b] Peter Palm, Elke Plonjes, Igor V. Adamovich, Vish V. Subramaniam, Walter R. Lempert, and
J. William Rich, "High pressure air plasmas$ sustained by an electron beam and enhanced by
optical pumping”, AIAA-Paper 2001-2937, 32nd AIAA Plasmadynamics and Lasers
Conference, 11-14 June 2001, Anaheim, CA

[Plo00a] E. Plonjes, P. Palm, A.P. Chernukho, 1.V. Adamovich, and J.W. Rich, Chem. Phys., vol. 256,
2000, p. 315

[Plo00b] E. Ploenjes, P. Palm, W. Lee, M. D. Chidley, LV. Adamovich, W.R. Lempert, and J. William
Rich, "Vibrational Energy Storage in High-Pressure Mixtures of Diatomic Molecules",

Chemical Physics, vol. 260, 2000, pp. 353-366

207



[Plo01] E. Ploenjes, P. Palm, W. Lee, W.R. Lempert, and 1.V. Adamovich, "RF Energy Coupling to
High-Pressure Optically Pumped Nonequilibrium Plasmas", Journal of Applied Physics, vol.
89, No. 11, 2001, pp. 5911-5918
[P1002] E. Plénjes, P. Palm, I.V. Adamovich, J.W. Rich, "Characterization of Electron- Mediated
Vibration-Electronic (V-E) Energy Transfer in Optically Pumped Plasmas Using Langmuir Probe
Measurements", AIAA-Paper 2002-2243, 33rd AIAA Plasmadynamics and Lasers Conference,
20-23 May 2002, Maui,Hawaii
[Rai91] Raizer, Y.P., "Gas Discharge Physics", Springer-Verlag, Berlin, 1991

208



Figures

electron gun

plasma cell

"~ optically excited region

CO laser

Figure 1. Schematic of the electron beam and laser setup
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Figure 2. Schematic of the plasma cell.
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Figure 3. Translational temperature in vibrationally excited air at 1 atm measured by Fourier transform
emission spectroscopy.
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Figure 4. Measured and calculated electron densities during and after a 204s e-beam pulse in 1 atm N,. In
the calculation the electron production rate k; and recombination rate B were chosen to best fit the
measurement.
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Figure 5. Measured electron densities in 1 atm of laser excited, CO seeded air before and after calibration
by comparison with N,. Assuming identical electron production rates in 1 atm of air and 1 atm of N, the
slope of the initial electron density rise should be identical for air and N,. Very good agreement is
achieved by changing the diameter of the laser excited region from d=0.2 cm to d=0.185 cm (Eq. 6).
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Figure 6. Illustration of how the e-beam ionized region and the e-beam ionized / laser excited region
contribute to the overall electron density signal recorded by the microwave system. Note the different
scales on the n.-axes.
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Figure 7. Measured electron density pulse in 1 atm of vibrationally excited air compared with calculated
electron density in N,. In strong contrast to a plasma in cold equilibrium air (dashed line) vibrationally
excited air does not seem to exhibit any electron attachment to O,, i.e. peak electron density and plasma
decay in vibrationally excited air seem to be purely caused by electron-ion recombination.
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Figure 8. Comparison of experimental data and kinetic modeling for different translational and electron
temperatures.

212



e N 1 L B A B R
Be+ll- ' S60K s 7
L == Air, T=560 K, T,=5000 K, k =k, x 10", calc. -
Te+ll — Air/CO + Laser, T=560 K, experiment —
- N, T=560 K, T.=5000 K, B=2.2x10"7 em’fs, calc.|
e+l -
Se+l |- =
E detli— |
=’ 3 E
e+l |- —
2e+l1 —
le+ll|- T Ry -
O —
B 1 1 | 1 | L | 1 i ) ] | { s

-2e-05 0 2e-05 4e-05 6e-05 8e-05 0.0001

t[s]

Figure 9. Experimental and calculated electron densities for the conditions of Figs. 4,5,7 using hugely
increased electron detachment rates. Increase of the detachment rates by 5 orders of magnitude fully
mitigates the effect of attachment and the calculated trace for laser excited air practically coincides with
the calculated trace for N,.
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Figure 10. Calculated number densities for the negatively charged species e and O,". Due to attachment,
the dominant negative species in cold air is Oy, whereas in vibrationally excited air the O,” population is
insignificant (<2x10° cm’) and the dominant negative species is ¢". Note the higher total number density
of charged species in vibrationally excited air which is due to the
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12. SPECTRALLY FILTERED RAMAN/THOMSON SCATTERING USING A
RUBIDIUM FILTER

Wonchul Lee and Walter R. Lempert

A new spectrally filtered light scattering apparatus is presented based on a diode laser injected
seeded titanium:sapphire laser and rubidium vapor filter at 780 nm. It is shown that the realizable
attenuation of quasi-elastically scattered light, limited by a residual broad spectral line width, unseeded,
component to the laser output, is as high as 5 X 10° using the laser system alone. Preliminary
measurements incorporating a set of dispersing prisms and a stimulated Brillouin scattering Phase
Conjugate Mirror external to the laser appear to provide additional extinction. The utility of the system
for measurement of electron density and temperature by Thomson scattering is demonstrated in a 30 torr
argon dc discharge. At 100 mamps current an electron density of 5.52 X 10" cm” is measured on the
discharge center line with a 20 value of statistical uncertainty equal to 1.2 x 10'2 cm™. The corresponding

electron temperature is 1.26 £ 0.05 eV.

INTRODUCTION

Recent advances in solid state laser technology have enabled a variety of new optical diagnostic
techniques based on the use of atomic/molecular vapor filters as narrow bandwidth “notch” filters and/or
as spectral discriminators'?. In this paper we present new results obtained using a rubidium vapor filter
in combination with a diode laser injection- seeded, narrow spectral bandwidth titanium:sapphire laser at
780 nm. The emphasis is to demonstrate the utility of the system for low wave number inelastic
scattering diagnostics, such as pure rotational Raman and/or Thomson scattering. The laser system, based
on that developed by Mouiton and Rines,” and essentially identical to that previously used for filtered
scattering diagnostics by Finkelstein, et al.*, and Zaidi, et al.’, consists of the following basic components.
The second harmonic output of a commercial Q-switched Nd:YAG laser is used as a pump source for a
bread board ti:sapphire laser, which is injection-seeded using a single frequency external cavity diode
laser. The principal differences between this laser system and that reported by Finkelstein is the use of
the diode laser seed source, which substitutes for an argon-ion pumped continuous wave ti:sapphire ring
laser, and the use of injection seeding, as opposed to injection locking. This results in a significant
decrease in cost and complexity, but has some disadvantages, which will be discussed in subsequent
sections. The system is also conceptually similar to that recently described by Bakker, et al®, who
obtained Thomson scattering spectra in a glow discharge by combination of a grazing incidence dyevlaser
with a sodium vépor filter. This system has the advantage that the laser is readily available commercially

and is relatively simple. The filter, however, is somewhat more complex.
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The above cited pulsed Raman/Thomson scattering systems are also similar, conceptually, to
previously reported Raman systems which pair an alkali vapor filter with continuous wave lasers such as

ti:sapphire’, or semiconductor diode®.

EXPERIMENTAL

Figure 1 shows a schematic diagram of the filtered scattering apparatus. The titanium sapphire
laser cavity is essentially identical to that described in reference 3, but is pumped by the second harmonic
output of a commercial (Continuum Powerlite Precision 8000) 10 Hz repetition rate Q-switched Nd:YAG
laser. The pump laser output of approximately 260 mJ per pulse is split into four parts, each of which
pumps a single surface of one of two ti:sapphire crystals. Each crystal surface is located in the
intermediate field of a 130 cm focal length plano-convex lens (~ 60 cm before the waist), which partially
focuses the ~ 8 mm diameter pump beam to a cross section of ~ 2-3 mm at the crystal surface. An~ 8
mWatt external cavity diode laser (Newport Model 2010) is used for injection seeding, which has been
performed in two configurations, labeled “A” and “B” in Fig. 1. Configuration A, similar to that
described in reference 4, injects the seed laser using the very small (~ 1-2 %) reflection of horizontally
polarized light at near Brewster’s angle from a quartz flat inserted into the cavity. This has the advantage
of simplicity, but poor coupling efficiency. Configuration B couples the seed laser through the cavity
output coupler using a Faraday rotation optical isolator. In some experiments, the output of the injection
seeded laser is externally dispersed using a “prism monochrometer”, identical to that described by
Bakker®, followed by a Stimulated Brillouin Scattering (SBS) phase conjugate cell’. As will be described
in the next section, the purpose of this is to minimize interference from a small residual broad-band, “non-
seeded” component of the laser output. Ignoring this broad band component, the laser output energy is
approximately 60 mJ per pulse, with spectral bandwidth of ~ 150 MHz (corresponding to 1 or 2
longitudinal modes). The individual pulse duration is ~ 30 nsec.

Scattering is 1:1 imaged at 90 degrees using a pair of mirrors and f/4 lenses to rotate the image of
the Raman/Thomson scattering parallel to the entrance slit of an Optical Multichannel Analyzer (OMA)
system, consisting of a 0.25 meter spectrometer and a GEN IV near IR microchannel plate Intensified
CCD camera. Loose focusing of the pump laser (with a 40 cm focal length plano-convex lens) results in a
cylindrical sampling volume 20-50 microns (defined by slit) in diameter by 5 mm in length. According
to manufacturers specifications (which have not been verified), the ICCD has a quantum efficiency of
order 25-30% at 780 nm, which greatly facilitates the scattering diagnostics. The spectrometer is
operated with an input slit of between 20 and 50 microns. A 5 cm path length rubidium vapor cell, heated
to a temperature of 320 °C, is placed in the detection path, between the scattering cell and the OMA. The

vapor cell is quite simple, consisting of a single piece of 25.4 mm diameter quartz containing the
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rubidium, with optical flats fused to each end. The cell is heated by wrapping with standard laboratory
heating tape and is temperature controlled to +/- 1K using a thermocouple (placed on the outside of the
cell) and a simple feed-back controller. To minimize condensation of rubidiu;n vapor on the cell
windows a pair of evacuated 25.4 mm diameter quartz extension tubes are fused to the ends of the cell.
Heating of these tubes minimizes the temperature gradient at the cell windows and, therefore, rubidium
vapor condensation. Some window degradation, presumably due to chemical reaction, is also observed.
After approximately 200 hours of operation at high temperature, the cell transmission was measured to
have dropped from approximately 0.85 (due to Fresnel losses) to approximately 0.50.

Rotational Raman spectra were obtained in a static cell, essentially identical to that used
previously for Q-branch Raman spectra'®. Thomson scattering spectra were obtained in a similar cell to
which a pair of electrodes had been added. The electrodes were 0.25 inch diameter stainless steel rods,
positioned in the center of the cell, separated by a spacing of 1 inch. All spectra were integrated on the

ICCD sensor for a period of between 1 and 10 minutes.
RESULTS AND DISCUSSION

Characterization of System Extinction Without SBS Cell

Figure 2 shows a Fourier Transform transmission spectrum of the rubidium vapor cell at 320 °C,
along with a least squares fit to a simple spectral model of the 5s 281 — S5p ?p,, transition at 780 nm. As
can be seen Fig. 3, which is a calculation of the absorbance, the 780 nm transition is made up of 12
individual components, which result from a combination of hyperfine splitting and natural isotopic
abundances''. While the theoretical absorption of the cell is exceedingly high, with calculated peak
absorbance of ~3.5 x 10°, the realizable attenuation of elastic and/or Rayleigh/Mie scattering is limited, as
reported previously™'>", by the existence of a small, but significant, broad spectral bandwidth (~ 1 nm)
component to the narrow line width titanium:sapphire laser output. It should be pointed out that this
component is not believed to be due to amplified spontaneous emission (ASE). Rather, it is believed to
result from an unlocked component of the output intensity, which, as will be shown bélow, is dependent
upon the injected seed laser power. This view is supported by the observation that insertion of a card
directly in front of the high reflector in the rear of the ti:sapphire cavity completely eliminates the broad
band component. (ie, it requires “lasing” feedback). To evaluate the realizable extinction of
Rayleigh/Mie scattering, a detailed set of measurements have been performed using injection seeding
configurations labeled “A” and “B” in Fig. 1, both with and without incorporation of the dispersing

prisms and SBS cell.
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As a baseline for comparison, Fig. 4a is a scattering spectrum from a static cell of 500 torr of
nitrogen at room temperature, obtained without either injection seeding of the laser or insertion of the
rudidium vapor filter into the detection path. It appears to be a single central component with line width
of 0.56 nm Full Width at Half Maximum (FWHM) representing a convolution of the unseeded laser line
width with the ~ 0.20 nm spectral resolution of the spectrometer. Fig. 4b is a 500 x blow up of the
spectrum in Fig. 4a in which the intensity axis is normalized to the peak of the quasi-elastic Rayleigﬁ/Mie
scattering signal from Fig. 4a. It can be seen that the peak intensity of this central quasi-elastic scattering
signal is a factor of ~ 5000 greater than that for the individual rotational Raman transitions (Note that a
portion of the central scattering component is almost certainly due to stray elastic scattering from
windows and surfaces). Moreover, it should also be noted that at our targeted conditions of ~ 10” cm™
electron density, the peak quasi-elastic Thomson scattering signal will be a factor of approximately
twenty times lower than the peak Raman signal observed in Fig. 4b.

Figure 5 illustrates the attenuation of quasi-elastic scattering which was achieved using injection
seeding alone. (Results obtained incorporating the SBS cell are presented subsequently). Figs 5 a-c
illustrate the results of seeding configuration “A”, in which the circulating seed power within the
ti:sapphire cavity was measured to be ~ 50 - 100 microwatts (1-2% of the seed laser power). Figs 5a and
b are identical to Fig 4a and b, except that injection seeding of the laser has resulted in a considerably
narrowed spectral line width, with apparent FWHM, limited by the spectrometer resolution, of ~ 0.20 nm.
In this case, it can be seen that the peak intensity of the central quasi-elastic scattering signal is a factor of
~ 2000 greater than the peak rotational Raman signal. ng. 5¢ is another identical, similarly normalized
spectrum, except that it was obtained using the rubidium filter. Comparison of Figs. 5b and Sc shows that
the peak relative intensity of the central scattering component is reduced by a factor of ~ 4000 when the
rubidium filter is employed. In addition, it can be seen from Fig. 5c that the residual transmitted central
component has a “hole” in the center, corresponding to the narrow line width absorption cell. It should be
noted that the spectra shown in Fig. 5b and 5c were obtained with a laser pulse energy incident to the
scattering cell of ~ 50 mJ/pulse. The intensity was integrated on the ICCD detector for one minute.

Figure 5d shows the rotational Raman spectrum obtained employing seeding configuration “B”. In
this case, the circulating seed power in the ti:sapphire cavity is increased to ~ 1 mWatt, although the laser
output is reduced by ~ 30% due to transmission losses in the optical isolator. It can be seen that the
relative intensity of the central scattering component has been very greatly reduced, to the extent that it is
difficult to determine from inspection. In fact, the peak residual fractional intensity, measured as
described in a subsequent section (see Fig. 9), is ~ 2 %10 so that the peak rotational Raman intensity is

now ~ 100 times greater than the peak residual, transmitted central component scattering. It should also
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be noted that the relative intensity of the unfiltered central component to which the data in Fig. 5d was
normalized was approximately a factor of greater than that in Fig. Sc.

These results illustrate the well known fact that the spectral purity, P, defined as the ratio of the
narrow band component of the injection seeded laser pulse to the total output, is a strong function of the
circulating seed pulse energy. The injection seeding process is described in detail in Barnes and Barnes,"?

who show that the circulating seed energy required to achieve a given spectral purity scales as

Ever =< {_p (1)

when other factors, such as the spatial and spectral overlap between the seed laser beam and the
ti:sapphire cavity modes, are constant. Clearly, in the limit when P approaches one, the required seed
energy increases rapidly. By the above definition, the spectral purity which we have achieved, employing
seed configuration “B”, is on the order of 0.99998. (Note that we arrive at this number by 1), assuming
that the effective spectral line width of the residual transmitted light, which includes the spectrometer
instrument function, is a factor of ~ 10 greater than that for the seeded light, and 2), that ~ half of the
broad band component is absorbed by the filter). While we have not performed an exhaustive literature
search, this represents, to our knowledge, an improvement of approximately three orders of magnitude
over that reported in references 12 and 13 for cw injection seeding. Due to limits in the seed power of our

external cavity laser system, it is not clear whether (or how close to) a practical limit we have achieved.

Thomson Scattering Spectra

Figure 6 shows a filtered Thomson scattering spectrum obtained from a dc argon “constricted”
glow discharge also obtained without incorporation of the dispersing prisms and SBS cell. The argon
pressure is 30 torr and the discharge current is 100 mamps. The constricted glow is ~ 2-3 mm in diameter
and is stabilized by incorporation of a 500 ohm current limiting ballast resistor in series with the dc
discharge. Approximately 25 % of the total applied 20 Watts is dissipated across the resistor. While this
is somewhat inefficient, it provides a simple means to create a reasonably stable discharge with relatively
high (~ 10" cm™) electron density. Figure 6a shows the exceedingly weak Thomson scattering signal
superimposed upon the relatively large argon spontaneous emission. Despite employing a gated ICCD
camera, it can be seen that the spontaneous emission is many orders of magnitude more intense than the
Thomson signal. This is confirmed in Fig. 6b, which is a 200 x blow-up of the spectrum in Fig. 6a.

Fig. 7 is a least squares fit of the experimental spectrum in Fig. 6b to a simple incoherent

Thomson scattering model. The model assumes a Gaussian scattering spectrum, with Half Width at Half

Maximum, vy, given by:
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(o) = Argo [21n(2)k7; 12857 o
c m,

where T, is the electron temperature in eV units. The model incorporates the measured transmission
profile of the rubidium filter (Fig. 2), convolutes with the measured instrument response function of the
OMA (similar to Fig. 5a), and calibrates the absolute intensity using the known rotational Raman cross
section of 5.4x10° cm?sr for ] = 6 — 8 transition of nitrogen at 488.0 nm * and Thomson scattering
cross section of 5x10%® cm%sr '®. Note that while the Thomson scattering cross section is independent of
wavelength, the rotational Raman cross section has been scaled to 780 nm assuming the well known v
dependence. From this procedure the inferred values of electron number density and temperature are
5.52 x 10" cm™ and 1.26 eV, respectfully. Corresponding values for the potential sensitivity, based on
the statistical uncertainties (20) provided by the least squares fitting procedure'” are 1.2 x 10" cm™ and

0.05eV.

Evaluation of SBS Phase Conjugate Cell

Despite the significant reduction in stray scattering afforded by the rubidium vapor filter, spectra such
as that shown in Fig. 7 are still subject to systematic error due to the small, but finite, non-rejected,
residual stray light. For example, the data displayed in Fig. 7 is what results after subtraction of a small
mean residual stray light component, the peak magnitude of which was measured to be ~ 10% of the net
peak Thomson signal. At relatively high electron density, such as that measured in Fig. 7, the primary
effect of this residual transmitted light is to introduce uncertainty in the inferred value of electron
temperature. In order to assess this, we have altered the mean residual by + 50 % and re-performed the
least squares curve fits. As can be seen from Fig. 8, the fits themselves appear to be equally good as that
displayed in Fig. 7. While there is virtually no effect on the inferred value of electron density, the values
for electron temperature change slightly, by approximately +/- 0.05 eV, which is essentially the same as
the 20 value for the statistical uncertainty.

At lower values of electron density, where the signal is even weaker than that in Fig. 7, residual
stray light is a more significant potential problem. We have performed some preliminary measurements
employing the dispersing prisms and SBS cell to assess the potential to further reduce the residual broad
band component of the seeded laser. This approach is similar to that described in reference 6 except that
the pinhole spatial filter in that system has been replaced by the SBS cell. SBS is often employed to filter

broad band ASE which is superimposed upon the narrow band output of dye and/or solid state lasers'*.
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Its use, however, is based primarily on the increased divergence of the ASE component, which does not
spatially overlap the focused “pump” beam in the SBS cell. (The increased line width of the ASE also
plays a role, albeit a smaller one'). In a similar manner, the purpose of the prisms i~n our apparatus is to
disperse the broad band unlocked component of the ti:sapphire laser so that after focusing into the SBS
cell, its spatial overlap with the narrow band pump (and hence SBS reflection) will be reduced.

Inclusion of the SBS cell with seeding configuration “B”, while reducing the available laser pulse
energy by a factor of approximately, four (due to SBS losses), resulted in filter rejection which was
sufficiently high that it was difficult to measure directly from rotational Raman spectra. However, some
insight can be gained from Fig. 9, which shows the very weak residual transmitted light obtained from an
evacuated cell with very long (10 minute) integration time. Figs. 9a/9b show the residual scattering
without/with, respectfully, incorporation of the SBS cell. As alluded to in the previous section, Fig 9a
shows that the peak residual transmission through the filter is ~ 2 x 10®. While it is difficult to see by eye
in Fig. 9b, the principal effect of the SBS cell is to reduce the line width, and therefore the integrated
intensity, of the residual transmitted light. This can be seen much more clearly in Fig. 10, which is
similar to Fig. 9 except that a small additional quantity of stray scattered light from optical elements has
purposefully been allowed to “leak” into the spectrometer without being transmitted through the rubidium
filter. It can be seen that when the SBS cell is employed, the residual light is spectrally more narrow,
with line width essentially equal to the 0.20 nm resolution of the spectrometer. We conclude that the
effective spectral purity of the entire system, laser and SBS cell, has been further improved to ~0.999998.
We plan future measurements to determine this more accurately.

As a further test of the SBS cell, some preliminary Thomson spectra have been obtained. Figure
11 is a representative spectrum, along with least squares fit, obtained under identical conditions to that of
Figs. 6 and 7 except that the dispersing prisms and SBS cell were employed and the electron density was
lowered to a value of approximately 1.7 x 10" cm™. It can be seen that the signal to noise ratio is reduced
as a result of the factor of approximately four loss in the incident laser beam intensity (discussed above)
and the approximate factor of three decrease in electron density. The least squares fitting procedure
returns a value of 1.69 x 10" +/- 1.4 x 10" (20) cm” and 1.07 +/- .16 eV (20) for the electron number
density and temperature, respectively. '

It is stressed that sources of residual transmitted background signal are still being explored. In
particular, it appears that a significant portion, if not the majority, is from stray light that is scattered from
the numerous optical and other surfaces and is “seen” by the detector without following the principal
imaging path. We have incorporated baffling and other approaches to minimize this, but it is not yet clear
whether its contribution has been completely minimized. Nonetheless, these preliminary results appear to

indicate that the incorporation of the prism-SBS cell does reduce the impact of residual stray light,

220



although this is achieved at the cost of reduced signal levels. We plan to evaluate the utility of the SBS

cell in more detail in the near future, with emphasis on improving the net reflection efficiency.

CONCLUSIONS

A new spectrally filtered light scattering apparatus is presented which incorporates an external cavity
diode laser injected seeded titanium:sapphire laser and an optically thick rubidium vapor filter at 780 nm.
In a detailed set of measurements the realizable attenuation of quasi-elastically scattered light, which is
limited by the existence of a broad spectral line width, unseeded, component to the laser output, has been
determined. It is found that the magnitude of this broad band component is a strong function of the
circulating power of the seed laser within the titanium:sapphire laser cavity. Injection of the seed laser
through the ti:sapphire output coupler, employing a Faraday optical isolator, resulted in a measured peak
transmission value of approximately 2 X 10, corresponding to a spectral purity of 0.99998. Preliminary
measurements indicate that incorporation of a set of dispersing prisms and a stimulated Brillouin
scattering Phase Conjugate mirror appear to provide an additional factor of ten extinction.

The utility of the system for measurement of electron density and temperature by Thomson scattering
was demonstrated in an argon dc constricted glow discharge. At 100 mamps current and 30 torr of argon
an electron density of 5.52 x 10" cm” was measured on the discharge center line with a 26 value of
statistical uncertainty equal to 1.2 X 102 cm™. The corresponding electron temperature was measured to

be 1.26 +0.05 eV.
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Figure Captions

Figure 1: Schematic Diagram of Filtered Thomson Scattering Apparatus

Figure 2: Experimental transmission of 5 cm path length rubididium vapor cell at 320 °C and least squares

fit to spectral model.
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Figure 3: Modeled absorbance of rubidium vapor cell including position and relative contribution of 12

hyperfine/isotope components

Figure 4: (a) Scattering spectrum of static cell of 500 torr of N, at room temperature. No vapor filter was
employed.
(b) 500 X blowup of spectrum in Fig. 4a. Intensity axis is normalized to peak intensity in Fig.

4a.

Figure 5: (a) Scattering spectrum of static cell of 500 torr of N at room temperature employing injection
seeding configuration “A”. No vapor filter was employed.
(b) 500 x blow up of Fig. 5a. Intensity axis is normalized to peak intensity in Fig. Sa.
(c) Pure rotational Raman spectrum of 500 torr of N2 at room temperature employing seeding
configuration “A” without SBS cell. Intensity axis is normalized to peak intensity obtained
without incorporation of vapor filter.

(d) Identical to Fig 5c except seeding configuration “B” employed.

