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RESEARCH EQUIFPMENT PURCHASED
UNDER URIP, GRANT AFOSR 86-0257

INTRODUCTION

Through AFOSR, as part of the University Research Instrumentation Program the
Department of Mechanical and Industrial Engineering of the University of Illinois was awarded the
funds to purchase equipment in support of research dealing with high temperature
thermodynamics, plasma formation, and laser-gas interaction. AFOSR has been supporting
research under a separate grant, a program dealing with Beamed Energy (Laser) Rocket
Propulsion.

We requested and were awarded the equipment listed in Table I. The estimated cost per
item is shown. The total amount of the award was $184,450.

It has turned out that Professor Herman Krier and Professor John P. Renie were awarded
another URIP grant, through the Office of Naval research (ONR) for permanent equipment in
support of DoD research on Supersonic Mixing and Combustion for SCRAMIET Propulsion. We
purchased, under the ONR grant, almost all of the items dealing with the Digital Imaging System,
i.e., items number 4 - 9 shown in Table 1.

TABLE I: PERMANENT EQUIPMENT
ORIGINALLY REQUESTED/AWARDED

No, ITEM/DESCRIPTION AMOUNT
1. Tunable Dye Laser s 2%,000.
2. Beamsplitting and Steering Optics ~2,000.
3. Frequency Doubler 4,000.
4. Minicomputer 60,000.
5. Image Acquisition Subsystem 32,000.
6. Intensifier Subsystem 45,000.
7. Gated Power Supply 5,000.
8. Fortran Compiler 5,000.
9. Cabinets and Tables 3,450.

TOTAL = $184,450.
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Appendix A is a description of that instrumentation which is operational and shared
between the researcher’s supported by AFOSR and ONR.

PERMANENT EQUIPMENT
PURCHASED UNDER THIS GRANT

In order to measure extreme temperatures in both the Laser-Plasma Research (AFOSR) and
the Supersonic Combustion Research (ONR) the non-intrusive technique of Laser-Induced
Fluorescence (LIF) will be used. Appendix B is a summary of that technology, and the
instrumentation usually required.

A major portion of the funds expended to date therefore are lasers required to perform LIF.
(Authorization by AFOSR had been given to make these changes.)

Just as important, these URIP funds allowed for the purchase of optical equipment and
accessories which provided for the diagnostic analysis of high temperature argon and hydrogen
plasmas.

Table II is a summary of the equipment purchased on this contract.
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TABLE II: EQUIPMENT PURCHASED

No, | ITEM/DESCRIPTION AMOUNT PO #
1. Tunable Dye Laser (Lumonics) 41,200.00 JR38064
2. Excimer Laser (Questex Inc.) 49,900.00 JR36099
3. Optical Table System (Oriel Corp.) 4,405.71 JR39731
4, Digital Delay Generator (Stanford Research Corp.) 3,660.90 JR39691
5. Boxcar Signal Averager System 12,328.75° JR45323
(Stanford Research Corp.)
5. Optical Lenses [Zinc Selenide] 8,728.60 JR35740
(Two-Six Inc.) 2,646.79 JR50899
7. 4-Watt Plasma Tube (Cooper Laseronics) 8,845.13 JR99087
8. Linear Positioning Stages (Aerotech Inc.) 18,869.00 JRO2225
9. Optical Breadboard (Newport Corp.) 2,691.94 JR90218
10. | Optical Tables (Oriel Corp.) 5,959.53 JR57419
11. | Pressure Submodule (Pressure Systems) 1,262.46 JR59068
12. | FX86E Printer (MMT) 306.00 JRD8084
13. | Optical Table (Oriel Corp.) 2,643.58 JR90742
14. | Electronic Pressure Scanner (Pressure Systems) 4,871.98 JR57230
15. | Electronic Components and Analyzer 2,814.00 GS129083
(UIUC Central Stores)
16. | Copier [Optical] (CDS Systems) 20743 JR473153
17. | Optical Benches (Newport Corp.) 3,079.60 JR92238
18. Gas Detector for Hy (Macurco) 433.75 JRD2891
19. Control Valves for Hy Gas (Enpro) 4,248.45 JR88898
20. | Hp Exhaust Facility Equipment and Installation 5,316.40 Dept.
(1988-89) Transfer

Total =

$184,450.00
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II. CAPABILITIES TO PERFORM RESEARCH
ON
NON-LOCAL THERMODYNAMIC EQUILIBRIUM
IN
LASER SUSTAINED PLASMAS
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I. Introduction
A. Objectives and Background

In our proposed research, a laser sustained plasma (LSP) is being studied with
application to rocket propulsion in mind. Defining the thermodynamic state, be it an equilibrium
state or otherwise, is a key issue for the basic physical understanding and performance evaluation
of plasmas in this regard. This research aims to provide more accurate LSP diagnostics and to
better evaluate their performance based on these diagnostics. LSP operating conditions will be
defined for which local thermodynamic equilibrium can be guaranteed so that equilibrium
numerical modeling can be undertaken with full confidence.

The so called laser propulsion system was first proposed by Kantrowitz [1,2]. Such a system
would rely on a remotely based laser, either earth-bound or in low earth orbit, as its power source
rather than conventional on-board chemical or electrical systems. The high power beam (~10 MW)
would be aimed at a spacecraft in low earth orbit and collected by the craft's optical system. The
power would then be focussed and absorbed in a flow chamber by a gas plasma, most likely
hydrogen. The laser energy absorbed by the plasma would be converted (by convection and
conduction) into thermal energy of the gas, and into radiation lost by the gas. The gas thus heated
would then be accelerated out of a conventional rocket nozzle to provide thrust. The advantages of
this system are numerous and a review of the early work concerning laser propulsion is given by
Glumb and Kirier [3].

