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ABSTRACT

Experiments on a quasi-two-dimensional reaction-diffusion system reveal
transitions from a uniform state to stationary hexagonal, striped, and rhombic
spatial patterns. For other reactor conditions lamellae and self-replicating spot
patterns are observed. These patterns form in continuously fed thin gel reactors
that can be maintained indefinitely in well-defined nonequilibrium states. Reaction-
diffusion models with two chemical species yield patterns similar to those
observed in the experiments. Pattern formation is also being examined in vertically
oscillated thin granular layers (typically 3-30 particle diameters deep). For small
acceleration amplitudes, a granular layer is flat, but above a well-defined critical
acceleration amplitude, spatial patterns spontaneously form. Disordered time-
dependent granular patterns are obseived as well as regular patterns of squares,
stripes, and hexagons. A one-dimensional model consisting of a completely
inelastic ball colliding with a sinusoidally oscillating platform provides a semi-
quantitative description of most of the observed bifurcations between the different
spatiotemporal regimes.

INTRODUCTION

We are examining the formation of spatiotemporal patterns in two types of far-from-
equilibrium systems that have been chosen in part because of their potential applications: (1)
reaction-diffusion systems maintained by a continuous feed of chemicals, and (2) vertically
oscillated thin layers of granular materials. Our earlier work on spatially extended chemical
reactors demonstrated that in some cases a pattern forming chemical system can be used to achieve
higher yield of certain species than can be achieved in the standard well-stirred batch or
continuous flow (CSTR) reactors [1-2].
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Shallow layers of granular materials ("vibrated beds") are used in industry because of their
good heat and mass transfer properties [3-4]. A previous study observed square patterns in a
vibrated bed [3], but the present work is the first to investigate systematically pattern formation in
these systems.

Our goal is to understand the fundamental mechanisms leading to pattern formation and to
determine the properties and parameter ranges of the different patterned regimes. Precision
computer-controlled reactors and vibrated beds have been developed for these studies, and a high
degree of reproducibility, unprecedented for these systems, is being achieved. The experiments
are complemented by studies of models that provide insight into the spatiotemporal dynamics.

REACTION-DIFFUSION PATTERNS

Turing patterns

In a classic 1952 paper, Turing predicted that patterns could spontaneously form in reaction-
diffusion systems. Turing considered systems with diffusion and chemical kinetic processes but
no convection. We have developed reactors in which patterns form in a thin gel layer — the
(essentially inert) gel prevents convection [5-11]. The gel layer is in contact on one or both sides
with continuously refreshed reservoirs of the reagents of the reaction; thus the system can be
maintained indefinitely in a well-defined nonequilibrium state.

In a study of a chlorite-iodide-malonic acid reaction, we found that patterns emerge
spontaneously from an initially uniform background when critical values of the control
parameters (chemical concentrations, temperature, gel thickness) are exceeded: the primary
bifurcation leads to hexagonal patterns, as shown in Fig. 1(a) [5,7]. The wavelength A of Turing
patterns is predicted to depend not on the geometry (as in, e.g., fluid dynamic patterns), but
only on the properties of the system: A = (2rtD)1/2, where D and 1 are, respectively, a
characteristic molecular diffusion coefficient of the reacting species and a characteristic time
determined by the chemical kinetics. We have recently made direct measurements of D and t and
have confirmed the predicted dependence of A on D and 7 [6].

(a) (b)
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Fig. 1. Stationary chemical patterns formed in continuously fed gel reactors: (a) hexagons [5-8],
(b) stripes [5-8], and (c) lamellae [9-10]. The gels are thin compared to the wavelength of the
patterns so the patterns are aﬁfroximately two-dimensional. Patterns (a) and (b), each 1 mm x 1
mm, were observed in a chlorite-iodide-malonic acid reaction [7]; variations in darkness
correspond to variations in concentration of triiodide. Pattern (c), 13 mm x 10 mm, was
observed in a ferrocyanide-iodate-sulfite reaction [9].
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At the onset of instability the patterns consist of regular hexagons with 60° angles between
all dots neighboring another dot [see, e.g., Fig. 1(a)], but beyond the onset of instability the
hexagons can be slightly squashed — e.g., the angles between neighboring dots can be 570,
669, 579, 579, 66°, 579; such rhombic structures have been found to be a consequence of the
translational, rotational, and reflection symmetry of continuous planar continua [8].

With further increase in control parameter, we observe a bifurcation from hexagonal to
striped patterns (cf. Fig. 1(b)) [5,7], and with yet further increase in control parameter the
patterns can become disordered in both space and time [12].

Lamellae

Experiments on a bistable ferrocyanide-iodate-sulfite reaction have revealed a new type of
spatial pattern, one in which fronts propagate at a constant speed until they reach a critical
separation (typically 0.4 mm in the experiments) and stop [9-10]. This behavior contrasts with
the behavior of waves in excitable media, where colliding fronts annihilate one another. The
front patterns develop locally and spread to fill space, resulting in a stationary asymptotic pattern
that is highly irregular, as Fig. 1(c) illustrates. The pattern forming process also contrasts with
that leading to the regular hexagonal and striped patterns (Fig. 1(a)-(b)), which emerge
spontaneously everywhere in the medium when a critical control parameter value is exceeded: the
lamellae must be initiated by a finite amplitude perturbation.

Self-replicating spots

For conditions close to those yielding lamellae, patterns of spots are observed and are found
to undergo a continuous process of birth through replication and death through overcrowding, as
Fig. 2 illustrates. The spots do not form spontaneously, but once initiated by a perturbation (UV
light or a boundary perturbation), the spot patterns are self-sustaining. These patterns are
observed for a wide parameter range in the ferrocyanide-iodate-sulfite reaction.