Figure 6: Thomson scattering spectrum obtained using seeding configuration “B” from argon
“constricted” glow dc discharge. Argon pressure is 30 Torr, discharge current is 100 mamps.

Dispersing prisms and SBS cell were not employed.

Figure 7: Least squares fit to Thomson spectrum of Fig. 6b. Electron density is 5.52 ¢cm-3 and electron

temperature is 1.26 eV.

Figure 8: Least squares fits to spectrum of Fig 7 with residual background arbitrarily changed by plus
(left) and minus (right) 50 %.
+50% : Te = 1.31 £ 0.07 (20), pe = 5.53x10"* £ 1.4x10" (20)
-50% : Te = 1.21 £0.05 (20), pe = 5.52x10" + 1.2x10"? (20)

Figure 9: Residual transmitted scattering from evacuated cell using seeding configuration “B” without

(left) and with (right) SBS cell.

Figure 10: Similar to Fig. 9 except that stray light has been purposefully allowed to “leak” into
spectrometer in order to better illustrate line width difference between without SBS cell (left)

and with SBS cell (right).

Figure 11: Thomson scattering spectrum and least squares fit obtained using dispersing prisms and SBS

cell. Electron density is 1.69 x 10" cm-3 and electron temperature is 1.07 eV.
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13. CO/HELIUM GLOW _DISCHARGE TEMPERATURE MEASUREMENTS USING

SINGLE PHOTON CO 4™ POSITIVE BAND LIF
Robert John Leiweke and Walter R. Lempert

Single-photon Laser Induced Fluorescence has been used to measure the trans-rotational temperature
of mildly vibrationally excited carbon monoxide (v“<9) within the positive column of a 3.6 % CO/He dc.
glow discharge at 1100 Pascal total pressure. A tunable, narrowband ArF excimer laser at 193nm was
used to pump the strongly allowed CO X'S'(v'=T)—A'TI(v'=1) transition with subsequent collection of
the 200.8nm (1,8) 4™ Positive emission. The resulting rotational spectral peaks were assigned and a
subset was used to determine a rotational temperature of 432 + 72K (30) on the discharge centerline. To
provide a check on the accuracy of the LIF diagnostic, the results were compared to line of sight Fourier
Transform — InfraRed emission measurements, which yielded a temperature of 395 £ 10K, in good
agreement with the LIF. These results demonstrate that CO 4™ Positive LIF is well suited as a spatially

resolved temperature diagnostic for glow typical discharge environments.

1. INTRODUCTION

Laser Induced Fluorescence (LIF) has been proven to be a versatile and powerful tool for
nonintrusive measurement of temperature and state selective species concentration in harsh environments,
such as flames and other combustion systems, and plasmas.'” Carbon monoxide is particularly attractive
as a thermometric tracer due to factors such as ease of seeding, relative chemical inertness and thermal
stability. To date, most reported CO LIF diagnostic schemes have centered on X's*-B'T" (Hopfield-
'Birge system) two-photon absorption using a tunable dye laser excitation source in the vicinity of 230nm,
followed by B'E*—A'Tl emission (Angstrém system) in the range 450-750 nm.>® Planar imaging
employing this scheme, in combination with a cylindrical multi-pass cell, has been reported by Seitzman,
et al.* Spontaneous B'E*—X'Z" fluorescence in the VUV (120nm) has been observed by populating the
B'S" after laser-assisted intermolecular collisional energy transfer.” Two photon X'Z"-A'TT absorption
(the well known 4™ Positive band®®) at 290nm has been used to excite the CO combustion products within
an atmospheric flame to the v’=3 level with observed fluorescence in the (3,9) band near 197nm.'*"2

In recent papers'*'* we have demonstrated the ability to perform temperature measurements in highly
vibrationally excited environments using single photon LIF of carbon monoxide.”” Those studies

employed a diagnostic strategy which takes advantage of a strong single-photon allowed absorption
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between the v’=20 level of the X'=" ground electronic state and the v'=2 level of the D"'X" excited
electronic state.'® This scheme was found to have significant temperature measurement potential (+/-50K
or better) in systems exhibiting extreme vibrational disequilibrium. However, many important
engineering systems, such as glow discharge plasmas and dc and radio frequency (rf) sustained
supersonic flows'” are characterized by significant, yet more modest, levels of vibrational excitation.

In this paper, we demonstrate the potential of a new LIF diagnostic for determination of tempefature
in mildly nonequilibrium plasmas, based on the single photon allowed X'Z*(v'=T)—A'TI(v’=1) transition
in CO. We have recently presented results'® using this scheme in helium quenched, optically-pumped
plasmas and here we present a proof-of-concept measurement in the positive column of a low pressure
CO/He d.c. glow discharge. The CO X'T*(v"=T) vibrational population fraction of this plasma has been
estimated to be ~0.1% from FT-IR 1* overtone measurements. Temperature measurements by CO LIF
are found to compare well (432 + 72K, 30) with those determined by rotationally resolved Fourier

Transform — InfraRed (FT-IR) spontaneous emission spectroscopy‘g, 395+10 K.

IL. BACKGROUND AND EXPERIMENTAL

Gas Conditions and Optical Access

Figure 1 is a side view illustration of the flow cell, electrode arrangement, and optical access ports
used for all experiments described in this paper. A cylindrical Pyrex glass cell, 78cm long X 5.4cm
(inner) diameter, is used to contain a slowly flowing (~0.5cm/s) gas mixture of 3.6% carbon monoxide
(39.5 Pa) and helium at a total pressure of 1100 Pa. A gas manifold delivers mixtures of research-grade
(99%) helium and iron-pentacarbonyl free, ultra-high purity (99.9%) CO, with composition and total
pressure controlled by flow meters and a vacuum pump choke valve. The total cell pressure is monitored
by a piezoelectric pressure transducer (Omega PX302-100A) and A/D meter (Omega DP25-S). Three
perpendicular 5.1cm long X 5.1cm diameter glass arms provide optical access to the region of interest.
Two of these arms are oriented with their axes out of the plane of the figure, while the third arm is
directed vertically within the plane of the page. The cell ends and arms are equipped with flanges for
mounting either 3.81cm dia. calcium fluoride (CaF,) or UV-grade fused silica windows (UVEFS) to

provide spectral transmittance in the infrared and/or UV.

Electrical Conditions
Figure 1 also illustrates the geometry of the electrodes as well as the external power system. The
annular stainless-steel electrodes are 1 mm thick and 3 cm in (outer) diameter. The anode is 1.3 cm long

and the cathode is 5.0 cm long. These electrodes are spaced 19.5cm apart, concentric with the flow cell.
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The asymmetry of the electrode placement with respect to the viewports insures optical access to the glow
discharge positive column.

A 600 W d.c. power supply (Glassman High Voltage # EW10R60) was connected in series with a
nominal 100 kQ ballast resistor (measured to be 99.7 kQ when hot) and the discharge plasma. The
power supply was operated in positive-polarity, current-controlled mode. Supply voltages were measured
using a 1000x (reducing) high-voltage probe (Fluke 80k-40). The d.c. discharge as reported in this paper
required typical supply voltages of 3.1 kV (77W) for pure helium and 3.6 kV (90W) for the CO/He
mixture. The total voltage drop across the electrodes was measured using a hand-held multimeter (BK
Precision 389A) connected in parallel.

Figure 2 displays the resulting current-voltage (I-V) characteristic for both the pure helium discharge
and the CO/He mixture taken on three different days. Note that while the addition of only 3% CO nearly
doubles the interelectrode voltage (pure helium 500 V, mixture 900 V), it is still possible to maintain a
stable, normal glow over the range of current supplied. For all experiments in this paper, the current was
maintained at 25 mA, corresponding to the minimum observed in the CO/He I-V curve in Figure 2.
Under this condition, the lumped resistance across the electrodes were =20 k€ (pure He) and =40 kQ
(CO/He).

It should be noted that while there is slight variability of the I-V characteristic for the CO/He mixture
(possibly due to electrode carbonization), these figures illustrate reasonable repeatability of the gas flow
and discharge conditions.

Using the measured electrode voltage drop, we can make a rough estimate of the positive column

reduced electric field (E/n)*,

E_KT(V,~ Vo) "
n pd

where p is the total gas pressure, d, the inter-electrode spacing, k, Boltzmann’s constant, T, the gas

translational temperature, V, is the measured electrode drop for the CO/He mixture (V,=900V), and Vyis

the cathode fall voltage.zo Assuming T = 500 K and V=450 V, p=1050 Pa, and d=20 cm, we get E/n =

1.5%10"® V-cm2 Tt is well known® that the E/n required to maximize electron kinetic energy transfer to

diatomic vibrational modes is approximately 3x10™¢ V-cm?’.
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FTIR Diagnostic Setup

An FTIR spectrometer (Bruker IFS66) incorporatihg a cryogenically cooled indium antimonide
(InSb) detector was used with moderate resolution (8 cm’™) to resolve the vibrational bands of the CO 1¥
overtone emission spectrum as well as with higher resolution (0.25 cm’™) to resolve individual rotational
transitions of the fundamental v=1—0 band.'” As shown in  Figure 3, the optical path was aligned to
image the plasma emission directly through the side window using a 4 cm off-axis paraboloidal concave
aluminum mirror. For all infrared measurements, a short-pass filter (Infrared Optical Products, Inc.
#W03187) with a cutoff at ~4.9 pm (2040cm™") and ~3.1 um (5500 cm’') bandwidth was used to attenuate
the fundamental emission so as not to saturate the InSb detector. The experimentally determined filter
response curve provided by the vendor was used to correct the FTIR measurements.

As mentioned previously, each viewport arm extends ~5 cm from the cell tube wall. It is known from
prior experience that “colder” CO entrained within these arms absorbs I.R. emission to the extent that it
suppresses the lower J levels of rotationally-resolved spectral peaks. While the exact thermal distribution
of CO within the cell arms is unknown, we have used the HITRAN 2000 database® to characterize the

effect of self-absorption in the process of extracting an average positive column temperature.

LIF Diagnostic Scheme

A simplified potential diagram for CO, illustrating the states most relevant to the present work, is
given in Figure 4. The ground electronic state, X'E", is characterized by a deep potential well with a
dissociation energy® of ~11 eV (89460 cm’'). Forty-two vibrational levels have been observed to date."
It is evident from Figure 4 that when CO is highly vibrationally excited, several single photon allowed
transitions become energetically accessible, particularly at the ArF wzivelength of 193 nm (51,800 cm™).

For levels of approximately seven (or higher), absorption to the A'II state becomes accessible'>'®

, and for
levels of approximately twenty (or higher), absorption to the D''X* becomes accessible.”'*'® As will be
discussed in more detail below, all of these excitation possibilities (both single and two photon) are
readily distinguishable by simple spectroscopic selection rules.

It is well known that the vibrational distribution function (VDF) of the ground electronic state, X'Z",
of CO may attain a non-Boltzmann character within CO/He glow discharges.” Energy flows into the

24,25 W ith

lower vibrational states (v<8, especially v=1) via direct electron-vibration (e-V) excitation
subsequent excitation to even higher levels (v< ~39) by means of vibration-vibration quantum exchange”®
processes (V-V “up-pumping”). At moderate translational temperatures, the forward rate of “up-

pumping” begins to compete with the backward rate as well as vibration-translational (V-T) energy
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exchange on helium atoms?’ and dissociation productszg (eg. CO,, Gy, G0, O) that tend to truncate the
VDF. However, even with translational temperatures greater than 500K (5% CO/helium mixtures),

significant X(v=7) populations (0.4%) have been routinely observed.”

LIF Diagnostic Setup
LIF measurements were performed by wavelength scanning of a narrowband (linewidth < 0.3A)
injection-locked 193 nm ArF excimer laser (Lambda Physik COMPex 150T) of 17 ns pulse duration. Itis
well known® that the fraction of laser power channeled into the narrowband varies widely over the ~1 nm
ArF broadband gain profile, with the maximum occuring at the center wavelength ~193.3 nm. If not
properly accounted for in the spectral analysis, this variation will systematically bias the temperature
results. Thus, we have simultaneously measured the “locking efficiency” of the excimer laser as it is
tuned through its’ gain profile in conjuction with the LIF excitation spectra.
In a manner similar to that described by Wodtke, et al”, this measurement was achieved by monitoring a
small portion (Imm pinhole aperture) of the excimer amplified spontaneous emission (ASE) with a
medium resolution monochrometer (JobinYvon HR320, 30 cm, 2400 g/mm UV blaze) set to a bandpass
of ~0.1 nm and PMT (Hamamatsu 1P28). The monochrometer grating was set to a spectral region
corresponding to unlocked broadband emission (~195.1 nm) in order to avoid stray narrowband radiation.
When the oscillator seed beam was blocked, the resulting broadband emission signal, Vs, provided a
baseline. When the oscillator was unblocked and the laser was tuned into locking, this signal V(L)
decreased. The locking efficiency was then computed over the tuning range using

%Lock =100-[1- V(1)/ V, ] 2)
where A is the excimer wavelength in nm. The locking signal from the PMT was fed into a 300 MHz, 5X
preamplifier (Stanford Research Systems SR240) before being processed by a gated “boxcar” integrator
(SRS SR250) with a time-constant of 100 shots (10s 10 Hz trigger rate).
Despite purging most of the beam path with dry nitrogen gas, the excimer beam power also varies with
wavelength because of strong O, Schumann-Runge band absorption. We correct for this by
simultaneously measuring the total excimer power at the cell exit window as a function of wavelength
using a volumetric absorbing pyroelectric detector (Scientech Vector S310 Meter, AC50UV detector).
Using a 509 mm, cylindrical UVFS plano-convex lens, the excimer beam was focused (~100 pm waist)
into a laser sheet intersecting the axial centerline of the glow discharge (see Figure 3 inset). Emission
was collected (~f/10) through the top window (out of the plane of Figure 3) and 1:10 imaged (M = 0.1)
onto the 0.10 mm entrance slit of a small, low resolution monochrometer (Jobin Yvon H10; 10 cm, /3.5

aperture, UV 1200 g/mm). This monochrometer was set to 200.8 nm to collect the A'TI(v'=1) —
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X'S*(v”=8) vibrational emission band. A 0.10 mm exit slit (FWHM bandpass ~1.0 nm) was found to be
adequate for rejection of Rayleigh scattering, stray excimer radiation, CO Resonance-Enhanced Multi-
Photon Dissociation (REMPD) product emission’, and extraneous 4™ Positive ro-vibrational bands.

The total ambient air-path through which the 200.8 nm UV emission propagated was 25 cm. It should be
noted that the intervening cold CO within the cell (5 cm path) does not self-absorb the 200.8 nm emission
because the v”’=8 is not populated along the path.

The monochrometer was mounted to a photomultiplier tube (PMT) housing containing a 250S (S-5) PMT
(Hamamatsu R166UH) with ~35% quantum efficiency at 200 nm. The PMT voltage for all experiments
in this paper was no greater than | -600| VDC. As shown in Figure 3, signals from the PMT were fed into
a second boxcar with time constant of 30 shots. Boxcar averaged data (LIF, locking, and beam power)
were plotted and stored on a PC computer.

Finally, note in Figure 3 that the entrance/exit monochrometer slits were oriented parallel to the cell
principal axis to center the LIF collection on the discharge centerline. The inset displays the collocation
of the area imaged by the slit, the plasma region, and the excimer laser sheet. The shaded region
represents the ~0.9 mmx25 mm = 22 mm? cross-sectional area of the plasma from which the LIF signal

was obtained. Note that the laser sheet thickness within the imaging region is =100 pm.

III. RESULTS & DISCUSSION

VDF from the CO 1* Overtone Spectrum

To quantify the CO X'=*(v"=T) population in the positive column of our CO/He d.c. glow discharge
we have used FT-IR spectroscopy to vibrationally resolved (8 em™) the CO first overtone emission,
shown in Figure 5. Note in this figure that the signal from the v’=7—5 is roughly the same magnitude as
lower level transitions, an encouraging indication that the v’=7 is populated. To quantify the fractional
vibrational populations, we have used the technique of Ref. [31] to iteratively extract the normalized VDF
from the 1% overtone spectra shown in Figure 5. These results are shown in the Boltzmann plot of Figure
6. In this figure, the resulting vibrational level population fractions are overlayed with a best-fit Treanor
distribution at T,,=400 K and T,»u=2500 K. It should be noted that the v"=0 and v"=1 populations are
derived from this best-fit Treanor curve. Agreement with the Treanor distribution is good, and we see

that under the conditions stated in Section II above, the v"=7 is ~0.1% populated.
CO Rotational Temperature from the IR Fundamental Spectrum

In order to provide a comparison for the LIF temperature measurements, we obtained rotationally

resolved (0.25 cm™) R-branch FT-IR emission spectra of the CO fundamental, v”=1-0 band, as shown in
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Figure 7. This measurement was performed simultaneously with the 1* overtone spectral measurements.
Thirty well resolved, high S/N peaks ranging between R(2)-R(7) and R(10)-R(30), can be distinguished.
Also shown in Figure 7 is the combined FT-IR instrument and short-pass filter response derived from
experimental blackbody calibration spectra at 16 cm’ resolution used to correct the peak values.

To attain the line-of-sight, spatially averaged temperature, these background subtracted and
instrument-response corrected peaks were then mapped onto a Boltzmann plot, shown in  Figure 8. It is
clear that a linear region exists from R(23) to R(31). Note that the region from R(19) to R(22) shows a
pronounced non-linearity due to CO self-absorption caused by the intervening colder CO in the imaging
arms (refer to Section II). In order to confirm that the plasma is optically thin in the spectral region used
for the least-squares temperature estimate, we employed the HITRAN 2000 database® to model self-
absorption at 290K. Figure 8 shows these results (dashed curve) overlayed on the Boltzmann plot. In this
figure, we see that lines J’~23 to 31 coincide with a spectral region of negligable self-absorption (1% or
less), indicating that we may use these points to extract the gas temperature. The least-squares slope

indicates a line-of-site averaged CO rotational temperature of 395 + 10K within the imaged region of

positive column.

CO 4" Positive LIF Temperature

As alluded to previously, the X—A transition is easily distinguishable from either the X—B or
X—D’, based on simple selection rules.’ ? In the case of single-photon X—D", the transition is '25'% so
that we expect a simple set of P/R branches while two-photon, X '$— B 'S, will be dominated by an
unresolved Q branch as described in detail in Ref. [3]. The single-photon A—>X is '$—'T1, so we expect
to observe P, Q, and R branches, with the intensity of the Q branch being approximately double that of the
Pand R.

Using the molecular constants from Ref.[33] for the ground electronic state, Ref.[8] for the A'Tl, and
transition probabilities from Ref.[34], it was predicted'® that the dominant excitation band within the
tuning range of the ArF laser would be the X(v"=7)—A(v'=1) with the strongest emission being from the
A(v'=1)-X(v"=6) at 186 nm. However, it was found that this emission is absorbed by the ambient O,
Schumann-Runge bands to the extent that dry N, purging becomes inadequate, thus requiring vacuum
along the imaging path. For this reason we decided to use the A(v'=1)—X(v"=8) at 200.8nm which is not
attenuated by O, absorption. It was found that this transition is sufficiently strong to obtain high
signal/noise data.

The excimer radiation was focused into a 100 um sheet (as opposed to a point) to mitigate potential

saturation effects. This was investigated by tuning the excimer to the strong P(11) absorption line at
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193.35 nm and collecting the emission while varying the laser power between 2 — 46 mJ/pulse (measured
at the cell exit window). Signal saturation began to be detectable above ~35 ml/pulse, so for all
subsequent experiments the average energy at the power meter was limited to ~25 mJ/pulse.

Figure 9 shows typical experimental 4™ Positive LIF and locking efficiency measurements. In this
spectrum, the two most prominant features are the rotationally-resolved v"=7—v'=1 (from A=193.05 nm
—193.56 nm) and v’=12—v'=8 (from A=193.59 nm —193.8 nm) absorption bands. The spectral region of
the (7,1) band was selected for temperature extraction since it lies within the region of highest, and most
constant, locking efficiency, and lowest O, Schumann-Runge absorption interference.

The experimental spectrum of Figure 9 was used, primarily, for calibrating peak positions and
qualitatively displaying the sensitivity, since it was obtained at a relatively fast scan-rate such that peak
intensities are not reproduced with sufficient accuracy to be used for quantitative analysis. As will be
elaborated below, absolute peak heights used for temperature extraction in this paper were obtained using
a slower scan rate over the relevant features

Closer inspection of Figure 9 within the wavelength range 193.3 nm —193.44 nm illustrates the lines
used in this paper to extract a trans-rotational temperature, as shown in Figure 10. Note that the excimer
locking efficiency and input laser power were nearly constant at ~62% and 25 mJ/pulse, respectively. For
temperature estimation, absolute peak heights were obtained by slowly scanning seven times over each
line; P(10), Q(16), P(11), Q(17), P(12), Q(18), P(13), and Q(19) at 4.71pm/min (0.4Hz grating rate)
resulting in a total of 56 data points. The data analysis process included subtracting the broadband
ba'ékground from each peak, dividing by the measured locking efficiency to correct for narrowband power
degradation, and finally dividing by the measured excimer energy to correct for ambient O, absorption in
the beam path. Note in Figure 10 that the locking efficiency curve had a 2% periodic modulation during
the scan due to vibrations within the grating control mechanism. The locking efficiency correction
described above properly accounted for this systematic error.

The results were analyzed using the molecular constants mentioned above and small-sample
statistics.® Figure 11 shows the resulting Boltzmann plot obtained from these 56 data points, 28 for each
branch. Note that many of the data points lie quite close together, an indication of both the shot-to-shot
stability of the excimer laser and the glow discharge environment. Also, it is apparent that the Q-branch
is anomalously offset below the P-branch, but yielding qualitatively the same slope.

The least-squares slope for each branch yielded rotational temperatures of T=441 £ 89K (30) and
Tq=423 + 51K using a rotational B-value®® for the v”=7 vibrational level of 1.80 cm™. The average
temperature of the combined branches is 432 + 72K. These results compare favorably with our FT-IR

result of 395£10K. One possible source for discrepancy between these two results is the fact that the FT-
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IR measurement is spacially averaged while the LIF is taken on the plasma centerline. Since the d.c.
glow discharge positive column temperature is known to decrease with radial distance from centerline,

this result of a slightly higher LIF temperature is not too surprising.

IV. CONCLUSIONS
Single photon LIF has been obtained within the positive column of a low pressure CO/He d.c. glow
discharge using the 4™ Positive bands originating from the A'IT electronic state. The rotationally resolved
laser excitation spectra exhibit strong transitions originating from J" values between 8-20, which implies
significant potential for rotational temperature measurement. Measurements using this LIF diagnostic
technique indicate a 30 temperature within the positive column of 432 + 72K, in good agreement with the

FTIR spectroscopic measurement of 395 + 10K, as well as with prior research efforts.
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure Captions

Illustration of the flow cell geometry, gas flow, and electrical conditions for all
experiments. All dimensions are in centimeters.

Current-Voltage (I-V) characteristic for the cases of pure helium and CO/He mixture.
Different symbols reflect separate measurements performed under nominally
indentical conditions.

Schematic diagram of experimental apparatus.

Simplified CO molecule potential energy diagram.

CO 1* overtone vibrational emission spectrum obtained by FT-IR spectroscopy.

Vibrational distribution function (VDF) derived from Figure 5 1* overtone spectra
overlayed with a best-fit to Treanor distribution.

Rotationally resolved CO fundamental emission spectrum obtained by FT-IR
spectroscopy and used to extract a line-of-sight average rotational temperature.

Boltzmann plot (left axis) and temperature obtained from the spectrum of Figure 7.
Calculated “cold” CO self-absorption is also indicated (right axis).

Figure 9: CO 4" Positive LIF excitation spectrum collected at 200.8 nm. For clarity, only a few

transitions are labeled (see Figure 10 below).

Figure 10: Magnified view of Figure 9 showing LIF transitions used for least-squares extraction

of temperature.

Figure 11: Boltzmann plot of CO 4™ Positive LIF peaks shown in Figure 10. Temperature is

obtained for each branch separately, then averaged.
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14. HIGH-VOLTAGE PULSER DEVELOPMENT FOR THE PLASMA RAMPARTS
PROGRAM

E. Walton, B. Baertlein, S. Oh

1. INTRODUCTION

Under the AFOSR Plasma Ramparts MURI, The Ohio State University ElectroScience Laboratory (OSU-
ESL) was tasked to develop high-voltage (HV) short-pulse generators, referred to hereafter simply as
“pulsers.” This report is a summary of that work. The details of our effort appear in a separate document

[6], to which the reader may refer for more details.

The overall goal of this work was to generate plasma using a minimum of input power. Recent research
[1] suggests that plasma can be initiated in air by a very short, HV electromagnetic pulse. The plasma
then takes a few tens of nanoseconds to decay. Subsequent tests have shown that a sequence of such
pulses having a low duty cycle can sustain the plasma, leading to a significant reduction in power
requirements vis a vis continuous RF excitation. The required pulse voltage is very high (greater than
8,000 Volts) and the pulse duration is very short (less than 10 nanoseconds). The generation and

transmission of such pulses offers some challenges, which were the subject of this study.