B. Previous Experiments
The bulk of the experimental research performed at the UTUC has been concerned with
measuring and optimizing LSP global absorption and thermal conversion efficiency [4,5,6,7].
Global absorption is the fraction of incident laser power absorbed by the plasma, whereas thermal
conversion efficiency is the fraction retained by the gas as useful thermal energy. The balance is
lost as optically thin radiation. In the laboratory laser power, gas mass flux, gas pressure, gas
mixture, and beam focussing geometry can all be varied in the optimization effort.
In these experiments a 10 kW cw CO2 laser has been used to produce laser-sustained argon

plasmas. Argon has been used as a safe substitute for hydrogen and can be easily maintained as a
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plasma with the available laser power. In addition such properties as laser absorption coefficient
and radiative emission coefficient are similar for argon and hydrogen so that the experiments have
had practical relevance. Although the available power level is several orders of magnitude less than
that be required in practice, the work has been successful in that thermal conversion efficiency has
been measured at values greater thaﬁ 50 %, which is considered the feasibility limit for the laser
propulsion concept. At certain operating conditions an argon plasma has been shown to absorb
nearly 100 % of the incident laser power, which is vital for rocket considerations.

Figure 1 shows some of the results of pure argon plasma experiments [6]. The increase in
pressure (and thus absorption coefficient) allowed for a greater mass flux to be applied without
causing instability and plasma "blowout". Nearly all of the incident radiation is absorbed, and
thermal efficiency is shown to be optimized at a certain mass flux for this laser power. The results
shown in Figure 2 indicate the advantage of operating the LSP with a mixture of argon and helium
[7]. Although the much greater ionization potential of helium limits the number of free electrons
and thus global absorption, the greater overall thermal conductivity of this mixture plasma
enhances that particular energy loss mechanism and reduces the energy loss due to radiation. The
thermal conductivity of hydrogen is also quite high, indicating what might be expected in future
experiments using pure hydrogen or argon/hydrogen mixtures.

The previous two figures point up the importance of absorption and radiation processes in the
LSP. If the plasma is absorbing nearly all of the incident energy, but only converting half of that
to thermal energy of the exhaust gas, the rest must be lost in radiation to the chamber walls.
Obviously it is important to understand the natixre of the radiation losses, how they are affected by
the thermodynamic state of the plasma, and how they can be minimized.

C. Local Thermodynamic Equilibrium
In determining the thermodynamic state of the plasma, it is important to understand the
concept of plasma temperature and the partitioning of energy. The energy content of the plasma
gas is taken up by various modes. These include the kinetic energy of the free electrons and the
heavy particles (neutral atoms and ions), the ionization energy of the ions, and the electronic

excitation of the heavy particles. To a good approximation, the distribution of the energy in each
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of these modes can be characterized by a temperature parameter associated with Maxwell-
Boltzmann statistics [8]. The degree of ionization in the plasma can be similarly characterized by
temperature (through the Saha equation). If the plasma is in thermodynamic equilibrium then the
thermodynamic state is completely determined by the values of any two properties such as pressure
and temperature [9, p.5]. In thermodynamic equilibrium Boltzmann's formula for the distribution
of excited electronic states, Maxwell's law for the distribution of particles velocities (energies), and
Saha's equation describing the plasma composition are all associated with the same temperature
parameter.

Strictly speaking, there can be no gradients of temperature or density in order for complete
thermodynamic equilibrium to hold. Because gradients practically always exist in laboratory
plasmas, complete thermodynamic equilibrium is almost never observed. Radiation escaping from
the plasma and diffusion of charged particles toward its boundaries are two of the causes for the
breakdown of equilibrium. However, if the processes which tend to maintain equilibrium
(collisions between plasma particles) are intense enough, then thermodynamic equilibrium can be
maintained locally [9]. Thus temperature and density are dependent upon location in the plasma,
but the equations of thermodynamic equilibrium mentioned in the above paragraph hold at the local
temperature. This situation is known as local thermodynamic equilibrium (LTE).

D. Plasma Diagnostics

As mentioned previously the past LSP research has been directed toward measuring their
performance in terms of global laser absorption and thermal conversion efficiency. In order to
better understand these results on a physical level it is important to be able to measure temperature
and densities inside the plasma. Absorption of laser energy and radiation from the plasma at each
point in the plasma will depend on these plasma conditions, thus enabling an understanding of the
global results on a local level. The existence of LTE in the plasma greatly simplifies the diagnostic
techniques required to fully describe the thermodynamic state. It is for this reason that the LTE
assumption has been made in most LSP investigations [10-16]. There has been somewhat loose
justification for this assumption vased on electron number density considerations, but the existence

of remendous gradients of temperature and density, radiation loses, diffusion of charged particles,
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and an intense external electric field (laser beam) lead to the current belief that LTE does not exist in
laboratory LSP's in general.

Without an assumption of LTE, plasma diagnostics must be used which are not based on
assuming the usual partitioning of energy in the system. A common LTE technique involves
taking the ratio of line radiation intensity to the adjacent continuum radiation intensity and relating
that quantity to electron temperature. Obviously if the excited state distribution, which gives rise to
the line radiation, is not in equilibrium with the electron energy distribution this technique will not
give meaningful results. Eddy gives an excellent review of the various LTE plasma diagnostic
techniques and the problems which may arise in their application to a non-LTE situation [17].

In this proposed research, diagnostic techniques will be applied which are independent of the
LTE assumption. These techniques follow those of Eddy and incorporate both direct spectroscopic
measurements and analytic solution techniques [18,19]. Electron number density can be
determined through either a spectral line broadening measurement or a measurement of continuum
emission. The upper level excited state distribution temperature and state populations can be
determined from a measurement of spectral line intensities. Other relevant parameters such as
electron and heavy particle kinetic temperatures, atomic number density, and the total excitation
temperature (relating the ground state to the highest excited state), can be calculated through an
iterative simultaneous solution of the appropriate analytical expressions. These experimental
techniques will be described more thoroughly in a later section of this proposal.

In all the studies mentioned above of the types of LSP's considered here (forced convection
regime for the laser propulsion application) [12-15], local laser absorption and radiative emission
coefficients were taken to be functions of the plasma electron temperature only, at a given pressure.
The temperature used was the one found through the use of LTE diagnostics or single temperature
modeling. It is a goal of this proposed research to arrive at better values for absorption and
emission coefficient based on the measured or calculated value of number densities and
temperatures, using the techniques described in the preceding paragraph. It is expected that this
will lead to a more fundamental understanding of the laser energy conversion process and to more

accurate determinations of global absorption and thermal conversion efficiency.