This research documented here has as its objective the generation of pulses that meets the following

requirements:

® > 10,000 volts

® <10ns

® continuous, eternal pulse train with pulse repetition frequency near 1 MHz
e >400 ohm load impedance (at the plasma)

® balanced (e.g., 2-wire) output at the plasma excitation electrodes

The work described here was performed in two parts. In the first part, a quick-response approach was
adopted to provide a pulser to plasma researchers as early as possible (i.e., to avoid being in the position
of delivering the pulse generator on the last day of the program). A commercial pulse generator was
leased for this portion of the project, but it was not entirely suitable for this application. Specifically, the
commercial unit did not have enough voltage (by a factor of 2), and the output port was matched to an

unbalanced (coaxial) 50 ohms impedance. These problems were overcome by the timely development of
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a voltage-boosting balun transformer line. That transformer converted the unbalanced coaxial output line
to a balanced twin-line feed. It also transformed the impedance from 50 ohms to 400 ohms to match the
plasma electrodes, and it boosted the voltage from 5,000 volts to 12,000 volts at the plasma excitation

point. The resulting device is described in Section 2.

In the second phase of the effort we studied pulse compression techniques. The goal of that task was to
obtain pulse widths less than 2 ns for an eternal pulse train. This can be achieved by generating a
sequence of low-voltage, long-duration pulses, amplifying them and feeding them to a passive dispersive
network that compresses their time duration while simultaneously increasing their amplitude. The theory

and development of that alternative pulser are described in Section 3.

2. WIDE BAND TAPERED BALUN
2.1. Objectives

As noted in Section 1, the initial objective of our effort was to meet short-term pulser needs using a
commercial pulse generator. We leased a pulser (Bournlea Model 3162) that produced a burst of 1024
pulses of 5 kV amplitude, 10 ns duration and a pulse repetition frequency (PRF) of a few tens of kHz. To
make this device useful, it was necessary to transform the pulser’s 50 ohm coaxial output to

approximately 400 Ohms on a twin line. A sketch of the relevant hardware appears in Figure 2.1.

Short pulses have very wide percentage bandwidths, and this issue complicates impedance
transformations. Figure 2.2 shows the spectral content of a 10 ns pulse with 3 ns rise and fall time. An
impedance transformer that will pass this pulse without distortion must operate non-dispersively from DC
to more than 250 MHz. Classical approaches to impedance transformation, including transformers wound

on air or ferrite cores, will not work because the high voltages will produce arc-over and ferrite saturation.

The large ratio of the input and output impedances (400:50 or 8:1) made it necessary to use a two-stage
design for the impedance transformer. The first stage is based on a tapered transmission line concept [2]
(the so-called “zipper line”). A tapered balun' transformer was fabricated by cutting a slot of increasing
width in the outer shield of a coaxial line as shown in Figure 2.3. This process results in a twin-lead
transmission line (a balanced structure) with a spacing of a few cm and an impedance of approximately

150 Ohms. For the second phase of this effort, the separation of the twin leads was increased to 10-cm to

' A “balun” (balanced to unbalanced) is a device for transforming an unbalanced transmission line (like a coaxial
cable ) to a balanced transmission line (line twin-lead line).
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produce the desired final impedance. Using well-separated conductors allows HV operation while
avoiding arcing.
2.2. Design and Fabrication

A key issue in the design of a tapered transmission line is the manner in which the impedance Z changes
along its length z (see Figure 2.4). The function Z(z) dictates the performance of the line by controlling
the reflection of incident energy. A number of authors have studied methods of optimizing Z(z) for best
performance [2-4]. A Tchebysheff taper for Z has a number of attractive properties [3], and it is the point
of departure for most studies. Unfortunately, a Tchebysheff taper that provides acceptable performance

for the frequency band of interest here will have a length greater than 5

10 ns pulse width 1 MHz PRF

10ns pubewidth 1 MHz PRF H -
M b+
5KV | ’ l I l l l gfs XV

Pulse output from balun transformer

Pulse output from pulse generator

MJU[“EEEL [@ - &

00
50 ohm unbalaced 400 ohm balanced
coaxial output impedance two-line conductor output impedance
Pulse Balun Plasma
Transformer Generator

Generator

Figure 2.1. Block diagram for use of a transformer with the commercial pulse generator

o e 10 e widh s 711 o
. 1t
\

L !r"""— ..... y
o8 ‘ / \ g o8 \
g°* ,/ : \ . gu \\
1
§

\

1

., ,
i \ % \

°
~
e
°
S

\ s
0 . 3 | 2N,
' / A -
. A . ‘:t.;/ CNe peeen
0 % 100 150 200 50 300 80
Frequency (MHD

. e Gt O
0240 @ 0 53 0 L5
Tinwe o)

Figure 2.2. Bandwidth requirements of the balun transformer

259




- - - »- -
(= —
; —
> » »- -b »
A B (of D E
® ® ( e O@
AA 8.8 ¢.C 0.0 E-E

Figure 2.3. Coaxial implementation of tapered balun.

N ZL
Zy Z(z)
(O S
| | .
0 L

Figure 2.4. Impedance variation with distance (taper).

260



meters. One can achieve acceptable performance with a shorter line by using a Klopfenstein [3] taper,
which gives the minimum reflection coefficient over a fixed passband for a given taper length. (This
approach trades bandwidth for shorter line length.) The relation between the width of the slot and the

impedance of the line is shown in Figure 2.5. Examples of the impedance taper appear in Figure 2.6.

Although the Klopfenstein design is optimal, a number of problems arise in practice. Specifically, the
design involves an approximation that is only valid when the overall impedance change is small. In
addition, it yields impedance discontinuities at each end of the line, even if the impedance mismatch is
small (see Figure 2.6). A near-optimal design was proposed by Hecken [5] to avoid the impedance steps
at the taper ends, but that approach results in a net increase in the line length. A comparison of the
Klopfenstein and the near-optimum taper of Hecken is given in Figure 2.7. One finds that the low-
frequency cutoff of the Klopfenstein taper is defined by BL = 4.6992, but for the near-optimal (Hecken)
taper, it is increased to BL = 5.3711. (In these expressions, f=27f/v, where f'is the frequency and v is the
velocity of propagation.) In addition, the length of the latter design is increased by 14.29 %.

A fundamental challenge in this task is addressing the following cohﬂicting issues:
» The majority of the pulse energy lies in the low-frequency regime.
» The transformer length is determined by the lowest frequency (i.e., lower frequencies require
longer transformers)
As a result of these issues, neither the Klopfenstein nor the Hecken tapers lead to designs that have a

reasonable length and, hence, we were led to investigate the following alternative design strategy.

We note in Figure 2.7 that the optimum tapers are close to linear (in impedance). Figure 2.5 implies that
the slotted outer shield of the coaxial line is a narrow metal strip for most of its length. That
configuration is fragile and it wastes physical line length. A more practical design is shown in Figure 2.8,
where we use a slot angle that varies linearly with distance. This design was fabricated as shown in
Figure 2.9. Two pieces of copper pipe were used to create the coaxial line, and the output is a twin=line
pair. An impedance of approximately 150 Ohms can be achieved with only 2 meters of line. A two-
meter extension of the twin-lead line was envisioned to provide the additional impedance change to 400
Ohms, but (as described below) was found to be unnecessary.

2.3. Testing and Performance Analysis
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A network analyzer was used to measure the input impedance of this line. The network analyzer
measures the complex reflection coefficient S,y, i.e., the reflected signal normalized to the transmitted
signal. The measured reflection coefficient of this line as a function of frequency from nearly DC to
1,000 MHz is shown in Figure 2.10 for a 130 Ohm load. The reflected signal is more than 10 dB below
the incident signal, which indicates good perfbrmance over the frequency band of interest. We require the

balun to be non-dispersive or the output signal waveform will be distorted. The absence of
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Figure 2.5 Relation between slot angle and impedance; .
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dispersion is indicated in Figure 2.11, in which the phase of the reflection coefficient is plotted as a

function of frequency when the line is terminated with a short circuit, an open circuit and a 130 Ohm load
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resistor. Note that the phase plot is a straight line for the open and short circuit cases (indicative of a non-

dispersive line). The low value of S, for the 130-ohm load further indicates that any dispersion is weak.

More insight into the behavior of the balun can be obtained by transforming the frequency-domain
reflection data to the time domain. The time-domain results for open, short, and 130 Ohm loads are
shown in Figure 2.12. The open circuit produces a positive pulse and the short circuit produces a negative
pulse at a location corresponding to the end of the line, as required by the reflection coefficients of those
loads (+1 and -1 respectively). The reflection from the matched load is significantly lower (note the
change in scale), which confirms our earlier finding of good performance. Knowing the speed of
propagation of the signal, we can plot this response as a function of distance along the line (see Figure
2.13). Note the connector response at the beginning of the line, and the response of the load resistor at the
end of the line. Reflections from the load at the end of the line are greatly reduced and, in fact, are now

comparable to reflections from the small imperfections in the connector at the input.

As indicated above, we planned to transform the line’s 130 Ohm output impedance to the desired 400
Ohm impedance by extending the length of the line to four meters. Over the additional two meters, the
impedance of the twin-lead line would be tapered by gradually spreading the distance between the lines.
Reflection-coefficient results for the four meter line are shown in Figure 2.14. Note that the reflection
coefficient is maintained below —10 dB for the band of interest with the 400 ohm load. Unfortunately, a
four meter line is awkward to use in a laboratory setting. A number of experiments were performed, and it
was found that comparable performance could be obtained with a two-meter transformer by simply
spreading the ends of that line. The results, shown in Figure 2.15, indicate surprisingly good
performance. The success of this approach can be attributed to interaction between the twin lead spacing
at the end of the balun and a structural feature that also appears near the end of the balun, specifically, the
transition from the thin remnant of the coaxial shell to a second cylindrical conductor (cf. the red circle in
Figure 2.9). That transition introduces an additional reflection, which can be mitigated by spreading the
leads. The action of spreading the leads also increases the impedance, which is precisely what is required

to match the higher load impedance.

The two-meter balun was tested at high voltage. The experimental set-up, shown in Figure 2.16, uses a
magnetic field probe placed some distance (about two inches) from the balun output to sense the current
into the 400 Ohm resistor. We first calibrated the system at low voltage as shown in Figure 2.17, to relate
the voltage across the resistor to the field probe measurement. When the system is operated at high

voltage, the resistor current (and, hence, the output voltage) can then be inferred directly from the

266



magnetic field probe measurements. The high voltage results are shown in Figure 2.18. We confirm that
the input to the balun line is 5 kV at 50 ohms, but at the output of the balun the voltage is approximately
10 kV. The width of the pulse (10 ns on input) has not been degraded.

2.4. Conclusions
We developed a balun transformer to permit 10 kV, 10 ns pulses to be driven into a 400 Ohm balanced
load. The input to the balun is a commercial pulse generator producing 5 kV pulses into a 50 Ohms

unbalanced (coaxial) load. No appreciable pulse degradation was observed in the output.
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Figure 2.11. Phase response versus frequency for the 2 meter balun
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3. PULSE COMPRESSION TECHNIQUES

In the second portion of the project OSU-ESL worked to develop a new, high-performance pulser. Many
commercial pulsers use HV capacitors and high-speed switches to generate pulses with amplitudes of 10s
of kV and pulse durations in the 10 ns range. At high (more than 100 kHz) pulse répetition frequencies
(PRFs), the drive capacitors are rapidly depleted, and only a finite set of pulses (1024, for the Bournlea

pulser) can be generated before they must be re-charged.
3.1. Objectives and General Approach

The objective of this work was to generate eternal trains of 1 ns, HV pulses at 1 MHz PRF. It is
impractical to use HV high-speed switches for this task, because currently available switch speeds to not
extend into the ns domain. Further, charging wide band capacitor lines (essentially transmission lines)

requires high bandwidth (>1 GHz) capacitor systems.

The pulse generation approach investigated here involves waveform synthesis techniques at frequencies
up to 1 GHz. We will generate a continuous waveform at lower voltages with a frequency bandwidth of
roughly 1 GHz, and use frequency dispersion or synthesis techniques to form the desired impulse train.

3.2. Direct Fourier Synthesis

Our study began with an investigation of Fourier synthesis techniques. We explored the use of many (10s
to 100s) coherent RF oscillators and power amplifiers to generate a set of harmonic sinusoids of modest
voltage. Those sinusoid are then summed (with appropriate phases) to yield a function of the form

sin(x)/(x) (also known as a “sinc” function). The sum of N harmonics having voltage ¥ yields a sinc

function with a PRF equal to the fundamental frequency and a peak voltage of NV. The pulse width is the
period of the highest harmonic. This is illustrated in Figure 3.1. While this approach is theoretically
sound, it is impractical because the required low-loss, HV, wideband RF combiner does not exist.

3.3. Matched Filter and Pulse Compression Techniques

A more practical approach to pulse synthesis involves so-called “pulse compression” techniques. In this
approach a long-duration, wideband waveform is applied to a linear, dispersive device (the device is
sometimes referred to as a “pulse compression line”). If the incident waveform is chosen appropriately,
the amplitude of the output waveform will increase ‘py v(BT), where B and T are respectively the

"
»
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bandwidth and duration of the applied waveform. The applied waveform should be the result of
deconvolving the device’s impulse response from a bandlimited delta function. Thus, when the incident
(low voltage) waveform is applied, a band-limited delta function of larger amplitude results. Similar
techniques have been used for many years in radar systems as a means of obtaining high range resolution
and large power on target from low-power waveforms. Radars typically transmit waveforms that are
sinusoids whose frequency increases linearly with time (i.e., “chirps”). Suitable dispersive devices for
these low-power, frequency-swept waveforms are available, and they effectively provide a frequency-
dependent delay to the input waveform. For more general devices, an approximation to the optimum

waveform is simply the device’s time-reversed impulse response.
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Figure 3.1. Direct Fourier synthesis using a summing network.

The chief technical challenge in using pulse compression concepts is to develop the dispersive delay line.
OSU-ESL investigated several concepts including the “bridged-T” all-pass network and a reflective pulse

forming line (PFL).

An “arbitrary waveform generator” (AWG or, more commonly, an “arb”) is required to produce the
specialized waveforms used in testing these devices. An AWG is essentially a very high-speed (roughly 1
GHz) digital memory with a computer interface. Arbitrary waveforms represented as a sequence of
32,000 16-bit numbers can be loaded into the memory from a computer (or even from a digital
oscilloscope as the result of a measurement). Then, the AWG outputs these numbers at high speed via an

internal D/A converter. The result is the desired output waveform.



3.3.1. Bridged-T All-Pass Network

A bridged-T all-pass network is shown in Figure 3.2. This is a circuit specifically designed to have a
dispersive transmission coefficient, but low reflection (i.e., a good impedance match). A series of these
filters can be used to form the dispersive transmission line required for pulse compression. Theoretically,
the circuit has no loss, and a frequency-independent magnitude response. This technique has excellent
theoretical properties, and OSU-ESL explored it in some detail (see [6]), but the loss per section was

found to be prohibitive for real circuits. Ultimately, alternative methods had to be explored.
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Figure 3.2. Bridged “T” all-pass network
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3.3.2. Pulse Forming Line

Finally, pulse compression was explored using the PFL shown in Figure 3.3. The device uses a series of

band-stop filters at harmonic frequencies f; 2fs, ..., Nfy separated by lossless transmission lines of time

Q delay d. The input signal comprises CW tones at these frequencies of duration 2d. Each input tone

reflects from a different band-stop filter, thereby accumulating a different delay. At a time N2d after the
start of the input waveform, all harmonics arrive back at the device input and are superimposed
coherently. (Note that each section of line is utilized twice, saving cable length.) A simulation of the
concept using N=4 tones is shown in Figure 3.4. Note the increase in the peak voltage and the
compression of the resulting impulse. For reasons that are beyond the scope of this discussion (see [6]) it
is necessary to transmit waveforms that are discontinuous at tonal changes. These discontinuities
introduced undesirable high-frequency content. A more practical input waveform using Hann windowing
to smooth out these discontinuities is shown in Figure 3.5. The response is reduced in this case, but the

transmitted energy is also reduced.

The band stop (or “reflective”) filters can be implemented using coaxial lines, microstrip lines or lumped-
element circuits. A lumped element design, the three section Tchebycheff bandstop filter shown in Figure
3.6, was used in our work. . We modeled the line and calculated the magnitudes and phases of the
response. The group delay characteristics, which are critical to the line’s performance, are shown in
Figure 3.7. By adjusting the phases of the transmitted tones to account for shifts in the group delay, we
can improve the performance of the system. This permits us to estimate the expected compressed pulse
output as shown in Figure 3.8. We find that the pulse amplitude (3.3 V) is close to the ideal value (4V),
and the pulse width (~2 ns) is comparable to the expected value (1/Nfy=2.5 ns).
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Additional tests (not shown) were done with the Hann-weighted input waveform to validate our modeled
results by building a set of band-stop Tchebycheff filters as shown in Figure 3.6. The filters showed good
stop-band performance, but loss and phase distortion for out-of-band signals was higher than anticipated.

As a result, we were unable to replicate the performance shown in Figure 3.8.

An alternative approach (noted above) is to measure the impulse response of the PFL and apply the time-
reversed impulse response as the PFL input. The resulting output is then the autocorrelation of the system
response. Alternatively, one can view the system as a matched filter, for which the optimum input is the
time-reversed impulse response. When this impulse response has a long duration and a wide bandwidth,
the output is a short duration pulse with a large amplitude gain. This autocorrelation approach does not

require careful control of the filter’s out-of-band amplitudes and phases.

This matched-filter approach was explored using the PFL fabricated above. We first tested the concept
using a semi-experimental approach. The impulse response of the line was captured by a digital
oscilloscope. The response of the filter to the time-reversed input was then computed numerically. The
measured impulse response is shown in Figure 3.9. In these results, a band-limited (50-450 MHz)
impulse response is used. We see that response is very broadband, but there is excessive pass-band
attenuation. Time-reversing this waveform and convolving it with itself yields the output waveform
shown in Figure 3.10. Note that the resulting impulse has a time extent of less than two ns and a pulse
amplitude of more than 4 times that of the original waveform. From Figure 3.9 we estimate a pulse
duration of approximately 0.1 ps and a bandwidth of 400 MHz, which implies a maximum voltage gain

on the order of v(BT)=6.3.

Based on the encouraging results in Figure 3.9, we tested the PFL by using the AWG to generate the input
waveform from the time-reversed impulse response. The measured band-limited impulse response of this
PFL is shown in Figure 3.11, and the measured output pulse is shown in Figure 3.12. A high-power
circulator was not available for these tests, and a simple T-connector was used instead. This causes the
input waveform to appear in the left portion of the output display in Figure 3.12, and it also produces a 6

dB loss in signal amplitude.

The results are encouraging. The resulting impulse is less than 2 ns in duration. The circuit used for this
test is a low voltage surrogate for the amplified waveform that would be used in actual practice. In the
final design, the initial waveform would be separated from the resulting impulse. The 6-dB loss in this

type of tests system would also be eliminated.
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Figure 3.12. Time-reversed input waveform and output waveform from the PFL.

4. CONCLUSIONS
In this project the OSU ElectroScience Laboratory provided support to the AFOSR Plasma Ramparts

program. The ESL task comprised development of “pulsers”, i.e., generators of high-voltage, short-

duration pulses.
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The effort began with development of a device to convert the 5 kV, 50 Ohm coaxial output of a
commercial pulse generator (the Bournlea Model 3162 pulser) to a 10 kV, 400 Ohm balanced output
required for plasma experiments. The pulses produced by this device have a nominal duration of 10 ns,
which implies a very broad frequency response. To meet these objectives we developed a balun
transformer, which is essentially a specialized transmission line designed to produce an impedance
transformation over a wide bandwidth. The balun was based on the tapered coaxial cable design studied
by Hecken in 1956 [5] and optimized by Duncan and Minerva in 1960 [2] and by Hollman and Trankle in
1963 [4]. It was constructed using copper tubing that we fitted to a high voltage coaxial adapter. The
outer conductor of the copper tubing was cut in a tapered slit based on design equations. The design has
a minimum of dispersion, which avoids distortion in the pulse shape, and it includes a transformation
from the unbalanced coaxial line to a balanced twin line to transform the impedance to the final required
value. Testing showed that the transformer achieved the design objectives. We were able to deliver pulse

voltages greater than 10 kV to a balanced load impedance of 400 Ohms.

In the second phase of our effort, we worked to develop an alternative pulser. The goal of that work was
to generate an eternal train of 1 ns pulses with a pulse repetition frequency (PRF) greater than 1 MHz. A
number of pulse compression techniques were investigated for this purpose. The underlying concept of
all such techniques is to generate a wide band, long-duration waveform at relatively low voltages and then
use a pulse-forming circuit to compress this waveform into a short high-voltage pulse. The original wide
band waveform could be amplified using a 100 watt wide band (1 MHz to 1 GHz) power amplifier (such
amplifiers are available commercially) and then compressed into the required high-voltage short pulses

using the pulse-compression network.

We looked at various techniques for generating the required pulse train. Summation of harmonic,
coherent sinusoids was one of the first concepts explored, but it was deemed impractical because of the
requirement for a linear, high-voltage, wideband summation device that could combine 100 or more
harmonics without significant loss. We next pursued pulse forming (transmission) lines (PFL’s). It is
well known that a frequency dispersive transmission line will transform a wide-band low-voltage
waveform into a short-duration high-voltage output pulse. We tested several of these devices by building
PFLs and exciting the lines using an arbitrary waveform generator (AWG). After experimenting with a
number of approaches, the most successful technique was found to be autocorrelation of the system
impulse response. In this technique, the time-reversed impulse response of the PFL is applied as the
input, producing an output waveform which is the autocorrelation of the PFL’s impulse response. (The

concept is analogous to a matched filter.) For a wideband, dispersive line, the resulting pulse has a very
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short duration. We used a digital oscilloscope to capture the impulse response and then delivered the
waveform (digitally) to the AWG where it was time-reversed and stored in the AWG. This waveform
was then applied to the test circuit, where it was shown to compress into the required pulse. Although
significant pulse compression was achieved using this technique, we did not demonstrate an acceptable
amplitude gain because of attenuation in the PFL. Another implementation of this concept using higher
quality components should yield a reasonable voltage gain, but further development is required to

demonstrate the 10 kV output voltages required for plasma generation.
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15. SPIN-OFFS

Electron-Mediated Vibration-Electronic (V-E) Energy Transfer in Optically Pumped Plasmas
E. Plénjes, P. Palm, J. W. Rich, and L.V. Adamovich, Chemical Physics, Vol. 279, pp. 43-54, 2002

The paper discusses experiments on vibration-to-electronic energy transfer in CO laser pumped CO-
Ar and CO-N, plasmas. Ionization in these strongly nonequilibrium plasmas occurs by an associative
mechanism, in collisions of two highly vibrationally excited CO molecules. The experiments show that
removal of the electrons from the optically pumped plasmas using a saturated Thomson discharge results
in considerable reduction of the UV/visible radiation from the plasma (CO 4" positive bands, NO 7y bands,
CN violet bands, and C, Swan bands). At some conditions, the removal of electrons results in a nearly
complete extinguishing of the UV/visible glow of the plasma. This effect occurs even though electron
removal results in an increase of the high vibrational level populations of the ground electronic state
CO(X'Z, v~15-35). On the other hand, deliberate electron density increase by adding small amounts of O,
or NO to the optically pumped CO-Ar plasmas produced substantial increase of the UV/visible radiation
intensity, which strongly correlates with the electron density. The results of the present experiments
indicate that the vibration-to-electronic (V-E) energy transfer process CO(X'S—A'TI), and, possibly,
analogous processes populating radiating excited electronic states of NO, CN, and C,, in optically
pumped plasmas, may be mediated by the presence of electrons which are created in the absence of an
electric field, with low initial energies. Most importantly, this effect occurs at ionization fractions as low

as n/N~10°-107".

Supersonic Nonequilibium Plasma Wind Tunnel Measurements of Shock Modification and Flow
Visualization |

Yano. R., Contini, V., Ploenjes, E., Palm, P., Merriman, §., Aihal, S., Adamovich, 1., Lempert. W.,
Subramaniam. V., and Rich, 1.W, ATAA Journal, vol. 38, No. 10, 2000, pp. 1879-1888

The paper discusses experiments conducted in a new, small-scale, nonequilibrium plasma wind tunnel
recently developed at Ohio State. The facility provides a steady-state supersonic flow of cold
nonequilibrium plasma with well-characterized, near uniform, properties. The steady-state operation is an
advantage compared with short runtime available in shock tubes and ballistic ranges. The plasma is
produced in aerodynamically stabilized high-pressure glow discharge that forms the plenum of the
supersonic nozzle. The possible modification of the supersonic flow due to ionization is studied by

measuring the angle of oblique shocks attached to the wedge located in the nozzle test section. The results
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do not show any detectable shock weakening or attenuation in weakly ionized nitrogen plasma, compared
to the measurements in a non-ionized gas flow.

Experiments in supersonic flowing nitrogen and helium afterglow using this facility also demonstrate a
novel technique for high-density supersonic flow visualization. It allows identifying all key features of the
supersonic flow, including shocks, boundary layers, flow separation regions, and wakes by recording
intense visible radiation of the weakly ionized plasmas. Interpretation of radiation intensity distributions
in nonequilibrium supersonic flowing afterglow may provide information on key mechanisms of energy
storage and ultraviolet radiation in high-altitude rocket plumes. In addition, these flow visualization
experiments can be used for validation of multidimensional computer flow codes used for internal flow

simulation.

Synthesis of single-walled carbon nanotubes in vibrationally nonequilibrium carbon monoxide
E. Plénjes, P. Palm, G.B. Viswanathan, V.V. Subramaniam, LV. Adamovich, W.R. Lempert, H.L. Fraser,
J.W. Rich, Chemical Physics Letters, vol. 352, No. 5-6, pp. 342-347, 2002

Single-walled carbon nanotubes (SWNTs) are synthesized in a gas-phase nonequilibrium plasma
process. The carbon producing CO disproportionation reaction is driven very efficiently in a flow reactor,
in which extreme disequilibrium between the vibrational and translational mode of the carbon monoxide
gas is maintained even at low translational temperatures by using a powerful and efficient carbon
monoxide gas laser. In the presence of metal catalysts, the vibrationally excited CO reacts to form CO,
and structured carbon molecules, notably SWNTs. The individual tubes form ropes or flat ribbons and
these are aligned parallel to each other into larger structures of SWNT material without any post-synthesis

treatment.
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16. DEVELOPMENT OF RUBIDIUM FILTERED THOMSON SCATTERING MASUREMENTS
S.H. Zaidi, Z. Tang, A.P. Yalin, P. Barker, and R.B. Miles

1 Introduction

Experimental diagnostic techniques play a significant role for the understanding of plasma properties and
the validation of theoretical predictions. These diagnostics are in high demand in plasma aerodynémics
where both intrusive and non-intrusive techniques are used to conduct plasma studies. The use of
Langmuir probes is the most popular method for the measurement of electron temperature and electron
density in low temperature and weakly ionized plasmas [1]. In spite of their usefulness, the intrusive
nature and their restricted application to the low temperature plasmas make these probes unsuitable for

high temperature plasma studies.

Among the non-intrusive techniques, Thomson scattering has emerged as an important diagnostic tool
which can be used to make unambiguous measurements of electron temperature and electron number
density in plasmas [2]. Experiments in plasmas with electron densities in the range of 10" to 10*' cm™
and electron temperatures in the range of 1eV to 5eV are now being performed [3]. Recent attempts have
been made to lower limit for Thomson scattering measurements to below 10'?> cm™. This density regime is
commonly found in glow discharges which are used in industrial application including etching and

depositions.

In spite of several advantages, Thomson scattering technique does have few limitations which mainly
come from the plasma luminosity and the Rayleigh light which is scattered by the system as a back
ground light. The Thomson signal has to compete with plasma emission and the elastic background
radiation, both of which can mask the Thomson signal. To overcome the problem of interference from the
undesired radiation, atomic dispersive resonance filters can be employed. In the present work a Rubidium
filter along with a narrow width, frequency-tunable, pulsed Ti:Sapphire laser was used. The laser was
tuned to the 780 nm absorption line of Rb vapor. The Rb filter was made optically thick at the laser
wavelength, so that the light that is Rayleigh scattered from the neutral species in the plasma and
background scattering are filtered out. As the Thomson signal is frequency broadened by the thermal
motion and the ion acoustic coherent motion of the electrons, its linewidth becomes much greater than the
absorption linewidth of the rubidium. This way the Thomson signal passes through the Rb filter whereas
the undesired Rayleigh and background radiation is blocked. Further details of the Thomson technique

and the related apparatus are presented below.

285




2 Thomson Scattering

When a laser beam is passed through a plasma, the Thomson component of the scattered light arises form
free electrons. The bound electrons scatter the Rayleigh component whereas the stray light comes from
elastic scattering from various surfaces in the system. Thomson and Rayleigh components are Doppler

broadened but have very different spectral widths because electrons are much lighter than atoms.

The line shape of the Thomson scattering profile is a complicated function of the parameter o which, in
turn, is a function of the scattering angle and the plasma characteristics (electron number density and

electron temperature). The parameter o is defined as:
o= 1/khp = Ay/(4mAp sin (6/2)) (hH

where Ap is the Debye’s length in the plasma and k is the magnitude of the difference between the
scattered wave vector Ks and the incident wave vector Ko. Since the Thomson scattering is elastic, IKS
|= |Ko I . If o <<1, the scattering comes from the uncorrelated electron motion and leads to incoherent
Thomson scattering whereas for o>1 collective electron motion plays a dominant role and leads to

coherent Thomson scattering.

The factor governing the spectral profile of the Thomson scattering is referred to as the form factor and is
denoted by S(K,w). The simplified expression for the form factor can be obtained by using the Salpeter’s
approximations [4] which assume that for most of the practical cases, the electron mass is much less than

that of the ion and the electron temperature and the ion temperature are comparable.

The experimental detection of the line shapes provides information on plasma temperature and electron
number and ion number densities. It would be worth mentioning that the frequency spectrum of the
scattered light is strongly dependent on the scattering angle and the motion of the charged particles in the
plasma. As compared to large scattering angles, spectral features at small scattering angles are
compressed. In this regime stray light is a major interference that must be rejected and attenuated for
accurate measurement of the scattering profile. This rejection can be achieved by employing atomic vapor

filters as is explained n the next section.

3 Atomic Vapor Filters
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Atomic vapor filters have been widely used to suppress Rayleigh signals and the back ground noise which
arises from the elastic scattering from medium particles and surfaces. The initial applications involve the
successful measurement of Raman intensities of gases only a few GHz away from the Rayleigh line [5].
Recently atomic filters have also been used in Thomson scattering measurements for the same reason.
Bakker et. al. [6] used a sodium notch filter to suppress the stray light intensity in performing 90°
Thomson scattering experiments in a low density plasma. In the current work an optically thick RB filter

has been employed in the system.
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Figure 1: A schematic of the experimental arrangement.

4 Experimental Results

Figure 1 describes a schematic diagram of the experimental setup. The arc source plasma was an
atmospheric argon MAXI-ARC lamp form NIST. In this water-cooled lamp, the arc constricting section is
6.3 mm long with a 4.0 mm diameter disk. The design of the lamp ensures stable burning of the argon
flow. Pure atmospheric argon was supplied to the arc chamber. From the emission spectrum of the lamp it
was found that the emission in the infra-red was significantly lower than in the visible region. Hence, it
was advantageous to use the infra-red radiation source for Thomson scattering to reduce noise from the

plasma emission background.

In contrast to Snyder et. al. [7], Bentley [8] and Bakker et. al [6] who performed 90° Thomson
experiments, a backward layout has been adopted in this work. With the restricted optical access of the
structure of the argon arc lamp, only the forward or backward scattering experiments were possible. The

advantages of backward layout lie in a relatively less stray light radiation and the appropriate o
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parameter for plasma diagnostics. As mentioned earlier, a narrow linewidth pulsed injection seeded Ti:
Sapphire laser was used as the light source. The output of the laser was about 50-60 mj/pulse with a line-
width of and about 100 MHz which made it an ideal choice for Thomson scattering. However the optical
purity of this laser system was only about 99%. Besides the injection seed component, laser emission also
consists of a broad ASE component. The elastic scattering from this ASE was found much stronger than
the weak Thomson scattering. An ASE reduction filtered was constructed to overcome this problem. This
filter consists of two spatial filters and 20-fold prisms which are used as the dispersive elements. Figure 2
shows both the ASE and the filtered ASE emission spectrum when the laser was tuned to the Rb D;, line.
The full width at half maximum of the ASE component is about at 2.0 nm whereas the corresponding

value for the filtered ASE is about 0.7 nm which is spectrally narrow enough and can be suppressed by an

optically thick Rb filter.
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Figure 2: The ASE and the filtered ASE spectrum of the Ti:Sapphire laser.

It is worth mentioning that the Thomson scattering is linearly polarized whereas the plasma radiation is
un-polarized. Therefore a Glan-Taylor polarizer was employed to pass the light which was polarized
parallel to the electric field of the incident laser. The backward scattered light from the argon arc was
spatially filtered and was passed through the Rb filter which absorbed the elastic and Rayleigh scattered
light. The Thomson component of the scattered light was focused into a monochromator for spectral
analysis where a photomultiplier tube (PMT) detected the required signal. The PMT was time gated
synchronously with the laser to suppress the plasma luminosity. The signal was BOXCAR averaged, A/D

converted, and was recorded by a computer.
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Before making any Thomson measurements, the detection system was aligned by capturing the Raman
features of the carbon oxide gas. Once the satisfactory Raman signals were obtained, the system was
ready to measure the Thomson signal. The monochromator was set to 783.7 nm and the laser was tuned to
780.02 nm. Firstly, when the lamp was off, the laser radiation was blocked to check the zero level. Then
the arc was ignited and the emission signal strength was monitored. The laser light was again blocked to
check the zero drift, and the time gate of the BOXCAR was checked to make sure that the gate célptured
all the scattered light from the laser radiation. When the laser was focused into the arc, a big signal due to
Thomson scattering was observed. The signal was reduced dramatically when the laser arc was
extinguished. Once the Thomson signal was observed, a scan of its spectrum was obtained. The
measurement results have been shown in figure 3 which also included the plasma emission spectrum
without the laser and the laser emission spectrum without the plasma. The electron number density and
the electron temperature was extracted from the Thomson scattering by matching  the experimental

line profile with the
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Figure 3: The plot of the measured Thomson scattering spectrum along with the fitted model.

theoretical models. The o parameter was 1.17 and the measurement results gave an electron temperature
of 0.82 + 0.06 eV, and an electron number density of 1.61 X 10"+ 0.05 x 10'® electrons /cm’. The errors
were estimated by the asymptotic standard errors from the fitting. It must be noted that all the Thomson
scattering electron features observed so far were asymmetrical. The blue-wing hump was more than 10%
to 30% larger than the red-wing hump. This asymmetry feature has also been observed by Snyder and
,;
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Bentley [7,8]. An example of such a Thomson scattering line profile is shown in figure 4. Although the
integrated scattered light intensity is stronger in the blue wing than 1 the red wing, they have comparable
spectral line-shapes and the same value of electron number density and electron temperature can be
extracted from both sides. I n the graph, the two sides are separately fitted. The arc lamp was operated at
an operating condition different from that used in figure 3. In this case the electron number density was

found 5.48 x 10'° cm™ whereas the electron temperature was about 2.42 eV.
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Figure 4: The plot of the measured Thomson signal along with the fitted model.

5 Summary
An optically thick Rb filter has been successfully used to suppress the elastic and Rayleigh scattering

background while measuring a Thomson signal from an argon arc plasma which was operating at an
atmospheric pressure. The spectral purity of a narrow linewidth Ti:Sapphire laser was achieved by using
an ASE filter. The information on the electron temperature and the electron number density was extracted

from the Thomson signal by fitting a model curve to the data.
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17. PRINCIPLES AND IMPLEMENTATION OF COHERENT RAYLEIGH SCATTERING
X. Pan, P.F. Barker, A. Meschanov, J.H. Grinstead, M.N. Shneider, and R.B. Miles

1. Introduction

Reliable measurements of plasma and flow properties are of fundamental importance, in particular
spatially resolved measurements of translational temperature and electron number density [1]. In this
paper, we present our work on plasma neutral temperature measurements using ponderomotive forces.
Experiment using coherent Rayleigh scattering (CRS) to measure the gas temperature in a glow discharge
is described. This localized measurement has high signal to noise ratio due to the fact that CRS is a
coherent process. We also present the numerical calculation of photoacoustic detection of the energy
deposition by optical lattice. Such a measurement also reveals the thermal energy distribution of atoms or

molecules. Ponderomotive forces are key factors in both processes.

Ponderomotive force is usually defined as the force acting on individual particles (electrons, atoms, and

molecules) due to the inhomogeneity of the fields. Consider a particle with charge ¢ in an oscillating

electromagnetic field, its Hamiltonian is given by
H(r,p;t)z—z-l;i-[P—qA(r,t)]z+qU(r,t) ¢))

where P is the particle’s momentum, A(r,t) and U(r,t) are the vector and scalar potentials at space vector

r and time ¢ . Averaging over time, the first order effects become zero, and we have

(H(r,p;z‘)>=—h—2Vz—q—2<A2 (r,t)> 2)

2m 2m

The second term on the right hand side of Eq. 2 is generally called ponderomotive potential. In a field
gradient, a charged particle tends to minimize its potential energy by moving translationally. The force
associated with this moving tendency equals the negative gradient of the ponderomotive pontential and is

called ponderomotive force, with

fpand = —V Upand (", t) (3)

In this report, however, we will mainly discuss the ponderomotive forces on atoms and molecules, which

become induced dipoles in the electromagnetic field.
2 Temperature Measurement by coherent Rayleigh Scattering
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Coherent Rayleigh scattering has recently been studied both theoretically and experimentally [2]. When
two lasers beams, with electric field E; and E; at frequencies @, and @, cross each other, they form a
traveling interference pattern in space. The pattern travels at speed v=(2/g, where Q2=w-@; is the
frequency difference, and g = |k;-k,| is the wave vector difference of the two laser beams. If the laser light
frequencies are far from gas resonant frequencies, a classical description will be sufficient. A polarizable
atom or molecule in this region becomes an induced dipole with dipole momentum p = o, where o is
the particle’s polarizability and E=E,+E; is the electric field. The potential energy of the induced dipole

is

U=—% p.E=—%aE2 “
and the ponderomotive force
1
St ==V U poua (7,2) = —z—aVE2 (5)

tends to move the particle toward the region where the field intensity is stronger. For atoms that move at a
velocity close to that of the interference pattern, this force will effectively modify their translational
motion. Atoms moving much slower or faster will experience periodical forces and therefore won’t be
perturbed much. Another perspective points out that the traveling interference pattern forms a traveling
and periodical potential well. Atoms and molecules with velocity close to that of the potential well will be

attracted and trapped in the potential well and move with it.

The gas atoms in the crossed region of two laser beams will then redistribute and form a traveling density
grating, which, in turn, form a traveling periodical refractive index field. If we shine a third laser beam
onto this refractive index field, it can be Bragg reflected. We call this third beam probe beam and its
Bragg reflected light coherent Rayleigh scattering signal. As in other coherent processes, it requires
frequency matching and phase matching. The Maxwell-Boltzmann distribution function determines how
many gas atoms move close to the velocity of the traveling interference pattern, and will be perturbed by
it. Therefore the intensity of the coherent Rayleigh scattering signal is a function of the gas’s Maxwell-

Boltzmann distribution, i.e., the gas temperature.
A simple kinetic model ignoring collisions shows that, at low pressure, the spectral profile of the

coherently scattered light is very well approximated by a Gaussian curve with a full width half maximum

10% wider than the spontaneous Rayleigh scattering profile, and that the width of the profile is
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proportional to /T /m . Thus, a simple Gaussian profile analysis of experiment data is valid to calculate

the gas temperature. Since collisions are ignored, the above analysis only applies in the Knudsen regime,

where the Knudsen number, Kn=1,4/2p, is greater than unity.

We have used CRS to measure the temperature of an argon glow discharge. The experimental setup is
shown in Fig. 1. A frequency-doubled Q-switched Nd:YAG laser (Continuum YG661-10) was used in the
experiment to produce two broad band pump beams. The linewidth of the pump laser was approximately
60 GHz at the frequency doubled wavelength of 532 nm. The output from the laser was split into two
beams using a 50/50 beam splitter. These two beams were focused and crossed at the center of the plasma
at an angle of 178°. Each beam was approximately 20 mJ per pulse and the polarization of each beam was
perpendicular to the plane of the page. The second harmonic output of an injection-seeded, frequency-
doubled, Q-switched Nd:YAG laser (Spectra-Phyiscs Quantum-Ray laser) was used to produce the probe
beam. This laser is seeded by a cw temperature-tuned Nd:YAG laser. The host laser can be tuned over a
frequency range of about 9 GHz at the second harmonic at 532 nm. The tuning range and linearity of the
laser were calibrated by a plane-parallel air spaced etalon. The polarization of the probe beam was
perpendicular to that of the pump beams. This enabled us to pick out the CRS signal by polarization,

since the signal had same polarization as the probe beam.

Care was taken to make sure the three laser pulses overlap both spatially and temporally in the plasma.
The CRS signal was intense. When aligning in room air, one could see the coherently reflected beam with
naked eyes. When phase matched, the CRS signal beam traced back along one of the pump beam’s path,
i.e., pump beam 2 indicated in Fig. 1. It was then separated from that path by a thin film polarizer. The

beam was propagated for about 7 meters to photo detectors.
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Figure 1. The optical setup using the coherent Rayleigh scattering to measurement temperature in a

weakly ionized plasma.

Two photomultiplier tubes (PMTs) were used to collect the signal. Part of the beam passed through a
solid plane-parallel etalon to a PMT. The etalon has a free spectral range of 15 GHz and was temperature
stabilized to within 50 mK. Only light with frequency falling in the etalon’s Airy function pass band was
received by the PMT behind it. The convolution of the etalon’s pass band and the probe laser’s lineshape
determined the frequency resolvability of our setup, i.e., the instrument function. The measured
instrument function is 150 MHz FWHM. The other PMT without the etalon received all frequency
component of the CRS signal. The etalon and two PMTs worked as a spectrometer. As our pump laser
was broadband, the excited gas density grating has all frequency components that span the Maxwell-
Boltzmann distribution. Scanning the narrow band probe laser, one then got the coherent Rayleigh

scattering profile.

The plasma tube in Fig. 1 was 2 cm in diameter. The positive column of the argon glow discharge was
about 25 cm. The pressure is 50 mb, and the current through the discharge is 10 mA. The crossing region
of the lasers beams was aligned along the axis of the discharge. The region was about 100 im in diameter
and 1 cm long. This represented the spatial resolvability of our measurements. The ionization ratio of the
glow discharge was fairly low, so the scatterers were atoms instead of electrons. Therefore the measure

temperature was of the neutral gas.
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Figure 2. Profile of a coherent Rayleigh scattering signal from an argon glow discharge. The plasma is at

50 mb and the current is 10 mA.

Fig. 2 shows a sample measurement. The dashed curve is the instrument function. The thin solid curve is
the measured signal profile. The raw data has a 250 MHz modulation due to the mode structure of the
pump laser. It has been filtered out for the curve shown in Fig. 2. The sharp peak near f-f,=0 GHz is due
to the elastic scattering of the probe laser. It is not quite centered because the elastic scattering source was
at a different place than the crossing volume of the laser beams. The fitted curve is a convolution of a
Gaussian curve and the instrument function. The neutral temperature of the plasma was derived to be 479

K with 2% error.

Measurements were also performed in neutral argon gas under same condition. The CRS measurements
agree with the temperature measured by thermocouple to within several degrees. This confirmed the

validity of the CRS measurements.

Generally, CRS requires a greater experimental complexity than spontaneous Rayleigh scattering.
However, its advantage justifies the efforts. The plasma environment, with its luminosity, low particle
density, and close confinement geometry, is often harsh for optical diagnostics. The CRS signal is beam
like, therefore it has the properties of a beam, e.g., highly directional, polarized, and highly bright. These

properties lead to high signal to noise ration of the measurements.

296



3 Photoacoustic detection of energy deposition by optical lattice

In the simplified analysis of coherent Rayleigh scattering above, we ignored collision. Without collision,
the dipoles will be set to drift by the optical lattice [3]. With collision at work, the optical interference
lattice created by the crossing pump beams can deposit energy into the gas. While the atoms or molecules
moving synchronously with the optical lattice are perturbed, their kinetic energy changes, and the
Maxwell-Boltzmann distribution function is perturbed accordingly. Through collision, the perturbed
distribution function relaxes. During this process, energy is exchanged between the optical lattice and the
gas. Acoustic signal generated by this process will provide information of the gas thermal distribution,

i.e., the gas temperature.

We numerically solved the one-dimensional kinetic equation to analyze this process. The kinetic equation
with Bhatnagar, Gross and Krook (BGK) collision integral approximation is given by [4]
o F -
Rt ©
where F is ponderomotive force given by Eq. 5, M is the mass of the dipoles. The unperturbed gas has a
MB velocity distribution function fj, and /= f{x,v,f) is the real time distribution function.
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Figure 3. Gas distribution function as perturbed by a traveling optical lattice generated by two laser
beams with frequency difference Ao = 7.5 GHz. The solid curve is the unperturbed MB distribution. The

dotted curve is the perturbed MB distribution.
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Our calculation condition is for two laser beams crossing in CO,. Each beam is 100 mJ/pulse, 10 ns pulse

duration and with a focal regime diameter of 100 um. The CO, gas temperature is 30 °K and its pressure
is 50 Torr.

Fig. 3 shows the calculated perturbation on the MB distribution. The perturbed distribution is able to
reach a steady state during the laser pulses are on (10 ns). Later on, the gas relaxes to its new equilibrium
state. Since more slow molecules have been attracted to the potential well than faster molecules, the
energy is generally transferred from the optical lattice into the gas. Our calculation shows that the energy
deposition is significant. The power absorption is shown in Fig. 4. Gas temperature can be derived from
such a curve. The peak absorption happens near the molecule thermal velocity, which is 379 m/s.
Interestingly, a standing optically lattice, with Aw = 0 GHz, does not add much energy into the gas. In
fact, if there is no collision, one should expect the optical lattice to cool the gas down: this is essentially

laser trapping of cold molecules [5].

CO,; p=50 Torr; T=300 K; P=0.1 mJ/pulse; 1, =10 ns
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Figure 4. Calculated power deposition into CO, gas by an optical lattice.

We expect that such a fast energy deposition will generate detectable acoustic signal. The experiment uses
two injection-seeded lasers. Microphones are used to detect the acoustic signal. If such a technique is
experimentally demonstrated, the elastic scattering of optical measurements can be much less concerned.
However, several issues should be addressed for its application in weakly ionized plasma, e.g., the

influence of the plasma by the presence of a microphone.
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4 Conclusions and Discussion

We have demonstrated that coherent Rayleigh scattering can be used to make accurate measurements of
temperature in weakly ionized plasmas. We conclude that it is particularly suited to measurements in low
density plasmas where the Knudsen regime can be met with available laser sources and geometries. The
coherence nature of the signal means that high signal to noise ratio measurements can be done using CRS.
As for the error sources, elastically scattered light remains one of the limiting interferences in this
technique at very low gas densities. In our experiments both the multimode nature of the pump lasers and
the temporal jitter of the probe laser meant long integration times were required to reduce measurement
uncertainty to an acceptable level. Single shot measurements with similar accuracy, could be obtained if
the spectral profile of the CRS signal, transmitted through the etalon was recorded on a two dimensional
device such as a CCD. In this case, the broadband multimode laser that we used in our experiments would
need to be replaced by a modeless laser. Such laser systems have been developed for CARS

measurements.

We also investigated the possibility of an acoustic detection of the energy dumped in the gas by traveling
optical lattice. This occurs when the Maxwell-Boltzmann distribution is perturbed by the ponderomotive
forces. In this process, energy is transferred from the laser beams to the gas and an acoustic disturbance
will be created. Measurement of the acoustic intensity from this interaction should yield information
about the molecules energy distribution function, while completely eliminating gas luminosity and elastic

laser scattering.

The force that perturbs the gas density is the electrostrictive force, it is also known as the dipole force,
and more generally is a ponderomotive force. The ponderomotive force bridges the high frequency laser
light with the translational motion of atoms, molecules and electrons. Researchers working with highly

ionized plasmas also used it to accelerate electrons and generate plasma waves [6].
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18. COHERENT RAYLEIGH-BRILLOUIN SCATTERING
Xingguo Pan, Mikhail N. Shneider, and Richard B. Miles

Coherent Rayleigh-Brillouin scattering in gases has been studied experimentally for the first time in the
kinetic regime and shown to give lineshapes that differ significantly from the spontaneous Rayleigh-
Brillouin scattering. A kinetic model was developed to obtain an analytic solution of the lineshape for

monatomic gases and good agreement with the experimental data was achieved.

Spontaneous Rayleigh-Brillouin scattering in gases originates from gas density fluctuations [1].
Its spectrum can be characterized using a uniformity parameter y, which is on the order of the ratio
between the scattering wavelength and the gas mean free path. In the kinetic regime, corresponding to y
ranging from 0 to around 3, theoretical studies [2-4] usually solve for the gas density fluctuations from
kinetic equations. Excellent agreement between experimental data [5-7] and theory has been achieved. It

was shown that when y — 0 the scattering light power spectrum is a Gaussian curve corresponding to the

Maxwellian distribution function of the gas molecules. As y increases to around one and greater, two
shifted peaks appear. Their frequency corresponds to the sound velocity. Recently, efforts have been
made to generate perturbations and then probe them with lasers [8-13]. As closely related, coherent
Rayleigh scattering studied by Grinstead and Barker [13] is the collisionless limit of the work reported in
this Letter. In this Letter, we report the experimental observation of coherent Rayleigh-Brillouin
scattering (CRBS) in gases in the kinetic regime. Data obtained in argon and krypton at room temperature
and various pressures will be presented. We also propose a simple kinetic model that yields good
agreement with the experimental data of monatomic gases. We point out that the generated gas density

perturbation in our configuration is intrinsically different from the spontaneous fluctuations.