E. Modeling Implications

A major goal of the ongoing research has been to predict LSP performance trends (global
absorption and thermal conversion efficiency) at the conditions expected in an actual laser thruster
(high laser power and mass flux, for example). To this end a computer program has been
developed by Eguiguren which models the two dimensional flow in the plasma chamber [7]. This
model is similar to the one developed earlier by Jeng and Keefer [10]. Although Eguiguren's
model has been very successful at matching the trends in the experimental results, it always tends
to overpredict thermal efficiency. Figure 3 is a comparison of numerical and experimental results
for pure argon plasmas. The numerical prediction of thermal efficiency is an average of 18 %
higher than the efficiency measured with thermocouples in the chamber exhaust ports.

All the computer simulations of LSP's reported assume a single temperature in the energy
equation and use LTE property values. In order to have confidence in using a computer model for
operating conditions not attainable in the laboratory, it must be known for certain whether the
observed differences from the experimental data are due to non-LTE effects. In the event that non-
LTE is shown to be a dominant factor for certain LSP experimental conditions, either a model must
be developed which takes these effects into account, or care must be taken to rely upon the current
models only when LTE can be assured. The results of this proposed research will provide
guidance in this regard.

F. Literature Review

There has been no record found in the literature of non-LTE diagnostics performed on
continuously maintained laser produced plasmas. There are several reports of LSP diagnostics
performed which make claims concerning LTE. Generalov et al. [10] used Stark broadening of the
Hg line to calculate electron number density in argon and xenon LSP's, and the Saha equation was
used to calculate temperature assuming equilibrium. An approximate calculation of the maximum
deviation of the electron temperature from the heavy particle temperature resulted in only a 6%
deviation for argon based on 100 W input laser power. The conclusion was that the LSP is in LTE
to a first approximation. In this experiment, however, no attempt was made to determine the

excitation temperature or to resolve the electron number density and temperature spatially. In
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another study of air LSP's Keefer at al. [20] used the Fowler-Milne and absolute line intensity
techniques to measure plasma temperature. Both of these techniques require that LTE exist to
retain accuracy, and although the results are in agreement internally, LTE cannot be concluded
from this experiment. Keefer states that the presence of anomalous excited rotational structures in
the molecular nitrogen ion found near the plasma boundaries may be due to non-LTE processes.
In a study of xenon LSP's Cremers et al. [21] measured electron number density via Stark
broadening and temperature via the Saha equation (assuming equilibrium). A Boltzmann plot was
made after adding 66% krypton and using the krypton relative line intensities. The Boltzmann
temperature agreed well with the Saha temperature, but as stated by the authors, "The quality is not
sufficient to indicate positively that the (Boltzmann) plot is linear.” This along with no Abel
inversion of the data, the comparison of two differently composed plasmas, and the assumption of
equilibrium in the use of the Saha equation prevent a confirmation of LTE in these LSP's.

There are numerous reported investigations, both theoretical and experimental, of pulsed laser
produced plasmas [22-24]. The enormous power of most laser pulses and the transient nature of
the plasmas in these articles reduce the applicability of their results to this proposed research. In
general it is concluded that LTE does not exist in these plasmas, except at superhigh-pressure [22].
Tonon et al. [23] concluded that electron and ion kinetic temperatures are the same in a plasma
produced by a giant laser pulse on a solid target. This conclusion is based on a best fit of
experimental data to theoretical analysis. Vorob'ev and Khomkin [24] performed a theoretical
analysis of a continuous laser produced plasma near a metal surface. It was found that ionizational
" nonequilibrium existed for surface fluxes on the order of 106 W/cm?2.

A much larger amount of research has been done on plasmas produced in an electric arc
[18,25-31]. There is general agreement that complete LTE does not exist in electric arc plasmas at
pressures less than or equal to one atmosphere. Above one atmosphere conclusions vary as to the
pressure at which LTE can be expected. Farmer and Haddad [25] state that above 1.4 atm.LTE
existed in an argon arc based on evidence of a constant off-axis maximum in the emission
coefficient. Bober and Tankin [26] suggest that an argon arc will not be in LTE until a pressure of

3 atm. This conclusion comes from an extrapolation of measured transition probabilities of an Arl
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line to a pressure at which the probability becomes constant, indicating LTE. Eddy and
Sedghinasab [18] show that in an argon arc with 1 % hydrogen the electron and heavy particle
temperatures converge above 5 bar, but the upper level excitation temperature of argon atoms is
still well above the electron temperature even at 10 bar. The pressure in a plasma relates directly to
the electron number density, which is the key parameter in determining if LTE exists [32, p.148].
In this proposed research one goal is to determine the critical electron number density (pressure)

for LTE as a function of the remaining operating conditions.

II. Laser Sustained Plasma Physics
A. Local Thermodynamic Equilibrium

In all plasmas in which complete thermodynamic equilibrium does not exist, the opposing
collisional processes which tend to maintain equilibrium (ionization and recombination, excitation
and deactivation) do not exactly counterbalance each other [9, p.10]. Local thermodynamic
equilibrium (LTE) holds if at each point in the plasma these processes far outweigh the processes
which lead to a departure from equilibrium. For example the collisional excitation and deactivation
of a particular electronic state should compensate for the depletion of that state by the escape of
radiation from the local plasma volume. Similarly the collisional rate of ionization should be many
times higher than the rate of electron diffusion out of the local plasma volume.

Each of these collisional processes has associated with it a collision cross section, and the
inelastic processes also have corresponding transition probabilities. These transition probabilities
are a function of the density and energy of the electrons and are very important for evaluating the
dominant plasma processes. The collisional transitions which are the most probable are the ones
between adjacent energy levels [9, p.31], and the ionization transitions which are the most
probable are those originating in a highly excited state [9, p.45].

Loss of plasma energy due to spontaneous emission can have a strong impact on the plasma
energy balance. For a fixed upper level, the most probable transition is to the ground state.
Transitions to the adjacent lower level and to the first excited state in the atom are about 1/2 as

likely to occur spontaneously. All other transitions are even less likely. For a fixed lower level a




- 13 -

transition from the adjacent higher level is the most probable, and all other transitions are much less
likely to occur spontaneously.[9, p.70].

As a rule radiative transition probabilities decrease and collisional transition probabilities
increase as the energy level in question increases [9, p.119]. It is then reasonable to expect that
there will be a group of excited levels adjacent to the continuum that are in Boltzmann equilibrium
amongst themselves. In addition radiative processes in plasmas become more important with
decreasing plasma electron density and collision frequency. A higher density, and therefore higher
collision frequency, means that electronic transitions within the atomic system will be collision
dominated in lower lying energy levels as well, and the Boltzmann distribution may hold
completely if the electron number density is high enough. As mentioned in the previous section,
the electron density at which the plasma state is determined solely by electron collisions is not
known precisely for all cases.