The physical process of CRBS is illustrated in Figl. Two pump beams, E, = E,, exp(ik,7 ~wt) and
E, = E,, exp(ik,7 —w,r) with same polarization, are focused and crossed at their foci in the gas. Gas
molecules inside the cross region experience dipole forces generated by the inhomogeneity of the

intensity field [14]. We choose the x axis along k , which is perpendicular to the fringes. The acceleration
a(x,t) of an individual molecule generated by the two single-mode beams is along the x axis and has a

magnitude of

o T akE\E,, .
H=WV(E|+E2)2=_~—_A14—0&S|n(kx—wl)’ B (1)
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where M and ¢ are the mass and polarizability of the gas molecule, respectively; k=|i€,—l€2| and

® = @ -, are the wave number and angular frequency of the dipole force field, respectively. The dipole

forces créate a wavelike density perturbation in the gas. A third, probe beam is counterpropagated against
pump beam 2 and is Bragg scattered off the gas density perturbation. The scattered beam is the CRBS
signal. By the phase matching condition, the signal beam follows, in reverse, the path of pump beam 1.
The signal maintains the probe beam's polarization and is phase conjugated to pump beam 1. The signal
beam's frequency is shifted from the probe beam's by the frequency of the traveling density perturbation
wave.

The experimental setup was a modified version of that reported in [15]. In the experiment, a Q-
switched, frequency doubled, broadband, pulsed Nd:YAG laser was used to produce the two pump
beams. The power spectrum of the laser has a full-width-half-maximum of 26.5 GHz with a 250 MHz
mode structure modulation. The laser's broadband means that the generated density perturbation is also

broadband, i.e., a superposition of waves illustrated in Fig.1. Therefore, the acceleration a(x,t) of each

molecule due to the pump beams is broadband, i.e., a summation of a; of all . The pump pulse had a
duration of about 10 ns and the pulse energy directed into the cross region was around 6 mJ/pulse for each
beam. The probe laser was an injection seeded, frequency doubled, pulsed Nd:YAG laser, operated in a
single longitudinal mode. Its frequency could be scanned over a range of 20 GHz without mode hopping,
and its pulse duration is 7 ns. It was easy to align the optics in the experiment, because the signal is
relatively strong. For example, in room air, the signal could be clearly seen by eye on a white card with a
] mJ probe beam pulse energy when the room was dark. The measured signal beam intensity at these

conditions was less than 5 p J. To avoid the complexity of fluctuations generated by the probe and signal

beams' interaction, we tuned the probe beam to minimum level in the experiment.

The two pump beams were crossed at their foci inside a gas cell with a 178° angle. The diameter of
the focal region was about 200 fm . The paths of the pump beams were carefully arranged so that they
arrived at the interaction region simultaneously. The arrival of the probe pulse was adjusted relative to
that of the pump pulses so that maximum signal was obtained. The optimal delay was about 1 ns. The
jitter of the two lasers was each about 2 ns.

The signal beam was separated from the path of pump beam 1 using a thin film polarizer. It was then
propagated for 7 meters in the lab to be detected. At this distance, the background ambient scattering of
laser light from optical elements was greatly attenuated. About 4\% of the signal was directed to a
photodetector for normalizing purpose, the rest was detected by another photodetector after passing
through an etalon with a free spectra range of 11.85 GHz. The etalon was put in an enclosure whose

temperat'ure was stabilized to within +0.1° K. In the experiment, the probe laser's frequency was scanned.
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For each frequency step, the ratio of the signal intensity detected by the photodetector after the etalon to
that by the normalizing photodetector made a data point of the lineshape. Thirty shots were averaged for
each frequency step. The recorded lineshape was a convolution of the CRBS lineshape and the instrument
function. The instrument function was measured by sending the probe laser beam to the detector system
and scanning the laser frequency. Shown in the argon 1 atm panel of Fig.2 is a fitted curve to the average
of three measured instrument functions. Also, in each scan, a small portion of the probe laser bearh was
passed through another 900 MHz etalon to monitor the laser frequency and stability.

Fig.2 shows typical scans in argon and krypton at different pressures, at a temperature of 7, = 292° K.
Also indicated is the y parameter for each pressure. The definition of the y parameter is model dependent
[3,4]. In this Letter, we use a kinetic model that assumes a constant collision time 7 for molecules with
different velocities, and the y parameter is defined as

kvt 3o omk ]

y

where &, is the Boltzmann constant, v, =2k,T, /M, p, is the average gas density, and
n=(/3)p,7(8k,T,/xM) is the shear viscosity [16]. For the experimental data, y was calculated using the

second expression of (2). The pressure of krypton was chosen to match the y parameter with the argon
data. In the context of CRBS lineshape, the only significant difference between argon and krypton is their
atomic mass. It is expected that the krypton lineshape is scalable to the argon lineshape for the same y
parameter. Our experiment results show that it is indeed the case.

The raw profile for each graph has a 250 MHz modulation due to the pump laser's longitudinal mode
structure. As an example, the raw data in krypton at 0.77 atm is shown by the vertically offset green
curve. This modulation was observed as a well-defined, isolated, frequency component in the power
spectrum of the recorded profile, and it was filtered out in the frequency domain of the Fourier transform
of the recorded data. Data corresponding to smaller y parameters can be found in [13,15], which showed

that the y ~ 0.02 curve is about 10% wider than the spontaneous Rayleigh scattering curve. For y 21, the
coherent Rayleigh-Brillouin spectrum show two strong shifted peaks in addition to the unshifted central
peak. The central peak becomes relatively lower as y increases. The shifted peaks correspond to w=kv,,
where v, = W is the speed of sound of the gas. The same shape and evolution have also been

observed for neon, nitrogen, and carbon dioxide.

We propose a simple kinetic model to explain the observed power spectrum. Since the CRBS is due
to the gas density waves driven by the pump beams, its power spectrum is related to the density
perturbation by

S(k,w) = 8p" (k,0)3p(k, ) , (3)
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where k is the wave vector, @ is the angular frequency, and
1 “ i(hkx-wt)
8p(k,0) =~ [ [ " p(x, s, @
2l

is the space-time Fourier transform of the gas density perturbation.

The gas density perturbation is solved from kinetic equation

aaf+v\7f+a (Poﬂ>+f)——[f05p S+ ”“f"*wpofo‘”(”———)] )

where  f,=f,(¥,v,t) is the deviation from the equilibrium distribution function with

f(&9,0) = p,fy (V) + f;(%,7,1) . Other symbols in (5) are:

2

f;)(V) 3/2v3 exp( _)

0

Sp(x.1) = [ fid*v,

6
G@E,0) =~Ljﬁﬁd’v, ©

8T(:0) =Tyl j v fd’v—;—5p(x !

oY

The collision term, i.e., the right hand side of Eqn(5), is the linearized BGK [17] kinetic model. It
has been shown that this model satisfies mass, momentum and energy conservation and the H-theorem.
Yip and Nelkin [2] first used this kinetic model to derive an analytic solution of the spontaneous
Rayleigh-Brillouin scattering. We take advantage of its simplicity in this study of the CRBS power
spectrum. This model only considers the translational movement of the gas molecules, therefore, only
monatomic gases will be modeled. The cylindrically symmetric configuration of the experiment allows us
to assume along the radial axes a uniform Gaussian distribution that is maintained at the local
temperature. The important difference from previous spontaneous scattering consideration is the term

a—a—a—(p0 £, +/,) in (5). This term is the forcing term of the gas density perturbation in CRBS and is the

X

key to explain the experimental data. When the perturbation is small, we can simplify (5) using

9 can. L
a av)c (poSfo+ /) =ap, v 7

The wavelike steady state solution in the form of exp(i(kx—w!)) can then be found from (5).
Following a procedure similar to that of [17] and using the traditional dimensionless parameters

& = w/kv,and y, one obtains the density perturbation as

i2p,a E(1—-iyD)+iyBF )
kv? (1-ipA)(1~iyD)+iyB(1-iyC)’

pE&,y)=

where @ =a(£,y) is the space-time Fourier transform of the acceleration a(x,t), and
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A=(1/Nm)@, +2£0), B=(1/2n ), +20,),
C=Q/IWm)@, + 20, +0,+2¢@,),  D=(/N1)@,+@,+20,),

E=(/\m)®, F=Q/3r)@, +@,),
ma=(§+iy)ﬁ73, ﬁ73=”\[7?/2+(§+i)’)&72,
o, =(§+iy)&7,, o, =_‘/;+(‘§+’.J’)030,

and

x

wo(é’i.}’) = J:g’ffl(y—%;’)dn

is the plasma dispersion function multiplied by (~m).

The power spectrum S(&,y) can then be calculated from (3) and (8). The intensity of coherent

Rayleigh-Brillouin scattering signal is proportional to (poa)’ I(kv})*. Its lineshape, when the power
spectrum of the pump beams is fixed, is independent of the pump beams' intensity in the regime of small
perturbation, i.e., when (7) holds.

With a 26.5 GHz pump laser bandwidth in our experiments, @ varies less than 2% over the 6
GHz range of interest and can be considered as a constant, except for the pump laser's mode structure. In
Fig.2, the spectra calculated from (3) and (8) for a constant a are compared with the filtered experimental
data. The only adjustment was to match the height at the center of the experimental and theoretical
lineshapes. Satisfactory agreement was achieved for y<1 At larger y values, the model correctly predicts
the position of the Brillouin peaks, but slightly overestimates their height. The position of the shifted
peaks is correctly predicted. The scalability of the argon and krypton data and the agreement between
theory and experiment show that the physics of CRBS is well described in this regime.

In Fig.3, we compare the coherent and spontaneous spectra. The difference between the coherent

and spontaneous scattering lineshapes is because the gas density perturbation in CRBS is generated by a
wavelike dipole force field, rather than spontaneous fluctuations. The coherent y — 0 curve is identical to
that in [13], where the curve was obtained by solving a collisionless kinetic equation. The y=3
spontaneous curve was calculated using Yip and Nelkin's [2] formula, which has the same y definition.
The important difference at y>1 is that the coherent power spectrum has stronger Brillouin peaks and
much weaker Rayleigh peak, indicating that the isentropic sound waves are resonantly pumped by the
optical dipole force field. Furthermore, the relative intensity of the Rayleigh peak to the Brillouin
doublets becomes smaller as y increases. This is different from the spontaneous case, where the ratio

tends to a limit of (c,-¢,)/c, [1].
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We have shown that the CRBS power spectrum is different from that of the spontaneous
scattering. The reason is that the generation of the gas density perturbation has a different mechanism.
Our analytical solution of the spectrum based on the kinetic equation agrees well with the experimental
data. A more accurate solution of the the Boltzmann equation with molecule internal energy considered is
desirable for modeling molecular gases as well as a better agreement with atomic gases experiments. In
the kinetic regime, CRBS lineshape can be used to measure gas properties and to study gas kinetic
processes. It allows us to access gas kinetic processes, previously reached by spontaneous scattering, with
a signal that is orders of magnitude stronger. It might also enable us to access new regimes. CRBS has the
potential of becoming a new member of Rayleigh scattering based diagnostic methods [18] with the
advantages of localized measurement and high signal-to-noise ratio. Interactions between the laser
produced dipole force field and the gas molecules provide a possibility of perturbing or transporting

ensembles of gas molecules [19].

The authors acknowledge useful discussions with P. F. Barker. This work was supported by the
US Air Force Office of Scientific Research under the Air Plasma Rampart program.
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Fig.1. Coherent Rayleigh-Brillouin scattering in gases.
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Fig.2. Power spectrum of coherent Rayleigh-Brillouin scattering at 7' = 292° K in argon and krypton. The
blue curve is the experiment data with the pump laser's mode structure filtered out. The red solid curve is
a convolution of the theoretical lineshape and the instrument function (shown in the argon 1 atm panel by
the dashed red curve). The green curve in the krypton 0.77 atm panel is the raw data, offset by 0.3

vertically, displaying the pump laser's mode structure.
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Fig.3. A comparison between the coherent and spontaneous Rayleigh-Brillouin power spectra calculated

from linearized kinetic model, at y — 0 (spontaneous: thick dashed curve, coherent: thick solid curve)

and at y = 3 (spontaneous: thin dashed curve, coherent: thin solid curve). Area under each curve is

normalized to 1.

309




19. MODELING OF PLASMA GENERATION IN REPETITIVE ULTRA-SHORT DC,

MICROWAVE., AND LASER PULSES .
S.0. Macheret and M.N. Shneider

1 Introduction

A number of both traditional and newly emerging applications of weakly ionized plasmas require that
large volumes of air be ionized at relatively high pressures, from a few Torr to 1 atm, and low
temperatures, from 230 K to about 1,000 — 2,000 K, with ionization fraction of 10%-10*."" In many of
these applications, such as absorption/reflection of electromagnetic waves, supersonic flow control, and
supersonic/hypersonic MHD generators and accelerators, it is the ionization fraction and electrical
conductivity related to it that are of principal interest.’”'' Practicality of such uses of plasmas critically
depends on the ability to generate and sustain the ionization with the lowest power input. Power budget
reduction — the principal goal of this MURI program — was analyzed theoretically in our work.

The power budget of sustaining a nonequilibrium plasma with a prescribed electron number density n, is

proportional to the energy cost, ,, of creating a new electron in the plasma.'' When nonequilibrium

plasma is sustained by a DC or oscillating electric field, electron energy balance is determined by electron
energy gain from the field in collisions and energy losses in various inelastic and elastic processes.'”
Thus, electron temperature, T,, or, more exactly, electron energy distribution function, EEDF (the latter is
typically non-Maxwellian), is defined, for a given set of gas parameters, by the ratio of electric field
strength to the gas number density, E/N, or, at low densities, by the ratio of electric field strength to the
field oscillation frequency, E/w.'* Typical values of E/N in nonequilibrium discharges in molecular gases

lie in the range (1-6)x107° ¥-cm®, and electron temperatures defined by the EEDF slope at low energy

are in the range 1-3 eV.'> Under these conditions, only a small fraction of plasma electrons are capable of
ionization that requires at least 10-15 eV energy. Almost all collisions of plasma electrons with molecules
result in inelastic or elastic energy losses. Especially strong in the electron energy range of 1-3 eV is
resonant excitation of molecular vibrational states, consuming in typical glow or RF discharges more than
90% of the discharge power.'> Thus, only a very small fraction, less than 0.1%, of the power is actually

spent on ionization, corresponding to the energy cost W, of at least several tens of keV per electron."

From the point of view of ionization efficiency, it would be desirable to have electrons of very high
energy, hundreds and thousands of electronvolts, that would be immediately capable of ionization. This
would increase the ionization rate and its efficiency. In this regard, high-energy electron beams are a

. 3. . . . .
natural choice.*'" Indeed, electron acceleration in a vacuum, as opposed to a gas, environment is not
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accompanied by large inelastic losses. Injection of the electrons accelerated to keV and higher energies
into the gas results in ionization cascades, as beam electrons propagate and lose their energy. The

12,13, 14

resulting energy cost of plasma electron is W, =34 eV for air, which is only a few times greater than

the ionization energy of air molecules.

Earlier, we developed models and analyzed dynamics of plasmas generated by high-energy electron
beams,® and also applied the models to supersonic MHD power generation and flow control.>” *!!
Although e-beams are undoubtedly the most efficient way of creating nonequilibrium plasmas, there are
some inherent practical difficulties associated with e-beams. Among those difficulties are: problems
related to mechanical and thermal strength of injection foils or windows, and beam scattering in high-

density gases that would not allow the beam to penetrate far.

For this reason, we explored an alternative approach: producing high-energy electrons in situ by applying
a strong electric field. This field would be substantially stronger not only than the field needed to sustain a
steady plasma with the given electron density, but also than the field required for initial electrical
breakdown of the gas. To maintain a prescribed level of ionization, strong electric field should be applied
for only a short time, then the plasma should be allowed to somewhat decay, after which a new ionizing
pulse would be applied, etc. Thus, a desired average n, would be sustained by separating electron
generation and removal processes in time, with pulse repetition rate matched to the rate of recombination
or attachment. An important factor in assessing performance of the repetitive-pulse approach is that the
reduced energy cost due to strong electric field in the pulse is somewhat offset by the need to produce

more electrons in the pulse than the required average n,.

In our earlier paper,'' we have analyzed plasma generation by high-voltage DC pulses. The modeling
included ionization and electron removal kinetics, full non-local kinetics of electrons, with EEDF
evolution in time and space treated in “forward-back” approximation, dynamics of the self-consistent
electric field. Calculations showed that increased electric field in the pulse would indeed lead to formation
of a large group of high-energy electrons in high-voltage nanosecond pulse and dramatic increase in

ionization rate.

In this section, we address further aspects of ionization with high-voltage pulses, including non-local
nature of plasma dynamics and the effect of ionization between the pulses. The latter effect consists in
high-energy electrons produced during the pulse generating additional ionization while moving and losing

their energy after the pulse.
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We also explore efficient plasma generation by ultrashort, high-power, repetitive electromagnetic pulses.
One advantage of using laser or microwave beams, compared with e-beams or DC pulses, is that plasmas
can be created in a remote location. Other advantages include the availability of ultrashort-pulse
(nanosecond-range in the case of microwaves, and subpicosecond — in the case of lasers) sources with
extremely strong peak power densities, and the absence of electrodes. At the same time, as will be shown
in the paper, proper selection of parameters could make the ionization almost as efficient as that by e-

beams, in contrast to conventional laser and microwave plasmas.

2 Estimates of power budget for ionization by ideal high-voltage repetitive pulses
To evaluate performance limits of ionization by high-voltage repetitive pulses, the following assumptions

were made in order to permit an analytical or semianalytical solution:

o Ideal rectangular voltage pulses, that is, infinitesimally short rise and fall, with a constant voltage
during the pulse

e  Uniform plasma column both during and between the pulses

e No cathode voltage fall

¢ Ideal impedance matching between the source and the plasma: all the voltage falls on plasma,
with no loss on ballast resistors _

e The pulse is assumed to be very short, so that recombination and attachment processes can be

neglected during the pulse.

Note that each of these assumptions means that ionization occurs under most favorable conditions, and
violation of these assumptions would increase the power required to sustain a given average electron

density.

We will denote the pulse duration as 7,, and the time interval between the start of two consecutive pulses
as 7,, so that the pulse repetition rate is f =1/r, . During the pulse, electric field is constant, and so is the
ionization frequency v,=v,(E/N). The pulse is assumed to be very short, so that recombination and

attachment processes can be neglected during the pulse. Therefore, electron density grows exponentially

during the pulse, and the minimum and maximum electron densities are related by the equation

nc,mnx = nc,min eXp[(V,-(E/ N)Tl )] (1)
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Since the rate of work done by electric field on an electron is eE-v,,, where v, is the field-dependent

drift velocity, the ionization cost per electron is
W, =eEv, Iv,, - ()

and the power budget per unit volume is
17
P = — [ JEdt (1 Do) 1T, (3)
TZ ¢ ‘

If attachment processes can be neglected, then electron kinetics between the pulses (7, <r<7,)is

determined by electron-ion recombination: dn, /dt =—pn; , so that
nc = ne.mnx /(1 + Bne,max (t _Tl )) ] Tl S t S TZ (4)
The average number density of electrons is, therefore:
1% - 1
<n >=— |ndt=-="(expvz,)-1)+——In| 1+ fBn, . (T,-7 5
e 12 d ne V,.‘l'z ( p( i l) ) ﬁ‘[z [ B e,max( 2 l)] ( )
From Eq. (1) and (4) we get:

exP(Vm )-1
Bexp(v,r)(T, - 1,) (6)

emin

If attachment is significant in plasma decay between the pulses, then we have:

-V, {1-1)
e,max

n

dn,/dt=—Bn’-v,n,; n,= , T,St<7, @)

ﬂ'::.max (1 —ev (-17)) )

a

1+

where the attachment frequency is v, = k,N, N +k,N,, . The average electron density is in this case:

17 n, i 1 Bn (o
<n, >=— | ndt =" (" —1)+ —In] 1+ —==(1-e Va1 1) ], (8)
7, I': VT, ( ) Bz, [ M ( )
and Eq. (6) should be substituted by
Vit Vo (1=1)) _
ne,min = ev,tl 1 (9)

B (1-erme)

a

In calculations, we used drift velocities v, (E/N) in the range 3-10° < E/N <107 V-em® interpolated

from experimental data compiled in Ref. 15.

Ionization frequency required for calculations can be expressed as a product of Townsend ionization

coefficient & and the drift velocity: v, =av, . We used the following three expressions for Townsend

coefficients representing interpolated experimental data in different ranges of E/p:
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a=2.7-10"pexp(+0.35E/ p), llecm , 20<E/p<36 V/(cmTorr) (10a)
a=1.17-10"p(E/p-32.2)", llem , 44<E/p<176 V/(cmTorr) (10b)

a=15pexp(-365E/p), l/em , 100< E/ p <800 V/(cmTorr) (10c)

Eq. (10a) was taken from Ref. 16, and Eqs. (10b) and (10c) — from Ref. 12. In E/p ranges where there is
an overlap between any two of the equations (10a-c), a cubic polynomial interpolation for o was used to
provide smooth transition between the formulas. Ionization rates numerically close to those of Egs. (10a)-

(10c) are obtained with the ionization rate representing an interpolation'’ of data from Refs. 18 and 19:
v, IN=10"%.107 cp /5, 30 <30, where 6 =E/N in 10"° Viem’, (10d)

Formulas (10a-c), valid at room temperature, were corrected for T #300 K by multiplying the pressure p
by (300/T). An additional correction was made for vibrational excitation of molecules. Although very
little vibrational disequilibrium can be expected for very short pulses of very strong electric field and high
gas densities, at temperatures of about 2000 K thermal vibrational excitation can contribute to ionization

enhancement, due primarily to superelastic collisions that enhance high-energy tail of EEDF. This effect
was taken into account by the multiplying v,(E/N) by a factor k, =10 o as in Refs. 17, 20, 21, where
C=283, z=exp(-hw,/kT), and hw, is the energy of the first vibrational level (for nitrogen,

hew,/k=3353 K ).
Electron-ion dissociative recombination coefficient was taken as:?
B=2-107(300/T,)"* cm’s. (11)

Since recombination only occurs between the pulses, with no electric field, electrons were assumed to
thermalize rapidly, and their temperature 7, was assumed to be equal to the gas temperature: T.=T
between the pulses. However, in the case of steady-state DC discharge, an electron temperature close to 1
eV, T=11560 K, was assumed, in accordance with experimental and computational data.'> 2 When
calculating power budget for electron beam-produced plasmas, described in the previous section and
shown in Figs.] and 2, the rate at which energy is pumped into the plasma electrons due to beam
relaxation was assumed to be slower than the collisional thermalization rate, so that only a small

nonequilibrium takes place, with 7,=27.
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In calculating attachment frequency, the low electron temperature between the pulses was taken into
account, which permitted neglecting dissociative attachment. The three-body electron attachment rate
coefficients were taken from Ref. 22:

[

2
e+0,+N, »0; +N,; k, =1.07-10’3'[%9] exp(—zg]exp(go—o;—y‘;_—m], cm®s (12)

e e

Representative results of the calculations with formulas and rates (1)-(12) are shown in Fig;l. The upper
plot in Fig. 1 shows the power budget required to sustain the prescribed average electron density versus
E/N in the pulse, with the pulse duration 7, as a parameter. The lower plot in Fig. 1 shows the required
pulse repetition rate. For comparison, power requirement for steady-state plasmas sustained by DC field
and electron beams is also shown in the figure. The DC power requirements were calculated in the

following way. First, by equating the ionization frequency v,(E/N) to the sum of recombination and

attachment frequencies, the value of E/N required to sustain the DC discharge was determined. Then the

drift velocity v, (E/N) and the current density j=en,v, was calculated, which then gave the power

requirements P= jE.

As seen in Fig.1, very short high-voltage pulses with very high repetition rate could sustain a prescribed
average ionization level in air with power input much lower than that in a DC discharge. The power
savings come from the fact that during the ionization electric field and ionization rate are quite high,
reducing the energy cost ; of newly produced electrons. As seen inFig. 2, the energy cost per electron
decreases with E/N, reaching 66 eV at E/N =1.1x10" ¥ -cm?, corresponding to the threshold field for
electron runaway effect. However, Fig. 1 clearly shows that the power budget passes through a minimum
and increases again at very high E/N. This is due to the fact the ionization rate in strong fields becomes
excessively high, and too many electrons are produced during the pulse, wasting power. With shorter
pulses, the excessive ionization is limited, permitting to better take advantage of the reduced energy cost

per electron.

As seen in Fig. 1, even the minimum power budget achievable with high-voltage pulses is substantially

higher than that for e-beam-sustained plasmas. Indeed, when plasma with (n,)=10" cm” is sustained in 1

atm, 2000 K air by 10-nanosecond pulses at the optimum value of E/N and pulse repetition rate of about

500 kHz, the lowest power budget is about a factor 6f 50 lower than that in the DC discharge. However,
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this power budget is still very high, close to 1 kW/cm®, and is about a factor of 30 higher than that in
electron beam-sustained plasma. The power budget can be improved with shorter pulses and higher
values of E/N, provided that it is technical feasible to build a source of multikilovolt sub-nanosecond
pulses with repetition rate of about 0.5 MHz, ideally matched to variable-impedance plasma has to be

explored.

Fig. 1 and similar plots obtained by us for other values of average electron density can serve as a guide to
anticipated overall performance of repetitive-pulse ionization. However, dynamics of these plasmas, even
with ideally matched pulse source, is quite complex. With 10-nanosecond pulses, the optimum value of

E/N is not much greater than the breakdown value (E/N), =1.1x10"* V.cm’ . At these values of E/N, the

mean electron energy is still only several eV, and no substantial high-energy “tail” can be expected in
EEDF. In this regime, ionization rate is determined by the local value of E/N. Additionally, at high gas
density and at long interelectrode distances, cathode voltage fall and sheath dynamics should not play an
important role. Therefore, the discharge can be adequately modeled in “hydrodynamic” approximation,
and semi-analytical estimates of the power budget should be reasonably accurate.

With use of much shorter pulses and higher values of E/N, which is necessary to improve the power
budget, the “hydrodynamic” approximation may fail, especially at low gas densities. As the mean energy
gained by an electron between collisions increases, a growing number of electrons will acquire very high
energy, so that a substantial high-energy tail in EEDF will be formed. This high-energy tail may become
essentially a beam of “ballistic”, or “runaway”, electrons that keep gaining energy from the electric field
while the cross-sections of their collisions with molecules is decreasing. This regime obviously requires
full kinetic description of EEDF coupled with plasma kinetics and electric field dynamics. Very
importantly, the ionization rate and rates of other electron-molecule inelastic processes at a given location
are expected to be non-local: the rates of excitation and ionization will be due largely to high-energy
ballistic electrons that were not born at this location but rather arrived from a location closer to the
cathode, having acquired high energy in their path. Thus, plasmas sustained in low-density gases by
repetitive ultrahigh-voltage pulses with pulse length of the order of 1 ns or shorter should be described

with full non-local kinetic description of EEDF, coupled with dynamics of plasmas and electric field.

3 Kinetic modeling of spatio-temporal dynamics of nanosecond high-voltage discharges

For a deeper insight into dynamics of high-voltage nanosecond discharges, one needs to analyze behavior
of electron energy distribution function (EEDF). In the kinetic model, we consider a one-dimensional
process. We direct the x-axis from the grounded electrode (cathode, x=0) to the positively biased

electrode (anode, x=L). All electrons in the model are considered on the basis of kinetic equation in the
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so-called ‘forward-back’ approximation.* The major approximation is that in the course of elastic
collisions with molecules electrons are scattered either strictly forward or strictly backward, with no
lateral scattering. Ion motion, production, and losses were considered in the drift approximation. Poisson

equation for electric field was fully coupled with plasma equations.

Details of computations with the kinetic model can be found in Ref. 11. A sample calculation with the
kinetic model was performed for nanosecond pulse in air plasma at 1 Torr, 300 K. An initial electron and
ion density of 10° cm™ was assumed. The discharge gap was L=3 cm wide. The voltage pulse was
triangular, with 1-ns rise time and 2-ns fall-off timé, with amplitude of about 1100 V. 4. The peak voltage
was that required for electron runaway effect in air at 1 Torr if the electric field in the discharge were
uniform. However, electric field during the pulse is very nonuniform, as illustrated in Fig. 3. A large
cathode sheath is formed, and most of the voltage is concentrated there (Fig. 3c, d). The very strong
electric field (above the runaway threshold) in the sheath accelerates electrons to hundreds of eV (Fig. 4),
with the mean energy reaching about 100 eV (Fig. 3¢). These high-energy electrons are injected into the
plasma and produce very strong ionization (Fig. 3a, f), which is similar to the negative glow region of
glow discharges.

An interesting phenomenon occurs near the end of the pulse. The decreasing potential of the anode
becomes lower than the electric potential in the middle of the plasma. The plasma cannot adjust
instantaneously because of ion inertia, and a non-monotonic profile of the potential, with a maximum in
the middle of the plasma, appears (Fig. 3c). Thus, during the second half of the pulse, electric field in the

entire near-anode half of the plasma actually has the ‘wrong’ direction (Fig. 3d).

As seen in Fig. 3e and 4, the wave of high-energy electrons propagates towards the anode, so that the
second peak in the proﬁle of mean electron energy (Fig. 3¢) appears in the second half of the pulse, when
the group of high-energy electrons reaches the anode. The high-energy electron wave produces the wave
of ionization propagating towards the anode. Again, in the second half of the pulse the ionization rate
profile acquires a second maximum — near the anode. The reversal of electric field in the anode half of the
discharge prevents low-energy electrons from reaching the anode and somewhat slows the high-energy
electrons, which increases ionization cross sections and jonization rate near the anode. The spatio-
temporal evolution of EEDF shown in Fig. 4 demonstrates the presence of a very large plateau extending
to about 1 keV. At locations relatively far from the cathode, the high-energy plateau appears only at later

times, when electrons accelerated near the cathode arrive at this location.
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Overall, the calculations clearly show a very complex spatio-temporal evolution of the plasma. During the
pulse, all plasma parameters are quite non-uniform, and ionization kinetics is non-local, being determined
by high-energy ballistic electrons. This dynamics cannot be modeled by conventional “hydrodynamic”

approach.

The non-uniformity of electron density seen in Fig. 3¢ and very high mean energy seen in Fig. 3e have
interesting implications for plasma kinetics between the pulses. When the voltage is turned off, there will
be a substantial number of electrons capable of ionization (Fig. 4). Even the mean electron energy ranges
from about 40 eV to more than 100 eV (Fig. 3e). Therefore, a considerable additional ionization will
occur after the pulse, and the number of electrons can increase by as much as a factor of 2-3. The profile
of ionization rate after the pulse will not follow the mean energy profile of Fig. 3e, because high-energy
electrons will move to a different location and ionize molecules there. The newly produced electrons,
together with electrons already generated by the end of the pulse (Fig. 3a) will form the final profile of

electron density which then will relax by diffusion and recombination with ions.

Simple estimates show that ambipolar diffusion cannot substantially change the n, profile during the
characteristic recombination time (ﬁn[)‘l for typical values of plasma parameters considered here.

Therefore, it is recombination that will be responsible for the relaxation of #, profile. Since recombination

rate Bn’ is non-linear with respect to 7., the recombination will not only reduce n,, but would also make

its profile more uniform. Nevertheless, some non-uniformity of n, profile will exist by the beginning of
the next pulse. This non-uniformity can affect the dynamics of the next pulse. Note that in the present
case, a uniform n, profile at the beginning of the pulse was assumed. What the actual », profile at the
beginning of the pulse would be after many pulses, and whether or not some associated oscillations or
instabilities can occur remains to be explored. In any case, with repetitive-pulse method of plasma

generation, electron density will not only oscillate in time, but will also be non-uniform in space.

Note that nanosecond high-voltage breakdown in dense ga‘ses was experimentally and theoretically
investigated by several groups (see Refs. 25-27 and references therein). However, in those studies, the gas
was either not preionized, or preionized very weakly by the beginning of the pulse. In contrast, we
consider dynamics of nanosecond discharges that begin with pre-existing plasma with relatively high
electron density. It is because of this pre-existing plasma that a very strong current instantaneously

develops in the entire discharge volume, leading to the formation of the cathode sheath, so that the

318



electron runaway effect can exist only in the sheath. Thus, dynamics of nanosecond discharges with pre-

existing plasma differs both qualitatively and quantitatively from nanosecond high-voltage breakdown.

At least some of the qualitative effects observed in high-voltage nanosecond pulses at low pressure should
exist at higher pressures. Quantitative scaling, however, is not trivial. For gas discharge processes in the
local approximation, when EEDF and rates of electron-impact processes are determined by the local field
strength, the scaling to higher pressures would be straightforward. Since it is the parameter E/N that
determines EEDF, all voltages and field would have to be scaled in direct proportionality to N. Also, since
rates of all electron-impact processes are proportional to N, the scaling would involve reducing all time
scales in inverse proportionality to N. However, kinetic effects observed in high-voltage nanosecond
pulses are quite non-local: for instance, the growth of mean electron energy and ionization rate inside the
plasma is due not to increase in local E/N, but to arrival of high-energy electrons from the cathode region
to this location. Also, runaway (ballistic) electrons move and accelerate in electric field with very little
effect of collisions, and the scaling for them would involve time and length scales different from those for

low-energy electrons.

To check how important kinetic and non-local effects are in modeling plasmas sustained by high-voltage
nanosecond pulses at higher pressures, we have computed the case when the plasma is sustained in air at
10 Torr, 300 K by triangular pulses with 1 ns rise time and 2 ns fall-off. The distance between the

electrodes was set as L=5 cm, and the peak voltage was set at ¥V, =0.5E.L, where E_ is the electron
runaway threshold field, E,/p =365 V/(cm-Torr) .2 This choice of Vs Was made because it corresponds

to the E/N value close to that giving the minimum power budget. In order to check how significant kinetic
and non-local effects are, and to make computations doable within a reasonable time frame, plasma
kinetics was uncoupled from dynamics of electric field by disregarding plasma polarization and formation

of the cathode sheath.

Results of the calculations are shown in Figs. 5-7. Since the calculations assumed the initial electron
density of 10'' cm®, in order to generalize the results, Fig. 7 shows the computations for the
dimensionless ration of electron number density to its value at the beginning of the pulse. As seen in Fig.
7, mean electron energy reaches about 9 eV by the end of the pulse. This value is substantially higher than
in continuous DC or RF discharges, but still not high enough to substantially enhance ionization after the
pulse. Indeed, Fig. 7 shows that the electron density does increase during 1 ns after the pulse, but the
increase is small, only about 10%. Fig. 5 demonstrates that EEDFs do have high-energy tails well
resolved in our calculations, but the fraction of electrons having high energies is very small. Thus, kinetic

3
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and non-local effects are quite small, which is confirmed in Fig. 6 where electron density is seen to be
uniform in almost the entire discharge region. The only region where electron density is non-uniform is
the 1-cm thick region near the cathode. This is the region where electrons are accelerated and electron
avalanches are generated, bringing the conductivity current to its value in the bulk plasma. Thus, the non-
uniform region essentially plays a role of cathode sheath. Since, however, real sheath dynamics was
excluded from our computations by uncoupling plasma and electric field equations, the existence of the
thick “sheath” in the calculations is an artifact. In reality, the sheath thickness under these conditions is
expected to be much smaller, only about 0.05 cm."" We conclude that while hydrodynamic approach fails
at pressures on the order of 1 Torr and E/N close to the runaway threshold, this approach is works well for
nanosecond-scale pulses at pressure of about 10 Torr and higher, at E/N up to at least /2 of the runaway
threshold. Thus, hydrodynamic modeling of pulsed discharges at 10 Torr and 1 atm in Ref. 11 is

adequate.

4 Plasma sustained by repetitive high-power ultrashort electromagnetic pulses
4.1 The basic concept.

When an oscillating electric field with amplitude E, and frequency o is turned on, free electrons placed

in the field start oscillatory, or quiver, motion with the average energy'

2
— ezE()

Amo®

(€) (13)

In conventional gas discharges, the quiver energy is on the order of 0.1 eV, that is, much lower than the
ionization energy E, of the molecules. Therefore, ionization in conventional discharges is due to inverse
bremsstrahlung heating of electrons: between collisions, electrons gain velocity from the field, collisions
randomize the velocity, transferring the quiver energy into ‘electron heat’ and increasing electron
temperature.'” When 7, reaches 1-3 eV, there is a sufficient ‘tail’ of EEDF (>10-15 eV) to sustain
breakdown or steady-state discharge. This mechanism is responsible for microwave and laser breakdown
and steady-state plasmas, permitting ionization in relatively weak fields.'”” However, large power
dissipation in inelastic collisions that electrons experience while accelerating to ionization energies results

in very low overall ionization efficiency, similar to that in DC discharges.

In contrast, free electrons could be accelerated not only to 10-15 eV, but to a few keV of quiver energy, if

the ratio E,/w is large enough. According to Eq. (13), electric field amplitudes of the order of 10%10°

V/em would be needed to obtain 3 keV of collisionless quiver energy at wavelengths from a few
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millimeters down to tens of microns. In these strong fields, free electrons remaining from the previous
pulse can be accelerated to keV-range energy before they can collide with molecules, and thus
electromagnetic energy would be converted into what could be described as in situ generation of electron
beams without electrodes. The keV electrons would ionize the gas very efficiently, so that the efficiency
of electromagnetic energy transformation into ionization of low-temperature gas can be, in principle,

made very high.

Physics of microwave breakdown and plasma generation in short high-power pulses at low gas density
was extensively studied, both theoretically and experimentally, in a number of previously published
works.?>3* In those studies, EEDF and ionization rate in strong oscillating fields at low gas density were
computed. The idea that accelerated electrons can produce an additional ionization after the pulse was
also expressed, and the relative increase in electron density after the pulse was estimated as the mean
electron energy acquired by the end of the pulse divided by the energy cost of ionization for high-energy
electrons.

In this section, we build upon the results previously obtained elsewhere, and extend those results,
focusing specifically on two issues: modeling of ionization after the pulse and the principal possibility to

extend the efficient ionization in high-power electromagnetic fields to higher gas densities.

4.2 Ionization in high-power short electromagnetic pulses. Extremely high £/w.
For free electrons to gain high oscillatory energy between collisions, the electromagnetic wave frequency,
@, must be much higher than the frequency of both ionizing (v,) and elastic momentum-transfer (v, )
collisions:

O>>V,V, . . (14)

The electric field amplitude must also be high, certainly higher than E, - the critical breakdown field in
air:”
E =28(N/2.7-10° em®)\/1+®* /v} kV/cm. (15)
The average momentum-transfer frequency is?
v, =17-10"N, cm’/sec, (16)

where N is the air molecules number density.
Depending on the field amplitude, two distinct regimes are possible. If the field amplitude does not

exceed about 100 E,, then, although electrons can acquire quiver energy above the ionization potential

and therefore can ionize molecules in every collision, the quiver energy still does not exceed about 100
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eV where ionization cross-sections have their maxima. If, however, the field amplitude is extremely high,
above 100 E., then the quiver energy is greater than about 100 eV, and all electrons become runaway,

ballistic ones.”

The case of moderately high fields:

E, << E, <<100E, (17)
was analyzed in our AIAA Paper 2001-2940. Electron velocity distribution functions in this case were
found to have strong low-energy core, and the fraction of high-velocity ballistic electrons was very small.

Because of this, the additional ionization after the pulse was found not to be significant.

In the case E, >100E. , electron velocity distribution function, f(v,t), differs strongly from a spherically

symmetric distribution function. In the simplest approximation, all electrons, including new ones

produced in ionization events, oscillate in the same phase. A more realistic approximation is the

assumption of equidistribution of electrons over the “initial phases”.*> ** In this paper, we adopt the
p q P pap Y

simplest approximation:”
S, ) =n(1)d(v-v,cosmt), (18)
where n (1) is the time-dependent electron density and v, =eE,/ma is the velocity amplitude. lonization

frequency oscillates with the field, and the ionization frequency averaged over the period is:¥

niw

)
v, = o I vi(tdt=v, W, (V/v.), (19)

0
where v,, =No, v, =1.81.107 N cm’/sec, 0,, =2.9-10" cm” is the maximum ionization cross-section in
air (corresponding to the energy €=¢, =110 €V), v, = \[m =6.25-10° cm/sec is the electron velocity
corresponding to the maximum of ionization cross-section, and & =v,/v, =1.72:10"E,/E,. In our
calculations, we used the dimensionless function y(£) tabulated in Ref. 29 to compute the ionization rate
and the evolution of electron density for a given set of parameters of the microwave pulse (, E, ), initial

electron number density, _(0), and gas parameters (pressure p and temperature 7' ).
n.(t) = n,(0)exp(v,1) . (20)

The final electron energy and velocity distributions at the end of the pulse and the subsequent ionization
process depend strongly on the way the pulse is turned off and on collisional phase randomization during

the pulse. Indeed, in the absence of collisions, if the field is turned off gradually, over a number of
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oscillations, then the electrons will lose their oscillatory energy, so that (¢) will be close to zero by the
end of the pulse, and no additional after-pulse ionization will occur. For (g) to be large by the end of the

pulse, the pulse must end abruptly compared with the oscillation period.

Technical feasibility of producing such sharp, picosecond-scale, cut-offs is an important issue. If the
almost-instantaneous cut-off is possible, the oscillation phase at the pulse end becomes important. If
during the pulse there are no phase-randomizing collisions, and also if all newly produced electrons are
born in the same oscillation phase, then, depending on the phase at the pulse end, electron energy and
velocity can range anywhere from zero to their amplitude oscillatory values. As a consequence, if in this
case the pulse duration has a slight scatter, after-pulse ionization can be expected to vary substantially
from pulse to pulse. However, in reality, new electrons are produced in different oscillation phases. This,
and a few phase-randomizing collisions during the pulse can result in a broad distribution of phases and

velocities at the end of the pulse.

Leaving exploration of details of these complex processes for future work, we shall assume here that the

mean electron energy by the end of the pulse is equal to the mean oscillatory energy of Eq. (13).

The energy absorbed by the plasma (per | cm’) during the pulse would, in the absence of ionization and
other collisional energy losses, be determined by
W =n,0)(<e>-3T(0)=n(0)<e>. 21
If, however, ionization and other collisional losses occurred during the pulse, then the absorbed energy
per unit volume can be estimated roughly as
W =n,(1) <€>+n,(1,)-n,O), n(5)=n(0)exp(v), 22)

where Y, is the ionization cost. Calculation of time-average ionization cost in this case, when relatively

infrequent ionizing collisions occur randomly, with the ionizing electron's velocity spanning the entire
range from the ionization threshold to the amplitude oscillatory velocity, is a problem to be addressed in

future. In this paper, we used the value ¥, =34 eV equal to the well-known value for high-energy electron
beams."* '* Some justification for this value is provided by the fact that the mean energy (g) is in the keV

range.

Although a substantial scatter of oscillation phases and velocities of electrons can be expected by the end
of the pulse, as discussed above, for qualitative and semi-quantitative analysis of the afterglow we shall

assume that all electrons have the same phase and velocity corresponding to the energy (¢) of Eq. (13) by
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the end of the pulse, t=1,. In other words, we shall follow the motion and relaxation of an “average”
electron. Since in extremely strong fields, E,>100E_, at @ >>v,,v,,, the oscillatory energy is very high,
<e>l1 keV, a substantial growth of electron density can occur in the afterglow, and the maximum

achievable electron density is:

P = 1(T, )ﬁ%@ : (23)

Since there are very fast electrons by the end of the pulse, one might think that these electrons would
leave the plasma and ionize the surrounding gas. However, positive space charge that these electrons
would leave behind can provide a strong retarding force. Since powerful microwave discharges occur in
practice in relatively small volumes with the thickness on the order 1/4, where A=2nc/w is the
wavelength, consider a plasma slab with a thickness x=4/4. For @=2r-1.1:10" rad/s, §x~638- 107
cm; and for @ =2r-10" rad/s, §x=0.68 cm. From one-dimensional Poisson equation, maximum values

of electric field strength and potential that could be reached if all electrons leave the plasma are:

E. =%nbx,V,, =—ndx. (24)
£ 2¢,

For example, for a plasma density n, =10" cm” at the end of the pulse, maximum field and potential that
would retard escaping electrons are: 1.23-10°/1.23-10° V/ecm and 4.1x10°/4.1x10° V for microwave

frequency @ =27x-1.1-10"/2m-10" rad/s.

Therefore, even keV-energy electrons cannot move in significant numbers far outside the initial plasma
volume. The flight of high-velocity electrons out of the plasma creates an ambipolar field that traps the
rest of the electrons in a potential well. The depth of the potential well is on the order of the energy of
high-velocity electrons. Therefore, in our model, after the pulse electrons oscillate in potential well, the
depth of which is determined by the maximum electron energy. As electrons lose their energy in ionizing
and other inelastic collisions, both mean electron energy and the depth of the well decrease. Newly
produced low-energy electrons congregate near the bottom of the well and thermalize there. This model is

illustrated in Fig. 8.
Neglecting phase randomization, fast electrons’ motion can be described as damped oscillations. These

are essentially Langmuir oscillations damped because inelastic collisions with gas molecules. In the first

approximation, the oscillations occur on the background of plasma with electron and ion density n,(7,).
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The amplitude of the oscillations is equal to the Debye radius for the plasma with density »,(7,) and mean

electron energy <e>(!):

r, =426, <> (1)/en, (1) . 25)
For n,(t,)=10"cm” and <e>=1 keV, r,=5-107 cm. Since the electric field created when electrons are
displaced by x from equilibrium is

E=Zn(r)x, (26)
€,

0

the equation of motion for the “average” fast electron is:

_en@) K 7

g m m

where F, is the collisional friction force. Taking into account only ionizing collisions that

coll

=m(dv/dt)

coll

do not change the direction of velocity, only changing its magnitude by

5v=‘5c——,/5c2—2Yi/m‘, P2>2Y /m,

6v=0, #*<2Y,/m. (28)
the friction force can be written as
F,, =m-sign(xv,(|x)év, (29)
and Eq. (27) takes the form:
¥ = —g%—fﬁx—sign()&)vi(]ﬂﬁv . (30)

Eq. (30) is the equation of motion for an oscillator with friction. The oscillation frequency

Q= /62"_@ @31
Em

is the Langmuir frequency for plasma with electron density n,(7,), and the damping is determined by the

ionization rate.

Initial conditions for Eq. (30) are:
x(1,)=07? 5c(r,)=,/2<e>(rl)/m. (32)

Electron density grows with time according to the equation:

dn,/dt=n(,),(|%]) . (33)
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Fig. 9 shows phase diagram (velocity-coordinate) of the motion of “average” electron and the evolution of
electron energy and number density after 1-nanosecond pulse of 110 GHz microwaves with amplitude

E, =250E. at gas pressure of 1 Torr, with electron density 10° cm at the start of the pulse. The damped

oscillatory motion and the strong expected growth of electron density in the “afterglow” are clearly seen
in the figures. Note that experimental observations of the after-pulse ionization at low gas pressures were

reported in Ref. 32.

Note that some phase randomization is expected to occur in collisions. Especially “dangerous™ in this
regard are elastic collisions occurring near the turning points, when electron velocity becomes low. This
phase randomization will have to be included in more sophisticated models. Another factor to be included
in subsequent calculations is a change in the Langmuir oscillation frequency with time, as electron density

changes. Therefore, the present calculations should be viewed as a first estimate.

Based on these calculations, Fig. 10a shows the average electron energy at the end of the pulse, electron
number density at the end of the pulse, and the maximum electron density between the pulses for different
values of the microwave field amplitude. As in Fig. 9, the microwave frequency was 110 GHz, gas
pressure — 1 Torr, but the electron density at the start of the pulse was chosen as 10'° cm™. Fig. 10b shows
the computed power budgets and pulse repetition rates required to sustain time-average electron densities

of 10'? cm™ and 10" cm™ with these high-power microwave pulses.

4.3 Can the efficient ionization in high-power ultrashort electromagnetic pulses be extended to high

pressures?

The two conditions necessary for energy-efficient ionization in electromagnetic fields are:

e Very high, keV-range electron quiver energy (13). This requires the ratio £/w to be high enough.

e The pulse length must be shorter than the time interval between electron-molecule collisions.

The second condition puts an upper limit to the pulse length, and a lower limit to the frequency of the
electromagnetic wave (at a given pressure). For example, the time interval between electron-molecule
collisions in air is 0.2 ps at STP, or 5 ps at 30 Torr. Thus, 1-picosecond or shorter pulses would be
required, and the frequency would have to be higher than I Terahertz (wavelength shorter than 300
microns). Provided that such a high-power, short-pulse, high repetition rate source can be developed, the
basic physics of ionization due to high-energy electrons in and after the pulse will be mostly the same as

in the high-power microwave plasma at low gas density that was analyzed in the previous section.
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One important additional factor is multiphoton/tunneling ionization that should be suppressed: otherwise
the laser pulse would ionize atoms in the focal region producing many low-energy electrons there, instead
of high-energy electrons capable of ionizing the surrounding gas. The multiphoton/tunneling ionization
can be significant, because, according to Eq. (13), to achieve the desired mean electron quiver energy

(e)U1 keV at frequencies 1-2 orders of magnitude higher than the microwave frequencies considered in

the previous section, the electric field of the laser beam should also be 1-2 orders of magnitude higher,

bringing this field close to electric fields inside atoms and molecules.

Quantitative analysis of tunneling ionization in oscillating electric fields (a combination of tunneling and

multiphoton ionization) is based upon Keldysh theory. For the probability of ionization per unit time w(¢)

in a field E(¢) we have:*

5/2 3/2
w(ft) =4w, £ —ELexp A E , (34)
E, | E® 3\E, | E@ :
and the ionization probability per unit time averaged over the field oscillation is:
5/2 3/2
(w)=4w, L\ L y—;—"—exp AL (35)
E, | E,\nE, 3\E, | E,
4 2.5
where w, = e~ =4.112x10" s7'; E, =p-=5.12x10° V/cm; E, =13.6 eV .
h h

The tunneling ionization rate (35) increases exponentially with electric field strength. On the other hand,

to obtain a desired collisionless quiver energy, according to Eq. (13), a certain ratio E,/w is needed. This

determines requirements for laser wavelength and power; longer wavelengths would allow us to reduce
field strength needed to get high quiver energy and to suppress tunneling/multiphoton processes. On the
other hand, very long wavelengths correspond to long oscillation periods that could exceed the time

interval between electron-molecule collisions.