A process which tends to break down equilibrium in inhomogeneous plasmas is the radiative
transport of atomic excitation energy from one point in a plasma to another. This kind of energy
transport is a sequence consisting of absorption of radiation and its reradiation by the excited atoms
resulting in excited atoms that seem to move in space. Although considered an optically thick
radiative process, excitation transport can have a nonequilibrium influence because the density and
spatial distribution of excited atoms is altered and thus can effect the plasma properties and
processes such as ionization and recombination.

In many cases the average distance between the sites of photon emission and absorption is
much larger than the mean free paths of the plasma particles. This means that radiative excitation
transport couples regions of the plasma which otherwise would not strongly interact. Due to the
variation of absorption coefficient across a broadened line spectrum, the radiation emitted in these
lines is attenuated more slowly than the familiar exponential decay of a pure frequency. As a
result, excitation can be transported into a given plasma volume from remote regions of the
plasma [9, p.88]. If this process is significant in LSP's, then there is the possibility that even at
high electron number density the distribution of excited states will not follow a Boltzmann

distribution, or that the distribution is not in equilibrium with the local free electrons.
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B. Basic LTE Criteria
In general, external electromagnetic fields, the escape of radiation outside the plasma,
gradients of physical quantities, and the finite rate of physical and chemical processes all work to
destroy equilibrium in a plasma. Collisional processes, which lead to a redistribution of energy
and momentum of the plasma particles, work to restore equilibrium. The criteria for determining if
a plasma volume is in equilibrium requires comparing the efficiency of the processes working to
destroy and restore equilibrium.
1. Kinetic Temperature
In this kind of nonequilibrium the electron kinetic temperature is not the same as the heavy
particle kinetic temperature. It arises when an external field is applied to the plasma. The mobility
of the electrons is much higher than that of the heavy particles, and so the bulk of the energy is
transferred to the electrons. In other words the inverse bremsstrahlung (IB) laser absorption
process increases the kinetic energy of the electrons much more than it does the heavy particles in
the electron-photon-heavy particle three body collision.
Laser irradiance (W/m?2) can be expressed in terms of the amplitude of its electric field vector

(V/m) by the following;

For a laser power of 5 kW giving a modest irradiance estimate of 108 W/m?2 the electric field
amplitude is 2.7 x 105 V/m. Griem (33, p.157] gives a criterion for kinetic equilibrium based on
the amount of energy absorbed by the electrons and the amount transferred to the heavy particles
through elastic collisions. The expression is given in terms of the external electric field strength;

2
E
2 -12 H] m

Ey is the ionization potential of hydrogen (eV), Ng is the electron number density (cm3), kT is the
average plasma electron energy (eV), m is the mass of the electron, and M is the mass of the heavy
particle in question. For an equilibrium composition of argon at one atmosphere the maximum

electron density at 16700 K is ~2 x 1017, The right hand side of this inequality is 1.5 x 109 for
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these conditions and the criterion fails by at least two orders of magnitude. The situation is better
for hydrogen but the electric field is still too strong by at least one order of magnitude. Therefore it
is reasonable to expect kinetic nonequilibrium in LSP's particularly in the regions of laser beam
propagation.

At higher temperatures inelastic collisions play a role in the steady state energy balance as will
other electron energy loss mechanisms such as thermal conduction, radiation, and diffusion out of
the plasma volume. These processes will ease the strictness of the above criterion, as will the
presence of a molecular component in the plasma. With a molecular component the inelastic losses
due to excitation of vibrational and rotational degrees of freedom become important and the
effective energy transfer fraction can become many times larger than m/M thus enhancing the
electron energy loss. This has been shown to be true even when molecules constitute only a small
fraction of the total number of particles [9, p.115]. Even with these additional considerations the
magnitude by which the above criterion failed for the laboratory LSP leads to the expectation of
kinetic nonequilibrium.

2. Excited State and Ionization Equilibrium
For plasma diagnostics it is important to determine whether the atoms are distributed
over the excited energy levels in accordance with a Boltzmann distribution at the electron
temperature, and whether the electron density is given by the Saha equation at that same
temperature. If these two situations hold, then the state of the plasma is greatly simplified and
standard plasma diagnostic methods can be used.

LTE can be disturbed in a number of ways, the most important of which are, the escape of
optically thin radiation, the diffusion of charged particles, and the optically thick transport of
excitation energy. In general the breakdown of ionization equilibrium and the equilibrium excited
state distribution are closely related.

A criterion stated by Griem [33, p.151] gives the electron number density required for a
Boltzmann distribution to extend to the ground state of an atom. If this criterion is met, it is
implied that the distribution of excited states and the extent of ionization are controlled by the

electron kinetic temperature. The expression for critical electron number density is;
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where E» is the energy of the first excited state. For argon at 18000 K this criterion is satisfied,
but at 10000 K it fails, based on the equilibrium composition of argon at one atmosphere.
Therefore it might be expected that the high temperature core of the LSP is in distribution and
ionization equilibrium, but that the gas near the cooler plasma boundaries is not.

The above criterion assumes that there are no factors at work to destroy equilibrium other than
the escape of optically thin line radiation. The situation is actually quite complex due to the
entrapment of resonance radiation in the outer plasma regions which tends to enhance equilibrium,
and the presence of steep gradients in temperature which tends to destroy equilibrium. Trapped
resonance radiation reduces the overpopulation of the ground state, while steep gradients produce
changes in plasma properties over distances shorter that the mean free path of an atom.

Diffusion of charged particles to the boundaries of the plasma volume is another important
nonequilibrium factor. This process directly influences the ionization equilibrium by lowering the
density of charged particles. In order to compensate for the resultant influx of nevtral particles,
ionization must exceed recombination.