Specific estimates were performed for air and other gases in a wide pressure range. For air, assuming
ionization energy of 12.6 eV (oxygen), laser wavelength of about 30 micron is needed. Then the quiver
energy of 3 keV would require field amplitude of 164 MV/cm, or peak energy flux of 35.7 TW/cm?®. With
300-micron focal spot, the peak power should be 25.3 GW. The energy per 0.3 ps pulse should be 7.6 mJ.

The probability of tunneling ionization during the pulse with these parameters is relatively small, about
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10, Thus, is the ionization fraction is greater than 10, tunneling ionization can be, in the first

approximation, neglected.

Pulse repetition rate should match the rate of recombination. For example, to sustain 10'%-10"

electrons/cm’, repetition rate of the order of 100 kHz is necessary.

In He, where ionization energy is quite high, 24.6 eV, suppression of tunneling ionization could be

accomplished at shorter wavelengths, about 10 microns or shorter.

Preliminary survey of currently and potentially available sources indicates that free-electron lasers and
masers are attractive candidates for the repetitive-short-pulse method of efficient generation of plasmas at

high gas pressures.

5 Conclusions

Tonization efficiency increases, and the power budget for sustaining a prescribed electron density
decreases in plasmas generated by DC or oscillating electric fields if high-energy electrons are generated
in these plasmas. High-energy electrons are produced if the ratio E/N in the DC case, or the ratio E/® in
low-pressure microwave or laser plasmas, can be made very high. To avoid overproduction of electrons
and excess heating, the strong field should be turned on for only a short time, and then the plasma should
be allowed to decay to the initial ionization level. This is the essence of the ultra-short repetitive pulse

ionization method explored in our work.

Calculations of the power requirements for plasmas sustained by repetitive nanosecond pulses show that
there is an optimum electric field that minimizes the power budget. This minimum power budget is much
lower than that in a continuous DC or RF plasma, but still substantially higher than in a plasma sustained

by electron beams.

Modeling of spatio-temporal dynamics of plasmas in nanosecond pulses shows strong coupling between
non-local dynamics of high-energy electrons, ionization kinetics, and evolution of electric field. Cathode
sheath phenomena are critical at low gas density, and ionization is essentially determined by acceleration
of electrons in the sheath and their subsequent injection into the bulk plasma, leading to non-uniform and
evolving in time electron energy and ionization degree profiles. At high gas pressures, sheath phenomena,
non-local ionization, and ionization non-uniformity are suppressed, and plasma dynamics can be modeled

in a macroscopic, “hydrodynamic” approximation.
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With an appropriate choice of frequency and amplitude, the efficient repetitive-pulse ionization method
can be extended to electromagnetic waves, i.e., to electrodeless systems. At low gas density, high-power
nanosecond microwave pulses at frequency 10-100 GHz can accelerate electrons to ~ 1 keV energy,
resulting in much more efficient ionization than that in conventional low-power systems. Moreover, most
of the ionization would occur after the pulse, as the high-energy electrons produced during the pulse lose

their energy on ionization.

In principle, the method of plasma generation by ultrashort repetitive high-power electromagnetic pulses
can be extended to high gas densities. Technical feasibility of developing appropriate laser sources with

parameters estimated in this paper remains to be studied.
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Fig.1. Power input (upper plot) and pulse repetition rate (lower plot) required to sustain a time-averaged electron
number density of 10" cm” in air at 1 atm, 2000 K, by repetitive ideal rectangular voltage pulses as functions of
E/N (the ratio of the electric field in the pulse to the gas number density) at various pulse lengths 7,. Power inputs
required to sustain the same electron density at steady state by DC discharge and high-energy electron beams are

also indicated on the upper plot.
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Fig. 2. Energy cost of ionization, in eV per newly produced electron, in air as a function of E/N (the ratio of electric
field in the plasma to the gas number density). Energy cost of ionization by high-energy electron beams (34 eV) is

also indicated. The critical value E/N=(E/N) =1.1x10" ¥ .cm® corresponds to the threshold of electron

runaway.
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Fig. 3. Kinetic modeling of pulsed discharge in air: p=! Torr; T=300 K, L=3 cm. Secondary electron emission
coefficient y=0.1; initial electron and ion number density is 10° cm™. Peak voltage is V,,,,=365pL Volts. Shown are
spatial profiles of: a — electron and b - ion densities; ¢ — electric potential; d — electric field; e — mean electron

energy; and f— ionization rate, at different moments of time during the pulse
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Fig. 6. Kinetic modeling of a pulsed discharge without near-electrode sheaths: longitudinal profiles of electron

density. Conditions are the same as in Fig. 5.

336



e

VipL, VoltiTorrem
] o
8 S

o
=3

1x10° 10" ax10? b

1x10® 210" 310" ax10*
1. sec

Fig. 7. Kinetic modeling of a pulsed discharge without electrode sheaths: evolution of mean electron energy and

electron density with an arbitrary initial electron density. Other conditions are the same as in Fig. 5.

fast electrons

U(t~11)

[rommemmm o mn e ma e

7

-
A
-
\/

T1)

plasma region

i

Fig. 8. Schematic illustration of the model of processes after an ultrahigh-power electromagnetic pulse: damped

oscillatory motion of a high-energy electron in decreasing-depth'ambipolar potential well.

337

e
ST - - -




E =250 E.; w=2mnx1.110"" rad/s; n_(0)=10° cm™n (1,)=2.1810"" cm> p=1 Torr
0 k e CARS!

i
e I

1.5x10° §
! {
|
1.0x10° 1
5.0x10° - |
® ,
£ 0.0
[$]
> .5.0x10°
-1.0x10°
-1.5x10° 1
10004 o lexto®
150 5x10"
4x10” =
3 §
A 5001 I 3x10”%
v 1 8
1 2x10%
250 -
| WUMV\NMN I
/ P
0 : ! y \(\l\/\/\/\{\[\AN\N\AI 0
2x10° 4x10° 6x10° 8x10”

t, sec

Fig. 9. Phase diagram (velocity-coordinate) of the motion of “average” electron and the evolution of electron energy

and number density after 1-nanosecond pulse of 110 GHz microwaves with amplitude E, =250E_ at gas pressure

of 1 Torr, with electron density 10° cm™ at the start of the pulse.
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cm? and 10" cm. Microwave frequency — 110 GHz, gas pressure — 1 Torr, electron density at the start of the pulse
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20. PRELIMINARY EXPERIMENTAL STUDIES OF AIR PLASMAS SUSTAINED BY

REPETITIVE HIGH-VOLTAGE NANOSECOND PULSES
R. Murray, S. Zaidi, S.0. Macheret, M.N. Shneider, and R.B. Miles

To verify the theoretical predictions of dynamics, kinetic, and power budget of plasma sustained by high-
voltage, high repetition rate, nanosecond pulses, Princeton University has recently purchased (from
Moose Hill Enterprises, Inc.) and made operational a system generating 2-ns, 30 kV pulses at up to 100

kHz repetition rate.

To quantify the efficiency of the high voltage pulser as an ionization source, a static discharge cell has

been designed and built.
Images of the resultant discharge in air at pressures of 20 Torr, 10 Torr, 5 Torr, and 1.5 Torr are shown in
Figure 2. For the images in Figure 2, the pulser was operated at a repetition rate of 100 kHz with 30 kV,

2.5 FWHM ns pulses. At the higher pressures, the plasma is seen to contract somewhat.

Electron density in the plasmas was investigated using a 7.5 GHz microwave source. Based on absorption

measurements, the time-averaged electron density is on the order of 10" cm®,

Figure 1. Static discharge cell. The aluminum electrodes are clearly visible on the right side of the cell.
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Figure 2. Images of the discharge in the static cell in air at pressures (clockwise from the top left) of 20
Torr, 10 Torr, 5 Torr, and 1.5 Torr. The discharge is sustained by a 30 kV, 2 ns pulse at a repetition rate

of 100 kHz.
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21. MODELING OF DISCHARGES GENERATED BY ELECTRON BEAMS IN DENSE

GASES: “FOUNTAIN” AND “THUNDERSTORM?” REGIMES
S.0. Macheret, M.N. Shneider and R.B. Miles '

Analysis is presented of the predicted dynamics of plasmas generated in air and other gases by
injecting beams of high-energy electrons. Two distinct regimes are found, differing in the way that the
excess negative charge brought in by the ionizing electron beam is removed. In the first regime, called a
“fountain”, the charge is removed by the back current of plasma electrons towards the injection foil. In
the second, called a “thunderstorm”, a substantial cloud of negative charge accumulates, and the increased
electric field near the cloud causes a streamer to strike between the cloud and a positive or grounded
electrode, or between two clouds created by two different beams. A quantitative analysis, including
electron beam propagation, electrodynamics, charge particle kinetics, and a simplified heat balance, is

performed in a 1D approximation.

Introduction

When beams of energetic electrons propagate into a gas, they lose their energy by ionizing and
exciting the gas molecules, with 30-50% of the beam energy spent directly on ionization. Use of electron
beams as an efficient ionization source to stabilize electric discharges is well known and widely used, in
particular, in electric discharge lasers.’
The propagation of an electron beam injected into a background, initially neutral, gas is a complex and
multiparametric problem.’ Considerable experimental and theoretical work has been done on the
interaction of electron beams with gases, where beam-induced ionization, return current, and charge

4 .
% 4 5 6 Theoretical work on beam-gas

neutralization strongly affect the propagation of the beam.
interactions performed to date can be divided into three principal categories.
The first category, represented, e.g., by Ref. 3, addresses relativistic (MeV-class) high-current

(kiloamperes) pulsed beams. Because of the high currents and fast (nanosecond) transients, self-induced

" Yu.l.Bychkov, Yu.D.Korolev, and G.A.Mesyats, Inzhektsionnaia Gazovaia Elektronika [Injection
Gaseous Electronics, In Russian] (Nauka, Novosibirsk, 1982).

2 R.B.Miller, An Introduction to the Physics of Intense Charged Particle Beams (Plenum Press, New
York and London, 1982).

3 D.W.Swain, J. Appl. Phys. 43, 396 (1972).

* P.A.Miller and J.B.Gerardo, J. Appl. Phys. 43, 3008 (1972).

5 D.A.McArthur and J.W.Poukey, Phys. Rev. Lett. 27, 1765 (1971).
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magnetic and electromagnetic effects, coupled with plasma generation, are of primary importance.
However, the beam is assumed to be unaffected by its passage through the gas. This assumption is valid
when the beam relaxation length is very large, which is the case for an MeV-class beam propagating into
a low-to-moderate pressure gas, so that the beam energy is almost constant within the spatial region of
interest.

The second category of papers addresses diffuse electric discharges supported by electron beams with
applications to high-power lasers and fast switches,"” or to plasma reflectors of electromagnetic waves.®®
1% 11 The main requirement for the electron beam (injected from the cathode to the anode) in those

discharges is to provide a uniform ionization throughout the volume. For this, the beam relaxation length
should exceed the interelectrode gap, /, > L. In this situation, variation of beam energy and current along
its path is again quite small, simplifying theoretical analysis.

The third group of papers on electron beam interactions with gases addresses details of energy
distribution of electrons in beam-produced plasmas.'> '* ' Because of complexity of the problem, those
analyses are zero-dimensional, i.e., uncoupled from beam propagation and beam-produced ionization.

In this paper, we consider beams with initial energy of between 1 keV to a few hundred keV and a
current density of 1-100 mA/cm’® propagating into a gas at a pressure from about 1 Torr to several
atmospheres. We will be interested in a situation where the beam loses its energy and ionizes the gas far
from the walls, and where the tip of the beam-produced plasma does not reach the anode. The low beam
current allows us to neglect self-induced magnetic and electromagnetic effects. On the other hand, the
relatively low beam energy and high gas density result in a relatively short beam penetration length, from
a few centimeters to perhaps a few meters. Over this length, the energy of beam electrons varies quite

significantly, so that the beam propagation is coupled with plasma generation, motion of charged

¢ S.A.Genkin, Yu.D.Korolyov, G.A.Mesyats, and V.B.Ponomarev, Pis’ma Zh.Tech. Fiz. 8, 641 (1982).

7 R.F.Fernsler, W.M.Manheimer, R.A.Meger, J.Mathew, D.P.Murphy, R.E.Pechacek, and J.A.Gregor,
Phys. Plasmas 5, 2137 (1998).

8 JMathew, R.F.Fernsler, R.A.Meger, J.A.Gregor, D.P.Murphy, R.E.Pechacek, and W.M.Manheimer,
Phys. Rev. Lett. 77, 1982 (1996).

? W.M.Manheimer, IEEE Trans. Plasma Sci. PS-19, 1228 (1991).

1% R.A.Meger, J.Mathew, J.A.Gregor, R.E.Pechacek, R.F.Fernsler, W.M.Manheimer, and A.E.Robson,
Phys. Plasmas 2, 2532 (1995).

'' D.R.Suhre and J.T.Verdeyen, J. Appl. Phys. 47, 4484 (1976).

2 v P.Konovalov and E.E.Son, Sov. Phys. Tech. Phys. 25(2), 178 (1980).

3 G.B.Lappo, M.M.Prudnikov, and V.G.Chicherin, High Temperature 18, 527 (1980).

a

343




particles, gas heating, and spatio-temporal evolution of the electric field. In this paper, we develop a
model for these coupled phenomena.

One of the main issues in the case where a beam loses its energy before reaching any wall or an anode
is the mechanism of charge neutralization. When injected into a gas through a cathode toward an anode,
an electron beam generates both a plasma and a “cloud” of negative space charge. As a result, the electric
potential inside the gap becomes lower than the potential of either of the two electrodes. If the preexisting
anode voltage is high, and the beam stops close to the anode without actually “touching” it, then the
electron beam can quickly bring negative potential close to the anode, and the “cloud” will quickly
accumulate such a charge that electric field near it can exceed the breakdown threshold of the ambient
gas, creating either a streamer ?r Townsend breakdown between the “cloud” and the positively biased
anode plate (Fig.1,a).

The sparks, or streamers, can be generated at high repetition rate by using a repetitive-pulse electron
beam. With multiple electron beams, sparks will occur between the “clouds” as well as between each
“cloud” and the “earth” (grounded plate). Since this process of removal of the excess negative charge is
similar to lightning between thunderclouds and the earth and between the thunderclouds, we shall call the
process a “thunderstorm”.

One can also envisage a very different mechanism of charge neutralization: a quasistationary
discharge between the virtual cathode at the tip of the beam-produced “cloud” and the metallic foil
through which the beam is injected into the gas. In such a “fountain” discharge, the return current of
plasma electrons will balance the forward current of high-energy beam electrons. In principle, to sustain
such a discharge at steady state, the second electrode (the anode to which the voltage is applied) is not
necessary. Thus, a quasisteady-state, stable, high-pressure discharge could be created with a single
electrode (Fig.1, b). In its structure and properties, electron beam-sustained “single-electrode” discharge
should be similar to conventional glow discharge (except that the electron temperature in beam-produced
plasmas could be very low — see Sections II and III). The beam injection foil acts as an anode, and the tip
of the cloud of injected negative charge serves as a virtual cathode for the “fountain” discharge. Of
course, the cathode of the electron gun where the beam originates is the real cathode for the system as a

whole.

One-dimensional modeling of electron beam injection, distortion of electric field, and plasma

generation

To analyze the dynamics of beam-generated plasmas, let us consider a 1D model of a non-self-
sustained high-pressure gas discharge, supported by an electron beam whose relaxation length, [, is

shorter than the interelectrode gap L (Fig.1). The foil through which the beam is injected is considered as
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one of the electrodes. In reality, a metallic holder electrically insulated from the foil by dielectric seals
can have a potential applied to it and serve as an electrode. In the simple 1D model, though, the holder-
electrode is indistinguishable from the foil-electrode.

Of course, 1D modeling could be quite restrictive. Even if the original electron beam is unidirectional
and monoenergetic, scattering inside the foil and in the dense gas could make the problem three-
dimensional. The problem would be close to one-dimensional one if the injection foil is very thin, orif a
differentially pumped port is used instead of a foil for beam injection. Additionally, a strong magnetic
field could be used to inhibit beam and plasma expansion. Thus, the following 1D analysis could be
viewed as a first approximation in the case of beam injection through a thin foil or a differentially pumped
port , with a strong guiding magnetic field.

There are two groups of electrons in the system: plasma electrons, with the number density n,, and

beam electrons, with the number density 7, . The latter group is described by a simplified kinetic equation
in the so-called “forward” approximation.15 The approximation takes into account only inelastic electron-
molecule collisions that are assumed not to change the direction of electron motion. This approximation is
well justified in our case, since for the most relevant, ionizing, high-energy part of the degra&ation

spectrum of the beam, inelastic cross sections considerably exceed the momentum-transfer cross section:

o, (¢)>>0, (€), when £>1000 eV. The subscript k denotes various chemical constituents of the gas.

Thus, the contribution of elastic collisions is small and we shall neglect them, assuming that all electrons

172

move only in the direction normal to the foil (x-direction) at a speed of v = (2e/m)"* . (This expression

for the velocity is valid, of course, only for nonrelativistic electrons). Then the spectral density of the
electron flux, I'(€,x) is determined directly by the coordinate-dependent electron energy distribution
function n(g,x): T'(€,x) = vn(€,x). Making the transformation from 1D velocity distribution function

(v, = V) to the energy distribution function, with f(v,x)dv =n(e,x)de , we obtain the equation'

—a£—eE(x,t)g—£=Q(l")

dx
=-Y N,I(xe)or(€)+ Y NI (x.e+1;)o; e +1;)
nk

nk

. (D)

Here, excitation of the n-th quantum state of the molecule of k-th component, requiring electron energy

I}, and electron-impact ionization, requiring, in the first approximation, energy equal to the ionization

potential /, , contribute to the inelastic collision term Q. o, (€) are the excitation and ionization (in the

14 yu.P.Raizer and M.N.Shneider, High Temperature 27, 329 (1989).
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case of ionization, superscript n=i) cross sections, and N, is the number density of the k-th chemical

component of the gas.

Total beam electron number density at a given location is:

T I(x,e)de
= [ A\%E)ME 2
n, (x) jl — @

The net flux, that is, the net number of beam electrons passing through unit area per unit time in the x
direction, is:

o0

T,(x)= [ D(xeMe. 3)

min/,
Local ionization rate, that is, the number of ionization events in 1 cm” per 1 second at a given location x,

is:
4(x)= Y N.J T(x.e)o; (€)de @

In an electron-impact ionization event, a part of energy € of the impinging electron goes into
production of the secondary electron, and a part goes into kinetic energy €’ of that electron. Details of the
energy spectrum of secondary electrons, described by differential ionization cross sections, and the effect
of that spectrum on electron energy distribution, excitation, and ionization rates, have been studied
elsewhere.'''> 1% ' The nascent spectrum of secondary electrons has a sharp maximum at about 5 eV,
which is substantially lower than the ionization energy, and the probability for the secondary electron to
immediately ionize a molecule is quite small. 1131516 At pressures of hundreds of Torr, secondary
electrons will rapidly lose the memory of their nascent distribution and form the energy distribution
function corresponding to the local value of E/N. 1-13.15.16 Bacause of this, details of the nascent spectrum

1113, 15

were found to be unimportant, and simply assuming that new electrons are produced with either

zero energy or with a mean energy corresponding to the local plasma electron temperature, T,(x), turned
out to yield reasonably accurate energy distribution functions and kinetic rates. 1131516 The contribution
of secondary (plasma) electrons to the total ionization rate is, therefore, determined by the electron

temperature, or, more exactly, by the value E/N (see Egs. (6)-(8) below).

One of the well-known parameters of electron beam interaction with gases is the so-called

ionization cost, Y,, that is, the mean energy of production of an electron-ion pair in beam electron

collisions with molecules of the k-th component. At primary electron energies above a few hundred

' S.Yoshida, A.V.Phelps, and L.C.Pitchford, Phys. Rev. A 27, 2858 (1983).
!¢ v P Konovalov and E.E.Son, Sov. Phys. Tech. Phys. 26 (3), 328 (1981).
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eV, Y, is virtually independent of the beam energy, and is determined by the gas composition only. For

example, in air, pure nitrogen, and oxygen, Y, =34 eV, 35 eV, and 30.9 €V, respectively.' Therefore, in

the inelastic collision integral Q for fast electrons, the term corresponding to the source of electrons of

- energy € due to ionization can be written approximately as:

ZNkF(x,E +Y,)o,(e+Y,), €+Y, <g,, where &, is the beam electron energy.
k

For simplicity, we shall assume that the injected beam is monoenergetic, so that the boundary condition

for the beam is:
r0,e)=(j,|/e)d(e -¢,), (5)
where j, is the electron beam current density, and €, is the energy of the injected electrons. Obviously,

by modifying this boundary condition, effects of injection of a beam that is not monoenergetic can be
easily accounted for.

Note that the “forward” approximation for kinetic equation was used here only to shorten the
computations. There are no principal difficulties, except making computations longer, in using a more

complete “forward-back” approximation accounting for backscattering and elastic collisions. Importantly,

integral parameters of the beam-gas interaction, such as the relaxation length, I, =1 (¢,, N(x)), the total

rate of production of electron-ion pairs, Int, = jqu = Int,[€,, j,,N(x)], and the total gas heating rate,

Int, = J.dex =Int,[g,, j,, N(x)], are independent of the type of kinetic equation used.

An example of the computed relaxation of a beam with an energy €, =15 keV injected into a
room airat p =1 a??, T(x)=300K =const is shown in Fig. 2.
To describe the beam-generated plasma and the discharge, we used the following set of continuity

equations for plasma electrons, n,, and positive, n, , and negative, n_, ions, plus the Poisson equation

for the potential:
%+£=q+a|r‘e|+den_ —vane—-ﬂnem—%,

at 8x 6t (6)

on n, dT. ’

I'=-unk-D,—=—kD,—=—=

e :u’e e e ax T ETe dx

on, dr on
—t+—*t=g+a|l |- Bnn,-Pnn,, T,=pnkE-D,—*, 7
3 Vox T atelldmBnn, = Brn, T =K a
on_ or on
—+——==kNn +vin—-PBnn, T_=-unkE-D — 8
at ax d n_ ane ii —n+ tu' n ax ( )
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0 _ ey pp—n), E=-22 )
£,

In Egs. (6)-(9), ¢ is the beam-induced ionization rate determined by Eq. (4), and & = Ot(E /N ) is the

first Townsend ionization coefficient'® that describes avalanching, i.e., further ionization of the

background gas by secondary (plasma) electrons. An additional source term due to thermalization of

beam electrons, —8n, /8t =—dT, /dx, is also included in Eq. (6). To correctly describe charge transport
in regions with very low electric field, the expressions for the fluxes T',, T',, and I'_ include both drift
(with mobilities £t,, 1,, and y_) and diffusion (with electron, positive ion, and negative ion diffusion

coefficients D,, D,, and D_, respectively) terms, as in modeling the negative glow of conventional

glow discharges."” Electron temperature and mobility were taken as functions of the local value of

E/N, T(E/N),and u,(E/N). These functions were taken from the tabulated results of direct solution
of Boltzmann kinetic equation for air.? At very low E/N, E/N<1 Td, where the approximation for (,

given in Ref. 19 is not valid, we used the approximation i (7,)= ﬁe(f’e/ T.)"*, where ,ﬂe,f’e are the
values at E/N=1 Td. The last approximation follows from the definition of electron mobility and the

e el
approximation of energy-independent mean free path:'" g =——= -
mv, mv(T,)

m

, where v, is the

momentum-transfer collision frequency, and [ is the mean free path of electrons. The approximate
values of mobility for both positive and negative ions were taken from Ref. I7:

U, = 1.75-10° /(p-300/T) cm?/V's, where pressure p is in Torr. The diffusion coefficients were
determined from the respective mobilities using the Einstein relation: D, = uT,; D+.— = ,u+__T .

The value of electron temperature at very low E/N, E/N <1 Td, where the approximation for f,

given in Ref. 19 is not valid, is expected to be quite low, 0.1 eV or lower, i.e., within a factor of 2 of gas
temperature. This follows from the electron energy distributions in beam-produced plasmas without
electric field. '''* ' 16 Note also that the plasma in the electron beam generated “cloud” should have

properties close to those of negative glow plasmas of conventional glow discharges. Electrons in negative

'7 yu.P.Raizer, Gas Discharge Physics (Springer, Berlin, 1991).
'8 yu.P.Raizer and M.N.Shneider, High Temperature 29, 833 (1991).
19 N.L.Alexandrov, F.I.Vysikailo, R.Sh.Islamov, I.V.Kochetov, AP Napartovich, and V.G.Pevgov, High

Temperature, 19 (1), 17 (1981).
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glow plasmas are known to have low temperatures, down to the neutral gas temperature.”’ Therefore, in
our computations, we assumed that T,(x,) = 2T(x,f) whenever E/N is of the order of 1 Td or lower.

We used standard boundary conditions at the electrodes. These conditions are commonly used to

model gas discharges with cold cathodes. For example, at x =0, in the absence of negative ions
(n_=0),
T,=—,; on/ox=0if E0,/)<0 (10a)

[,=0; dn,/ox=0if EQ0,7)>0, (10b)
where v is the effective secondary emission coefficient, that is, the average number of electrons emitted
for each ion impinging on the surface.