Ionizational equilibrium can also be disturbed as a result of the escape of recombinational
radiation. In this case there is a depletion in the number of free electrons which must be made up
for by more intense collisional ionization. Line radiation also has an indirect effect on ionizational
equilibrium. Since it is mainly excited atoms which are ionized, a decrease in the density of these
atoms due to line radiation will decrease the number of ionization events and hence the density of
charged particies. Similarly the diffusion of charged particles has an indirect effect on the
distribution equilibrium. In this case (in the absence of radiation effects) ionization outweighs
recombination, thus upward collisional transitions happen more often than downward collisional
transitions.

The end result of the complex interaction of equilibrating and nonequilibrating processes is

that it is not reasonable to rely on analytical expressions for the critical electron number density at
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which LTE will hold absolutely. Furthermore, doubt is cast on the reliability of LTE diagnostic
techniques, and on the values of plasma properties calculated based on an LTE plasma
composition. For these reasons non-LTE diagnostic techniques are called for in laser sustained
plasmas, with the outcome of the interacting plasma processes being determined without bias. In
addition values for the coefficients which determine laser energy absorption and plasma radiative
emission can be calculated based on these unbiased measurements, resulting in a more accurate
evaluation of plasma performance.
3. Maxwellian Electron Velocity Distribution

All of the above analysis hinges on the assumption that the electron velocity

distribution is Maxwellian. This can be shown to be the case in LSP's by applying a criterion

given by Langdon [33];

When this inequality is satisfied, inverse bremsstrahlung absorption of laser radiation results in a
non-Maxwellian velocity distribution. In this inequality Z is the ionic charge, vo is the peak
velocity of oscillation of the electrons in the high frequency electric field, and ve is the electron

thermal velocity. The above ratio may be expressed as;

2
Zv 2
o _ -6, ZIA
—2-—(4x10 ) T
v e

[
where I is the laser irradiance in W/cm2, A is the laser wavelength in microns, and T, is the
electron temperature in keV. For a singly ionized gas at 1 eV, laser irradiance of 106 W/cm?2, and a
wavelength of 10.6 microns this parameter has a very small value. Therefore it can safely be
concluded that the electron velocity distribution in laboratory LSP's is Maxwellian.
C. Laser Absorption and Radiative Emission in LSP's

In this section absorption and emission coefficients applied to LSP's will be discussed.

The various coefficients will be examined in a non-LTE context and their validity for use in this

proposed research determined.
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1. Absorption Coefficients
The absorption of laser radiation in an LSP is the result of several important
processes. At the laser wavelength of interest in this proposal, 10.6 microns, electron-ion IB is the
dominant process [34]. At intermediate temperatures near 10,000 K electron-neutral IB becomes
competitive due to the lower degree of ionization. Photoionization accounts for a significant
fraction of the absorption at intermediate temperatures, but the overall absorption due to ionization
is much greater at high temperature (15,000 K-20,000 K).

The two IB processes are called free-free meaning that an electron in a free state absorbs a
photon in the presence of an ion or neutral atom and is accelerated into a more energetic free state.
For the electron-ion IB this process is essentially independent of the heavy particle species as long
as the electron can be considered moving in a Coulomb field. The absorption coefficient for argon
can then be found from the expression derived for hydrogen. The laser absorption for any given
species then depends on the actual plasma composition.

Photoionization is a bound-free process in which an electron bound to an atom absorbs a
photon of sufficient energy to elevate it to a free state. This process is also independent of the
atomic structure as long as the photons do not have sufficient energy to free electrons from bound
levels below the merged level limit {35]. This condition is satisfied for the long laser wavelength
and electron number densities expected in this proposed research. The absorption coefficients for

electron-ion IB and photoionization are often combined in the form [35];

_ 23 - 293 -hv
Kei + Kp =(137x107) z n, = 1- exPI:—:I hl(ne’T) g\ T)

J‘f kT

where g(A,T) is the free-free Gaunt factor accounting for a nonhydrogenic quantum mechanical
correction, and hj, is a factor accounting for the photoionization. For the case of long wavelength

hy is given by [35];

b = hv
x(ne» )"‘ Cxp 'kTr'

All quantities should be expressed in the cgs-esu system. The factor z accounts for the ionic

charge of argon being greater than unity at higher temperatures where second ionization occurs.
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This correction is roughly equal to unity until the temperature increases past 20,000 K. The first
bracketed term accounts for the stimulated reemission of absorbed laser energy.

The laser absorption due to electron-neutral IB does not enjoy the convenience of particle
species independence. The absence of a dominant Coulomb field renders the absorption rate
dependent upon short range interactions. According to Geltman [36], in this case analytical
approximations are unavailable and calculations must be performed numerically. In Geltman's
calculations it is assumed that the atom can be represented by a spherically symmetric potential
which depends on the atoms ground state structure. A total free-free absorption cross section is
calculated and used to determine a mean absorption coefficient averaged over the electron thermal
energy distribution. Geltman gives results for numerous gases including argon for wavelengths
0.5 um-20 pm and electron temperatures 500 K-20000 K. From these data a curve fit has been

applied, resulting in the following for the IB absorption of 10.6 ptm radiation by neutral argon;

O[2.2738 log(T) - 45.124] -hv
Ken(T) =1 l-ex o n n,

In a non-LTE situation, all of the absorption coefficients presented can be used as is. This is
because the relevant temperature in each case is the free electron temperature. It should be noted
that for situations in which the bound-free absorption is not initiated above the merged level limit,
e.g. for short laser wavelengths, then this would not be the case and level populations would be a
factor. Fortunately this is not the case for the laser wavelength in this proposed research. Also,
the contributions from excited states to the electron-neutral IB have been approximated by the
ground state result. Because the excitation of argon is small at the temperatures at which electron-
neutral IB is important, this approximation should not induce much error in any case.

The significant non-LTE effect on laser absorption will be in applying actual plasma
constituent densities into the coefficient expressions. Most tabulated absorption coefficient data
assumes a Saha equilibrium composition at the electron temperature. In this research measured
and/or calculated values of the particle densities will be applied in conjunction with a calculated

electron temperature to arrive at non-LTE absorption coefficients.
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2. Emission Coefficient
In previous investigations of argon LSP's [12-14] the derivation of Kozlov et al.

[37] was used to calculate the total emissive power of an argon plasma;
39 B, My p[-AI] h(v_-v)
g =544x10 expl 77| &(V) e g
v T T | S(V) exp T

As before all values are to be in cgs-esu units. Al is the lowering of the ionization potential and can

be calculated according to Griem [32, p.139], vg is the maximum photoelectric threshold frequency
corresponding to the series limit, and &(V) is a factor which takes into account the structure of the
contributing atomic levels.

The above expression accounts for free-free, free-bound, and bound-bound emissive power.
This expression is actually a modification of the Biberman-Norman continuum expression
accounting for only bremsstrahlung and recombination [38]. The modification lies in the assuming
that all the levels in argon except the 4s levels can be represented by a continuous sequence.
Therefore vg now corresponds to the lowest lying 4p level 2.85 eV below the ionization potential
of argon. In this way the contribution of the entire line spectrum (except for the 4s levels) to the
spectral emissive power is approximately taken into account. Kozlov asserts that the "smearing
out" of discrete lines in this manner is of little significance in optically thin plasmas because the end
result will involve an integration over the spectrum.

The integration over all frequencies is simplified if the assumption £(v)=1 is made. Thisis a
good approximation at the low frequencies at which the exponential factor will be large [37], so

that the integration gives;
-hv kT
J’ﬁ(v) exp[ﬁ,—] dv = -
0

and for the total emissive power;

: 2 hv - Al
£ =Je dv=1.14x10""n_n JT exp| —E&
s v e 1 kT

0

where the units are W/cm3 sr.
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This formula is basically an approximation and does not include the contribution due to the 4s
levels. Fortunately, for argon Kozlov states that this omission is almost completely compensated
for by the overestimate in the emissive power in the region of small quanta. This is because near
the 4p level, transitions with small quanta are impossible due to the 1 eV gap separating these
levels from the next higher lying group.

Kozlov concludes by comparing calculations based on the above expression to integrated
emissive power data from experiments using an argon plasma. The calculations were performed
assuming an equilibrium composition and the agreement seems to be very good.

Due to the assumptions included in the derivation of this expression, there is no dependence
on the atomic structure except for in the selection of vg. The excited state distribution temperature
does not enter into the formulation and the electron temperature remains as the relevant parameter.
As in the case of the laser absorption coefficient, any non-LTE effect will be manifested in the

actual plasma constituent densities to be used in the emissive power expression.

III. Experimental and Analytical Techniques
In this section the proposed experimental and analytical techniques for determining the
thermodynamic state of a non-LTE laser sustained plasma will be discussed. Stark broadened line
profiles and excited state populations will be measured experimentally, and an analytical algorithm
used to determine other relevant parameters such as electron temperature and number density,
heavy particle temperature, neutral particle number density, and total excitation temperature.
A. Experimental Techniques
1. Electron Number Density
The method of Stark broadening of the Hp line will be used in measuring the electron number
density. For this purpose a small amount of hydrogen will be added to the argon before it enters
into the plasma chamber. Adding <1% hydrogen by volume is not expected to greatly effect the
state of the plasma [39]. Stark broadened profiles of the Hg line have been calculated by Vidal et
al. [40] from which the electron number density can be determined from measured profiles. A

correction scale for this determination has been given by Baessler and Kock [41] based on
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interferometric measurements of electron number density. The profiles have a slight temperature
dependence which can be handled in the analytical scheme described in the next section.

The distribution of electron number density in an LSP is expected to be inhomogeneous.
Therefore the measured line-of sight spectral intensities in the Hp line must inverted with the Abel
transform to givé point spectral emissivities [42]. The measured profile must be divided into a
reasonable number of strips, to each of which the Abel transformation is applied. The resulting
array of emissivities can then be transposed to reconstruct the line profile at each point in the
plasma. In addition the effects of self-absorption, instrument broadening, and Doppler broadening
must be considered in order to assure accurate values [32].

2. Absolute Line Intensity
The measurement of absolute line intensities will be used to determine the upper level
state populations in neutral argon. An Abel inversion of the calibrated (standard technique) net line
intensity must be performed to obtain the line emission coefficient. From this the state populations

of the upper levels of the line transitions can be found from;

4n 1L
n =17 —~—
m | hy Amn

where hv is the energy of the transition, App is the spontaneous transition rate, and ir is the line
emission coefficient (W/cm3sr). From these the upper level excitation temperature, denoted Texp

by Eddy [43], can be determined from the Boltzmann factors;

n.n ‘(Em'En)
z g OB KT
Emn & exp

where the E's and g's are the energy levels and degeneracies of the states involved. Several well
spaced optically thin (or absorption corrected) lines used in this manner should result in a linear
Boltzmann plot which can be extrapolated to the lowered ionization limit to determine the
population of the highest excited state, nj, which will be important in the analytical solution. There
is some discrepancy over the values of the transition rates in argon [44] and suitable values must be

located in order to assure the accuracy of these measurements.
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B. Analytical Techniques

Following the work of Eddy et al.[18,19] an algorithm will be developed which uses
measured values from the Stark profiles of the Hg line, the highest excited state population, and the
chamber pressure. The results of the calculation should yield the electron number density ne=n,
electron temperature Te, heavy particle temperature Ta=Tj, neutral particle number density n,, and
the total excitation temperature Texa Which relates the ground state population and n, to the known
population of the highest excited state. Hence the known quantities are ny/gj, pressure, and the
Stark profile. There are five unknowns as listed above and so five relations are needed to achieve a
solution. The first comes from the Stark profile calculations of Vidal et al. which require electron
temperature to arrive at ne. Three of the four remaining equations are taken from Eddy et al. and
are as follows;

The total Boltzmann distribution:

T, T, T.. 3

T, T, T, 2
0 Zexa Zexi 2mnekTe -EI,a (Texa‘Tg)
nj- = €X
n & Zexa h2 kTe Tcxa

The equation of state:

p= nekTe + (na + ni)kTg

Several equations may be attempted for the last required relation. Among the possibilities are the
electron or heavy particle energy equations, which require thermophysical and transport properties,
absorption and emission equations, and some knowledge of the macroscopic velocity field. Itis in
the choice of this last relation that the success of the solution scheme hinges and a strong effort
must be made in this regard.