Boundary conditions for the Poisson equation are:
p(0)=0, oL)=V. (11)

Relaxation of an electron beam results in gas heating. This decreases the gas density, affecting
beam-induced ionization rate and the beam penetration depth. To model processes coupled with the
heating, principal mechanisms of heating and cooling have to be identified. Energy is added to the plasma
by both the electron beam and Joule dissipation. A part of the added energy goes directly into heat, while
some energy is spent on excitation of vibrational and electronic molecular states. What part of the Joule

dissipation rate jE goes into vibrational and electronic excitation is determined by the value of E/N,'" "
and at E/N =1-70 Td vibrational excitation of oxygen and nitrogen consumes about 50-90% of jE .

However, kin all cases computed in this paper, the rate of energy addition by the beam turned out to be
more than an order of magnitude higher than the Joule dissipation rate (see below), and thus the Joule
dissipation could be neglected. As to the beam energy dissipation, only about 5% of it goes into
vibrational excitation of nitrogen and oxygen,''" and about 30-40% of the beam energy goes into
excitation of electronic states. The electronic states can be expected to quench rapidly at high pressures
(hundreds of Torr). About 10-30% of the energy released in quenching can end up in vibrational modes of
molecules, thus increasing the fraction of beam energy spent on vibrational excitation to perhaps 10-15%.
Some of the electronic states excited by the beam are radiative, however, a 1-cm wide column of high-
density gas is optically thick for many of those radiative transitions. As a result, most of the energy
dissipated by the beam is spent on gas heating, and the fate of energy loss by the beam can be, with an
accuracy of 10-20%, considered equal to the gas heating rate. Thus, to model gas heating, we need to add

to the set of equations (6) — (9) the equation of state,

20 J M.Anderson, J. Appl. Phys. 31, 511 (1960).




p = RpT = Rp,T,=const, (12)

and heat balance:

dr
pcp_gzqh_@’ (13)
where
T .
g, =__a[ b(x) (Eb(x»] (14)

ox

is the rate of gas heating by the relaxing beam,”

Jm ~—~r(x’£)ede
min(/;)

g

(&)= ——F(re) (15)

ooy P, de
m

is the mean energy of the beam electrons, and © is the rate of heat removal by all mechanisms (thermal

diffusion, convection, etc.) combined.

Initial  conditions used in  the computations were: T(x,0)=7;=300 K;

n,(x,0)=n,(x,0)=n_(x,0)=0.

The collision cross sections necessary for calculations of electron beam propagation and beam-
induced ionization rates were taken from the literature.” ** ** For charge particle kinetics in the plasma,
the following set of processes and their rate coefficients was used. (In all the following expressions for
rate coefficients, pressure p is in Torr, and temperatures 7, and T are in K).

Electron-ion dissociative recombination rate coefficient is:** "

B=2-107(300/T.)", cm’/s.

2I'3. 0. Macheret, M.N.Shneider, R.B.Miles, R.J.Lipinski, and G.L.Nelson, Paper AIAA-98-2922 (1998).

22y Itikawa, M.Hayashi, A.Ichimura, K.Onda, K.Sakimoto, K .Takayanagi, M.Nakamura, H.Nishimura,
and T.Takayanagi, J. Phys. Chem. Ref. Data 15, 985 (1986).

3 Y.Itikawa, M.Hayashi, A.Ichimura, K.Onda, K.Sakimoto, K.Takayanagi, Y.Hatano, M.Hayashi, H.Nishimura,
and S.Tsurubuchi, J. Phys. Chem. Ref. Data 18, 23 (1989).

24 Y.Itikawa, Electron Collisions with N,, O,, and O: What We Do and Do Not Know (ISAS Research Note 526,

1993).
= I.A.Kossyi, A.Yu.Kostinsky, A.A Matveyev, and V.P.Silakov, Plasma Sources Sci. Technol. 1,207 1992).
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lon-ion recombination rate coefficient (dependent on the gas density) is expressed as:"’
B.=1-10°(0.5+1.5p/760)-300/T , cm’/s.
Three-body attachment processes and their rates are:”

e+0,+0,=0; +0,; k, = 1.4-10‘29(-37(1)9)exp(—%),2)exp(7—m)—(%]i2] cm®/s

2
e+0,+N,=0; +N,; k,, = 1.07-10‘3’[%(2] exp(——?)exp(ﬁg(l;%_—a)cmé/s

Analysis shows that because of the substantial threshold energy for the dissociative attachment,
e+0,+3.6eV=0+0", at very low E/N typical for the plasmas that we consider, the dissociative

attachment can be neglected

Thermal detachment and its rate coefficient are:?’

0; +0, => e+20,, k, o, =8.6-107"° exp(—%:s—o)l:l—exp(—l—sz’,@—)], cm’/s

If active particles, such as electronically excited or radical species, are present in the plasma in large
numbers, they can cause electron detachment from negative ions, e.g.

0; +02(a‘Ag) =e+20,, k;, =2 107" cm’/s.

Because of these detachment processes, the detachment frequency can be generally written as:

v, =k, N, +k,N,, where N, and N, are the number densities of oxygen molecules and active

(excited or radical) particles, respectively.

Results of the modeling
A. “Fountain”

Comparison of the computational results for cold (7(x)=300 K=const) nitrogen (Figs. 3 and 4) and air

(Figs. 5, 6, and 7), with the same electron beam parameters (j, =10 mA/cm’, €, =15 keV) clearly

demonstrates the role of electron attachment to oxygen that generates negative ions, reducing the
maximum electron density at steady state.

Despite the difference between nitrogen and air, in both cases the injection of the beam leads to
accumulation of negative charge and to growth of plasma conductivity. The process continues until a

quasiequilibrium is reached: the charge that the beam brings in per unit time is fully balanced by the back

2% E.M.Bazelyan and Yu.P.Raizer, Spark Discharge (CRC Press, Boca Raton, Florida, 1997).
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flux of negative charge due to the drift of plasma electrons. The time scale of reaching the
quasiequilibrium is £ = 0.1 Us.

Profiles of the power deposited by electron beam, g, , Joule dissipation due to plasma electrons, J.E,and
the reduced electric field, E/N, at t= 10 s from the start of beam injection in the “fountain” regime in air

initially at STP are shown in Fig. 7. As seen in Fig. 7, electric field in the plasma is very weak, E/N<1.5
Td. Thus, plasma electron temperature should be close to the gas temperature, and the Joule dissipation

rate is much lower than the rate of beam energy losses. According to the data of Ref. 19, at E/N=1.5 Td:

Mo, < 0.05;1m,,, = 0.65; where 7, is the fraction of the Joule dissipation spent on excitation of N,

vibrational mode, and 7, , is the same for the O, vibrational mode. Thus, although about two thirds of

the Joule dissipation goes into vibrational excitation, the Joule dissipation itself is only a small part of the
energy addition rate (upper plot in Fig. 7), which justifies disregard of vibrational excitation in the energy

balance.
Calculations were also performed for air heated to 7=2000 K, by postulating a model temperature

profile shown in the caption to Fig. 8 (the temperature was uncoupled from beam and plasma equations).

At this temperature and p=1 atm, the electron attachment frequency is v, ~4.37-10° s, and the
detachment frequency is k,N, =1.93- 107 s, so that the attachment is fully balanced by detachment,

and electron number density of n, = 10" cm? is achieved in air with relatively low electron beam current
(Figs. 8 and 9).

Tonization and gas heating rates increase with the beam current density. Heating of the gas leads to its
expansion and density reduction. This increases the beam relaxation length, so that the beam ionizes and
heats the gas farther from the injection foil, burning its way through the gas. This is demonstrated in Figs.

10 and 11 for the beam with j, = 50 mA/cm’ and€, =15 keV. These calculations were coupled with a

heat balance equation. For the short time after the start of the process, #<1 ms, heat conduction losses are

negligible. The characteristic time T of the onset of natural convection can be estimated from the simple
equation g’L’2 / 2 = h, where A is the length scale of thermal nonuniformity, and g is the acceleration of

gravity. Even with A =1 mm, the onset of natural convection would take 7 [} 10 ms. Another well
known mechanism of cooling hot channels is turbulent mixing. When heating of the channel ceases,
which is the case, for example, in lightning channels, cold surrounding air moves into the channels, and
the fast turbulent cooling ensues. In our case, though, heating continues inside the channel, causing
temperature increase and gas expansion, so that the cold surrounding gas cannot move into the channel,

thus preventing the onset of turbulent cooling. Thus, the calculations at t<1 ms can be done neglecting
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heat transfer. As seen from Fig. 10a, by the time ¢ =300 us the electron density reaches 10" cm”.

Maximum gas temperature at this moment is T =700 K (Fig. 10d). As shown in Fig. 12, electric field in
this regime is very weak, with E/N of less than 1.5 Td. Thus, plasma electron temperature should be low,
close to the gas temperature, and the Joule dissipation rate is much lower than the rate of beam energy
losses (upper plot in Fig. 12), thus justifying disregard of vibrational excitation in the energy balance.
With increasing energy of electrons in the beam, both their penetration depth and the magnitude of
negative charge accumulated in the gas grow. However, this does not result in qualitative changes, unless

the electric field in non-ionized part of the volume reaches a threshold for breakdown.

B. “Thunderstorm”

Suppose that a high positive voltage is applied to the anode, and the beam relaxation length is shorter
than the distance to the anode. Then, even if the potential at the tip of beam-produced plasma column
were equal to that of the injection foil, the electric field between the plasma column and the anode is
stronger than the field prior to beam injection. This stronger field can cause a breakdown between the tip
of the plasma and the anode. Additionally, negative charge brought in by the beam distorts the
distribution of electric potential, resulting in an increase of electric field between the plasma and the
anode, and increasing chances for breakdown (see Fig.1). Whether the breakdown will be of Townsend or

streamer type, depends on gas pressure and the spacing between the plasma and the anode, d =L—1,.

Townsend mechanism of electric breakdown is known to occur typically at pd <200 Torr-cm, while at

pd >10° Torr-cm streamer mechanism takes over.!"%

Time required to reach the breakdown field E;, can be estimated from the equation:

P
AN A0) Y 16)
L-1, 2¢,

Clearly, increasing the anode voltage ¥, and making the beam relaxation length close to the distance to

the anode helps the breakdown. The second term in the left-hand side of Eq. (16) is negative charge at the

tip of beam-generated plasma column. Higher beam currents shorten the time ¢ needed to reach
breakdown. The return current of plasma electrons to the cathode (foil), je(t), slows down the

accumulation of negative charge at the tip of the plasma column, and under some conditions can prevent
the breakdown. In other words, if a “fountain” develops rapidly, a “thunderstorm” is prevented. In this
paper, we present results of one computed “thunderstorm” case. More detailed analysis, including regimes

transitional between the “fountain” and the “thunderstorm”, are to be performed in future.
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An example of the “thunderstorm” regime is shown in Figs. 13 and 14. The calculations were
done for the following set of parameters: j,= 50 mA/cn’, €, =15 keV; L=1.75 cm, and V(L)=10 kV. As

seen in Fig. 13, it takes =7 ns for the electric field between the plasma and the anode to reach about 17
kV/cm, which is higher than 50% of the breakdown field in atmospheric air.'” One-dimensional modeling
is certainly not adequate for analysis of streamer development.”® Indeed, the very reason for streamer
breakdown in electric fields weaker than the critical breakdown field is that near the tip of the streamer
the electric field is amplified because of the electrostatic polarization and the tip curvature.”” The
curvature radius is obviously very important for the streamer initiation and growth. Leaving the task of
developing a more comprehensive model of the “thunderstorm” for the future, we can for now use a “rule
of thumb” that the electric field is typically amplified by a factor of 2-3 because of the curvature.
Therefore, exceeding an electric field of 15 kV/cm in 1D model, as shown in Fig. 13, would mean that the

actual field at the tip would exceed 30 kV/cm, starting a streamer.

The behavior of the return current of plasma electrons, j, (the middle plot in Fig. 14), is explained

by the evolution of electric potential and field strength (the middle and the bottom plots in Fig. 13).
Initially, potential throughout the gap is higher than the potential at the injection foil, and plasma
electrons drift towards the anode rather than back to the foil. As the beam brings more negative space
charge, the magnitude of the negative electric field in the plasma is reduced, while the field is amplified in
front of the plasma tip. However, it would take almost 9 ns for the potential anywhere inside the gap to
become negative, and for the field near the foil to reverse its direction, at which moment there exists a
plasma cathode inside the gap and two anodes, the foil and the “original” anode. As seen in Fig. 14, even
at =9 ns the return current at the foil does not fully balance the beam current. Since the breakdown
criterion is reached between 5 and 7 ns, the return current does not even start until the streamer onset, and
in this case, j, =0 in Eq. (18). Since in this paper, we only predict the onset of breakdown without
modeling the subsequent dynamics of the streamer, it is difficult to say what role, if any, the return
current might play in the streamer development. Also, with set of parameters other than that in the present
case, the return current could have been more significant. For example, lower initial anode voltage would
have required more time to reach the breakdown field, and during that time, electric field could have
reversed its direction, thus creating the return current and affecting the breakdown criterion (18).

Note that the main requirement for electron beams injected from the cathode to the anode in high-
power lasers and fast switches is to provide a uniform ionization throughout the volume. If, however, the

energy of beam electrons is not high enough, so that /, < L, the plasma becomes non-uniform, and

electric field is distorted, resulting in some cases in sparking near the anode. This breakdown instability
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was experimentally observed.% 2 Since the instability is related to parameters of the injected beam, it has
been dubbed an “injection instability”."* ?’

It is interesting to note that the electric current in the “thunderstorm” streamer is fully controlled by
the current of the electron beam. Since the latter is, or can be made, quite low, Joule heating in the
streamer can be weak, so that the streamer may not develop into a hot channel similar to lightning. In

other words, a “cold thunderstorm” appears possible with electron beams.

Power requirements for plasma generation

The present simplified 1D model cannot fully describe the process of establishment of steady state,
including heat transfer. Nevertheless, estimates of power requirements for plasma generation and of the
necessary cooling rate can be done for a given temperature and pressure.

For example, suppose that the gas temperature is maintained at 7=2000 K, and that an electron beam

generates a plasma with n,=n, = 10" cm®. If the recombination rate coefficient is about
B =107 cm®/s, then the required ionization rate is g = fBn’ =10" cm™s™. The power needed to
sustain the ionization is then g, =qY,e =55 W/cm®, which also represents the gas heating rate. Since

.. . . €
the ionization rate averaged over the beam relaxation length is g = Jl bb
e

roi

, and the relaxation length is

inversely proportional to the gas density, /, = I°N,/N =I°T/T,, we find the required beam current

eql’Y,T

b0

density: j, = . For example, for £, =15 keV we get j, = 23 mA/cm’. These estimates agree

well with the calculations depicted in Fig. 8 that show that the power required to sustain 1 cm® of plasma
with electron density of about 10'* cm™ is on the order of 100 W. Increasing the energy of beam electrons
moves the ionization peak farther from the injection point, but the width of the peak region does not
change much, still being a few centimeters. If a wider region of high electron density is desired, one way
to achieve it is to use a beam with some spread of electron energies which translates to a spread of
penetration depths. Note also that the power requirement of about 50-100 W/cm® does not include a
significant energy loss in the beam injection foil. In a typical metallic foil, electron lose about 10-50 keV.
Thus, the full cost of sustaining the plasma region with 10" electrons/cm® could be a few times higher
than the 50-100 W/cm® required for ionization.

A temperature of 2000 K virtually eliminated electron attachment, reducing the energy cost to that

needed to balance the dissociative recombination. This temperature, however, does not need to be

? G.A.Mesyats, Sov. Tech. Phys. Letters 1, 292 (1975). -

ST
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artificially maintained by a heater, since the heating rate provided by the ionizing beam is high enough.
Moreover, a substantial cooling is required to keep temperature from increasing above the 2000 K. A

crude estimate of the cooling requirements can be done for convective cooling where heat is removed

with the flow. The effective frequency of heat removal is roughly v, =2u/D, where u is the gas
velocity, and D is the length of hot region. At steady state, pc,(T-Ty)v, =, . From this simple
formula, to sustain a temperature differential of 7—7; =1700 K in a 10-cm long (D=0.1 m) gas layer

near the surface at the heating rate g, = 100 W/em®, flow velocity should be about 15 m/s. If the plasma

length along the flow is 1 m, then a 150 m/s flow will keep the temperature from increasing above the

2000 K limit.

Concluding remarks

Electron beams represent perhaps the most energy-efficient way to ionize gases at relatively low
temperatures, when thermal ionization is negligible. Injecting beams of appropriate energy and current
density, stable and controlled plasmas with high electron number density can be created in high-pressure
gases. It turns out that dynamics of electron beam generated plasmas, when the beam relaxation length is
shorter than the distance to the anode or other metallic objects, is quite interesting. In this paper, we
pointed out and analyzed two distinct regimes of beam-produced plasmas: a “fountain” and a
“thunderstorm”. The two regimes differ in the way the negative space charge brought in by the beam is
removed: by the return current of plasma electrons to the injection foil (“fountain™) or by streamer
breakdown (“thunderstorm”). It is interesting to note that the “fountain” regime is, in a sense, similar to
the so-called negative glow part of glow discharge,” > where high-energy electrons arriving from the
cathode sheath generate very efficient ionization, although the “fountain” has much larger spatial
dimensions than those of negative glow at high gas density.

In our modeling, we considered an idealized one-dimensional problem. As discussed in Section II, 1D
analysis can be viewed as a first approximation if the beam is injected through either a very thin foil or a
differentially pumped port, and if a strong magnetic field is used for guiding and confining the beam and
the plasma. Additionally, our analysis was limited to beams that are originally monoenergetic. By
modifying the boundary condition (5), energy spread of the injected beam can be easily accounted for.

In two and three dimensions, the dynamics of both “fountain” and “thunderstorm” discharges may be
quite interesting. As was already mentioned, a “thunderstorm”, that is, a breakdown between the
negatively charged cloud and the anode, could occur at a substantially lower anode voltage than that
expected from 1D modeling. The effect is due to electric field amplification at the tip of the plasma

column, similar to conventional streamers.”® In principle, a streamer breakdown, or a “thunderstorm”, is
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also possible between different plasma clouds created by different electron beams, since the clouds may
have different electric potentials. This breakdown will be facilitated by photoionization of gas between
the clouds.

In the “fountain” regime, one consequence of the non-one-dimensionality of the problem is that
electric field in and around the plasma column has not only axial, but also a radial component. Plasma
electrons not only drift towards the foil, but also move outside the column, making the comparison with
fountain even stronger. This electron motion decreases electric field in the plasma. Additionally, when
electrons move from the heated plasma column to cold peripheral regions, they will rapidly attach to
oxygen, forming a layer of ion-ion plasma around the heated electron-ion plasma column.

The “fountain” regime could be subject to various oscillations and instabilities. For example,
perturbations of the plasma boundary could create local curved regions where electric field amplification
would be strong enough to result in streamers.

Another group of phenomena could result from the effect of electron beam burning its way through
the gas, as discussed earlier in this paper. Gas heating produced by the electron beam results in density
decrease, allowing the beam to penetrate deeper. New portions of the gas are then héated, and the beam
can penetrate still farther. In the case computed in this paper, portions of the gas left behind continue to be
heated, preventing the surrounding cold gas from moving into the channel. If, however, the heating stops,
so that the channel bégins to cool, a radial flow of cold gas from peripheral to the central regions would
start. This may eventually result in turbulence generation, oscillations of the beam penetration depth and
of the local ionization fraction. Phenomena as complex as these certainly call for a more sophisticated 2D

or 3D model to be developed in future.
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Fig.1. Schematic of “fountain” and “thunderstorm” regimes. The electron beam is injected through into

the gas from left to right. ¢ is the electric potential, and E is the field.
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Fig.2. Computed steady-state relaxation of an electron beam injected parallel to the x coordinate at x=0
into room-temperature air at p=1 atm. Beam energy is €, =15 keV. a — flux of beam electrons, I", and

beam thermalization rate, 6n/0t = dT"/ dx ; b — mean electron energy, < € >, and ionization rate, g.

359




V, Volt

1.5
0
E -1x10"' 1
o
O -11
d -2x10° T
11 ! 1 1
-3x10 4 0.5 1.0 1.5

Fig.3. Computed quasi-steady-state (/= 10 ps from the start of beam injection) profiles of plasma
parameters along x coordinate in the “fountain” regime in room-temperature nitrogen at p=1 atm. Electron
beam current density is 10 mA/cm?, and the energy of beam electrons is €, =15 keV. (?) — electric
potential, V, and ionization rate, qy; (b) — electron and ion number densities; (€) — electric charge density,

Q.

360

1x10°°

{8x10"

6x10"°

{4x10"

{2x10"

sas_ wo ‘b

L-

c-



1.5x10 3x10"

; 1.0x107 2x10"
} £
i 2 >
p 3
S 5.0x10° 1x10" =,
o
0.0 - . . Jo
10° . ) ; 10°

Fig.4. Back current of plasma electrons to the foil, j.(0), and peak electron density in the plasma, n,,

versus time from the start of beam injection in the “fountain” regime. The gas and beam parameters are
the same as in Fig.3. :
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Fig.5. Computed quasi-steady-state (= 10 us from the start of beam injection) profiles of plasma
parameters along the x coordinate in the “fountain” regime in air at STP. Electron beam current density is
10 mA/cm?, and the energy of beam electrons is £, =15 keV. (?) — electric potential, V, and ionization

rate, q; (b) — electron and ion number densities; (e) — electric charge density, Q.
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Fig.8. Computed quasi-steady-state (== 20 ps from the start of beam injection) profiles of plasma
parameters along x coordinate in the “fountain” regime in air at p=1 atm. Electron beam current density is
10 mA/cm® and the energy of beam electrons is €, =15 keV. The temperature profile is
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charge density, Q.
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Fig.9. Peak number densities of electrons, n,, positive, n., and negative, n., ions versus time from the start
of beam injection in air. All parameters, including temperature profile, are the same as in Fig.8.
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Fig.10. Time evolution of profiles of plasma parameters in the “fountain” regime in air initially at STP.
Electron beam current density is 50 mA/cm’?, and the energy of beam electrons is €, =15 keV. (?) -
electron number density; (b) — electric potential; (c) — electric charge, Q; (d) — gas temperature.
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Fig.11. (a) Back current of plasma electrons, j.(0), and negative ions, j.(0), to the foil, and (b) peak
electron and positive and negative ion densities in the plasma, n,, n., and n., versus time from the start of
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Fig.12. Profiles of the power deposited by electron beam, g, , Joule dissipation due to plasma electrons,
J,E , and the reduced electric field, E/N, at =200 Us from the start of beam injection in the “fountain”

regime in air at STP. Beam parameters are the same as in Fig.10.
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Fig.13. Time evolution of profiles of electron number density, n,, electric potential, V (x), and electric

field, E, in the “thunderstorm” regime in air initially at STP. Electron beam current density is 50
mA/cm?, and the energy of beam electrons is £, =15 keV.
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Fig.14. Time evolution of profiles of electron temperature, 7,, current density of plasma electrons,
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current density is 50 mA/cm?, and the energy of beam electrons is €, =15 keV.
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22. DEVELOPMENT OF NEW ELECTRON BEAM WINDOW AND ARRAY
TECHNOLOGIES

J. Fox, J. Kline, R. Murray, S. Macheret, and R. Miles

Earlier, we have demonstrated that high-energy electron beams represent the most efficient source of
nonequilibrium ionization. We have developed sophisticated models that allowed us to run simulations of
electron beam generated plasmas. These plasmas are fully controllable, stable, and scalable to high

volumes, while operating at power budgets of about 50-70 W/em® for electron density of 10" cm™ in 1

atm, 2000 K air.

Electron beams are generated in vacuum, and then injected into the air. The transmission windows have to
be thin enough to minimize beam energy losses and scattering. On the other hand, these windows must
possess an adequate mechanical and thermal strength. Window technology is critical for implementation

of electron beam sustained plasmas.

Princeton University, in collaboration with RSI, Inc., is developing a novel technology of thin large-area
silicon nitride windows. A 100 element, 2.4 cm X 6.4 cm array of thin SiN windows etched on a silicon

wafer, supported by a steel grid, was made and successfully tested. Each window is 500 nm thick and has

1 mm X 5 mm size.

Fig. 1 is a photograph of the SiN window array. The advantage of these thin non-metallic windows is that
electron beam energy loss is minimal, about 2 keV, so that atmospheric plasmas can be formed with 30
keV electron beams. This relatively low beam energy minimizes X-ray generation, thus substantially
increasing safety. Fig. 2 shows helium plasma at 250 Torr generated by 25 keV electron beam passing
through the SiN window array. Fig. 3 shows a preliminary test in air at 1 atm. To minimize scattering,

magnetic coils will be wrapped around electron guns.

Beam-generated plasmas will then be experimentally studied, and results compared with our theoretical
predictions. It is planned that the new windows will be used in the definitive OSU/Princeton experiments.
Additionally, in collaboration with Sandia National Laboratories, a controllable multi-element electron
beam array is being developed. Its essential feature is a multi-element BaCaO cathode with separate bias
control. This permits beams with controlled temporal and spatial variation. The beams will be

magnetically guided, which will provide focusing and control of power deposition location.
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Fig. 1. SiN window array.

Fig. 2. Helium plasma at 250 Torr generated by 25 keV electron beam passing through the SiN window array.
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Fig. 3. Air blasma at 1 atm generated by 25 keV electron beam passing through the SiN window array.
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