Once a set of equations is decided upon, an iterative scheme initialized with LTE values based

on the excited state populations can be implemented to determine all unknown quantities.
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C. Proposed Experimental Agenda

The first experiments will deal with argon plasmas in the operating regimes already
mapped out by conventional diagnostic techniques, spectroscopic and otherwise. Laser power will
range up to 7 kW at gas pressures of 1 atm. and 2.5 atm. Gas mass flux will range throughout the
entire stability regime the plasmas, and two beam focusing geometries are possible. These
experiments will provide information on the equilibrium state of the plasmas that have been
observed in previous work, and provide better values for absorption coefficient and emissive
power of the plasma. Comparisons will be made to the previous results concerning temperature

distributions, global absorption, and thermal conversion efficiency.
In the event that non-LTE does persist in these LSP's, the next series of experiments will be
aimed at determining conditions under which LTE can be fully expected. It is thought that elevated

pressures will be required to achieve the electron number densities necessary for this occurrence.
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APPENDIX A

MICROTEX DIGITAL IMAGING SYSTEM

Many of the modern laser diagnostic techniques presently applied to spectroscopic flow
visualization studies produce low intensity light images. Such is the case for the PLIF (planar laser
induced fluorescence) technique that will be applied to the scramjet combustion experiments..
Another inherent difficulty in analyzing such a phenomenon, especially in a high speed flow, is
achieving reasonably high spatial and temporal resolution. A very fine temporal resolution can
significantly contribute to a reduction in the intensity of the light available to be captured. The
Microtex imaging system offers high resolution image intensification and high speed, solid-state
digital subsystems for data acquisition and also the flexibility of image processing and display.
The basic system hardware components consist of a DEC MicroVax II minicomputer that serves as
the control center, a separate DEC PDP-11 shell that contains an ultra-fast (5 MHz) analog/digital
converter and high-speed memory boards, an Omnicomp graphics display processor, a
Summagraphics digitizing tablet, a Barco high resolution 1280 x 1024 color monitor, a Microtex

pulse power supply, and an intensified 128 x 128 photodiode array Reticon camera.

Image Acquisition

Bypassing the details of any particular laser diagnostic technique, two of the most crucial
aspects of image acquisition are the speed of data capture and the ability to detect low levels of
light. The image acquisition speed is limited, not by the camera (which can read out data at a pixel
rate of up to 8 Mhz), but by the 12 bit A/D converter which can accept and decode a 128 x 128
pixel image in approximately 4 milliseconds. Considering the time required for data transfer into
memory and other factors, the maximum frame rate is set at approximately 220 full frames per
second. Since partial frames (as small as 128 x 2 pixels) can be taken, framing rates of over

1,000 frames per second for essentially a one-dimensional linear array are possible.
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The image acquisition is accomplished via an intensified solid-state camera (or a normal,
unintensified camera if the intensity of the light is adequate) that consists of a 128 x 128
photo—diode array. The array is a square, 7.7 mm on a side, corresponding to approximately 8
Ip/mm spatial resolution (or 60 microns between pixel centers). The image intensifier can be
thought of as an amplifier of photons, a device that produces an output that is an intensified replica
of the input image. A conceptual sketch of the intensified camera is shown in Figure 1.

Incoming photons strike the photocathode and are absorbed and converted into electrons,
often referred to as photoelectrons. These photoelectrons are then accelerated by a voltage potential
and enter the microchannel plate (MCP); this is where the actual intensification occurs. The MCP
is basically a bundle of microscopic hollow tubes whose insides have been coated with a dynode-
type material and work in a manner similar to a photo-multiplier. A dynode is a surface consisting
of material that will readily give up additional electrons when excited by the energy of an incident
electron. Photoelectrons from the cathode travel down through these tubes ricochetting off the
sides and releasing additional electrons along the way; hence producing the amplification effect.

These electrons are further accelerated by an additional voltage potential and then converted
back into photons upon striking the back of the aluminum plate and exciting a phosphor coating on
the other side. The phosphor molecules are energized into a higher quantum state and release
photons upon decay. The intensified image is reduced in size by a fiber-optic minifier and then
captured by the photodiode array. Fiber-optic coupling is far more efficient than lens coupling and
therefore makes optimal use of the gain produced by the intensifier. Figure 2 shows a grayscaled
version of a bunsen burner flame image that was taken with an unintensified camera. Figure 3 is
an image of a propane torch flame that was taken with the intensified camera at an effective shutter

speed of 1/2000 using a 55 mm Nikkor lens set at /11,
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Image Processing

The Microtex software affords a wide range of image processing functions, some of which
are addition, subtraction, multiplication and division of any two image arrays. For example, it may
be desirable to separate the background noise from the intended intensity/temperature data from
PLIF. An image of the flowfield, less the fluorescence generated by the pulsed laser sheet, could
be taken, then subtracted from the PLIF image. Other functions include Laplace, gradient,
convolution, log base ten, natural log, square root, derivative in the x direction or y direction, and
high or low pass filters.

Analysis of the image is another attribute of the system. The measuring capabilities of the
system can give a pixel to pixel account of positions and intensities of a camera image. High and ‘
low values of intensities can be found along with their spatial location. The median of the
intensities over an entire image can be found and even a histogram of any line through the image
can be generated. Microtex software also permits plotting of the camera image data in a number of
insightful configurations. In addition to displaying the actual image, the data can be represented as
three dimensional graphs, two dimensional contours, and slice maps that all give excellent visual
interpretations of the data for quantitative analysis. Through our own software modifications we
can convert ordinary text format data into Microtex image format data and render them as a pseudo-
camera image; as is the case in Figures 4, 5 and 6 for heat exchanger data generated from a
computer model. Another illustration of this process is a gaussian distribution data image shown
in Figure 7 as a 3-D contour with a ceiling. These hard copies were generated by converting the
colors on the Microtex system into corresponding grayscale values, down-loading to the

Macintosh, and then printing the results on an Apple laserwriter.
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Figure 7.
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APPENDIX B
LASER-INDUCED FLUORESCENCE

Of the most popular advanced combustion diagnostics, Raman fluorescence is
characterized by very low signal levels, thus limiting its utility to major species in
combustion systems. Laser-Induced Fluorescence (LIF), however, has signal strengths
several orders of magnitude greater than Raman methods without as much complexity as
Coherent Anti-Stokes Raman Spectroscopy (CARS), which is by far the most intricate and
involved system [1]. With the capacity to trace certain regions of a combustion zone via
short lived radical species, LIF was chosen as the method with which to map ~~mbustion
temperatures as well as species transport of the reaction zone.

Until recently, LIF studies dealt mainly with flames, since the flame radicals of
interest could be excited with conventional lasers and optical doubling techniques. Due to
recent advances in multiphoton absorption with lasers operating in the ultraviolet, atomic
flame species, namely O and H, heretofore inaccessible can now be investigated more
readily [2,3]. In reactive flows, the most commonly investigated flame radical is the
hydroxyl molecule, OH. This is primarily due the large amount of information regarding
its molecular quantum structure and spectrum [4,5], but also due to the long fluorescence
decay time and the abundance of OH in most combustion systems. Several other diatomic
flame radicals are of particular interest, such as CH and CN, since they represent distinct
regions of a combustion zone [6]. The classic inner cone structure of premixed burners is
closely associated with CH emission within this hot, thin flame front region. The difficulty
in investigating these molecules is that they are very short lived. Hydroxyl fluorescent
lifetimes are on the order of several hundred nanoseconds while the CH and CN
fluorescent decay are orders of magnitudes faster than for OH. Complications due to the
complex rotational and vibrational structures of polyatomic flame species makes such
radicals very difficult to probe. In contrast, atomic species have only electronic transitions,

and the fluorescence techniques are typically easier to interpret.
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For nonreactive flows, several LIF studies have illustrated the applicability of this
diagnostic in supersonic flowfields. Several of the researchers have utilized the fluorescent
strength of the sodium D line for investigation of high supersonic and hypersonic
flows [8,9]. The sodium exhibited a Doppler shifted, pressure broadened absorption
profile, allowing a narrow linewidth dye laser to be tuned to different frequencies within
the broadband absorption profile, thereby causing regions of only a particular velocity
component to fluoresce. Another study [10] used nitric oxide injected in known
concentrations to measure the fluctuating temperatures in a supersonic boundary layer.

Absolute measurements of temperatures from fluorescence data is often clouded by
unwanted collisional signal quenching. A method to overcome the spatial and specie
variations of collisional cross section is to saturate the upper population states of the laser
coupled energy levels. For typical combustion flame radicals, a high laser spectral intensity
is required to provide the energy to approach saturation populations of the upper energy
levels. This range lies between 106 to 109 W/cm2-cm-! for the primary flame
radicals [11]. Recent improvements in lasers have enabled the viable range of saturation
spectroscopy to be extended into the regime of planar imaging. Planar imaging is very
useful in a qualitative sense, but absolute measurements in a combusting flow is limited by
the survivability of suitable seedants in the harsh combustion environment. In this sense,
saturation LIF can not only yield a two-dimensional picture of the flowfield, but also give
rough absolute temperatures in a planar sheet, provided the variation of laser spectral
intensity within the viewing region is small, and that the saturation threshold is achieved.

A flexible laser system for use in LIF studies is generally comprised of a tunable
dye laser pumped by either an excimer or a neodymium:yag laser. The key of the system is
the dye laser, whose spectral range can be extended into the ultraviolet with the use of
nonlinear optical doubling techniques. The pump laser, however, does play a significant
role in the overall efficiency of the system. On the receiving aspect of fluorescence

experiments is an intensified electronic camera for low intensity fluorescence detection.
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The Scientific Imaging System from Microtex is ideally suited to this task, and consists of
an intensified 128 x 128 pixel photodiode array camera, an image processor with a high
resolution color monitor, and a gated pulse power supply, all built around a MicroVax II
minicomputer.

The specifications of a flexible laser system highly depend upon the scope of
activities planned for the lasers. An excimer laser operating with xenon chloride gas (XeCl
@ 308 nm) can be used alone to provide broadband excitation of the nearby OH
absorption band (306 nm) while also directly pumping a dye laser. A neodymium:yag
laser (1.06 um), however, must be tripled to approach the ultraviolet spectrum.
Additionally, a XeCl excimer pumped dye laser has the widest range over all the traditional
pumps, despite the efficiency being not quite as high. If flexibility is paramount, then the
slight lack of efficiency can be overcome with a higher powered excimer, if this is
necessary. Pulse to pulse repeatability of the energy level is very important in LIF, where
variations in the laser intensity can greatly bias experimental results. The latest generation
of commercial excimer lasers have options for maintaining a constant power output.

With the dye laser driven by the pump, if the output of the pump is constant, the
output of the dye laser will also be very stable. The primary specification for a dye laser is
the quality of the output beam in terms of linewidth. The standard dye laser cell employs
an oscillator with a sine bar tuned moving grating. The spectral response is adequate, but a
revolutionary oscillator design has appeared on the market in the Lumonics HyperDYE-300
series dye laser. Here the grating is fixed, and the cavity is closed with a precision
optimized end mirror which is rotated to compensate for the grazing reflection angle change
for different frequencies. With the grating fixed, operation is always in the zero order of
the grating, resulting a constant spectral linewidth over the tuning range of the laser. This
oscillator produces linewidths comparable to those found in etalon tuned dye lasers. A
major accessory is a second harmonic generator (SHG) to extend the useful range of dye

lasers into the ultraviolet. Many important combustion flame radicals fluoresce in the near




ultraviolet, making the SHG quite useful. In situations where the desired transitions are
simply too far into the ultraviolet and atmospheric absorption is detrimental, the new
technique is multiphoton excitation, where the excitation wavelength is generally not as far
into the ultraviolet so as to avoid some of the low wavelength problems.

Regarding saturation spectroscopy, the laser spectral intensity is defined as the
power per pulse divided by the beam cross sectional area and by the frequency linewidth of
the output beam. As mentioned above, the saturation threshold of the laser spectral
intensity for various flame radicals is rather high. The linewidth is determined by the
quality of the dye laser; hence a narrower linewidth enables attainment of saturation with
lower overall power. With a dye laser and frequency doubler operating to deliver a beam at
the hydroxyl transition of 306.4 nm, the typical overall efficiency at these wavelengths is
roughly 2% that of the input pump beam on an energy/power basis. Thus saturation is
more attainable with a system that has shorter pulse durations and a narrower dye output
linewidth for a given input pulse energy.

With these laser properties and experimental constraints taken into account, the
following is a list of the equipment slated for purchase, subject to the specifications listed
thereafter. Of note is the request for a higher powered excimer than the low end models so
that future studies in multiple wavelength excitation can be achieved by splitting the excimer

and driving two dye lasers with only one pump laser.
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