Models

Simulations of several different reaction-diffusion models with two chemical species have
been found to yield lamellae and self-replicating spots similar to those observed in the
experiments (see refs. in [10]). (Replicating spots were actually first found in a model [13]).
Even abstract models that could describe convection and other pattern forming systems as well as
chemical systems have been found to form lamellae like those in Fig. 2(c). Thus, while lamellae
and replicating spots have not been observed in other laboratory systems maintained far from
equilibrium, the occurrence of these patterns in several models suggests that there is nothing
remarkable about our ferrocyanide-iodate-sulfite system — lamellar and spot patterns can be
expected to form in other chemical systems and perhaps in non-chemical systems as well.

|
5

Fig. 2. Self—replicatinﬁ spots evolving in time for 24 min. The behavior continues to evolve

indefinitely as long as the reactor conditions are maintained [10-11]. Black represents the low pH
state (pH = 3); grey represents the high pH state (pH = 7). The region shown is 7 mm x 7 mm.
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PATTERNS IN VIBRATED GRANULAR BEDS

Granular materials are large assemblies of solid particles that interact mainly through nearest
neighbor contacts; this is often a good approximation for granular systems in nature and
industry, e.g., mined coal, concrete, cracking catalysts, rice, and pills. Granular materials
comprise a unique state of matter with properties common to both fluids and solids. These shared
properties make the application of statistical methods to the definition of mean quantities difficult,
and cause phenomenological coefficients, such as viscosity or elasticity, to be strongly singular.
Despite formidable challenges, the significant role of granular dynamics in industry and geology
makes the understanding of these materials an important subject for science and engineering.
Most research on granular materials has concerned static rather than dynamic properties, but in
recent years some studies have begun to examine the time-dependent properties, and vibrating
systems in particular have been found to exhibit some remarkable behavior [4, 14, 15].

The subject of our study, pattern formation in vibrated beds (shallow vertically oscillated
layers), has not been previously examined in any detail [3-4]. We have found a variety of
spatiotemporal patterns, some of which are illustrated in Fig. 3. We consider beds of particles
that are sinusoidally oscillated with dimensionless acceleration amplitudes I in the range 0-9
(maximum acceleration relative to the gravitational acceleration) [16-17]. The particles (usually
glass or bronze spheres in our experiments) have diameters in the range 0.1-1.0 mm. The layers
are typically 3-30 particle diameters deep. The driving frequency ranges from 10 to 120 Hz. The
container is 127 mm in diameter and 90 mm high. The container is evacuated to 0.1 torr, which
is a pressure low enough so that volumetric effects of the remaining gas are negligible.
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Fig. 3. Patterns observed for different dimensionless acceleration amplitudes I'in a 1.2 mm
thick layer of 0.15-0.18 mm diameter bronze sPheres [16-17]: (a) squares (I' = 2.7, f = 19 Hz),
(b) stripes (I' = 3.3, f = 67 Hz), (c) hexagons (I = 3.9, f = 67 Hz), (d) flat domains separated
by kinks (I" = 4.5, f = 37 Hz), and (e) disordered pattern. (I' = 8.5, f = 67 Hz).
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We now describe some of the patterns.

Primary instability: squares and stripes

For small drive frequency f and increasing I', the flat surface bifurcates to a square standing
wave pattern oscillating at f/2; see Fig. 3(a) {16-17]. For a drive frequency greater than a critical
value (42 Hz for a 1.2 mm deep layer of 0.17 mm bronze spheres), the pattern is in the form of a
stripes rather than squares, as Fig. 3(b) illustrates. The transition from a flat surface to squares
is definitely hysteretic, while the hysteresis is small (perhaps absent) for the transition from a flat
surface to a striped pattern.

Higher instabilities: hexagons, kinks, and disorder

As the acceleration is increased with the drive frequency fixed, we observe five successive
regimes beyond the squares or stripes oscillating at f/2 (cf. Figs. 3 and 4) [17]: (i) hexagons
(f/2); (ii) kinks (phase jumps of &) separating distinct flat domains; (iii) squares or stripes
oscillating at f/4; (iv) hexagons (f/4); and (v) patterns disordered in both space and time. These
different regimes are quite reproducible and the transitions between them are well defined.
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Fig. 4. Stability diagram showing different regimes in a granular layer (cf. Fig. 3) [17]. The
transitions to squares (at frequency f/2 and f/4) are hysteretic, as indicated, while no hysteresis
was measurable for the other transitions. The vertical dashed lines show the approximate center
of the continuous transitions between squares and stripes.
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Model

A one-dimensional model with a completely inelastic ball colliding with a sinusoidally
oscillating platform indicates that the transitions from squares or stripes to hexagons and kinks
are related to a period doubling bifurcation [17]. The model also provides insight into the higher
bifurcations, even though of course the one-dimensional model cannot describe the form of the
two-dimensional spatial patterns. ,

One goal of our study is to characterize and understand mixing in vibrated beds. Transport
properties will be determined in the experiments by direct tracking of many particles, a technique
that we have used in studying transport in quasi-geostrophic (oceanic-type) fluid flows [18]. The
measurements will be compared with transport properties computed for two-dimensional models.
This investigation should suggest ways in which the mixing properties of vibrated beds can be
enhanced.

DISCUSSION

Our experiments have revealed new types of spatiotemporal patterns in reaction-diffusion
systems and vibrated shallow granular beds. A fundamental understanding of the pattern forming
processes in these systems should provide a stepping stone toward more efficient and innovative
utilization of reaction-diffusion processes and vibrated beds.
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DEFORMATION AND CRACK GROWTH RESPONSE UNDER CYCLIC CREEP
CONDITIONS

Frederick W. Brust, Jr.

Battelle Memorial Institute
Columbus, Ohio 43201, U.S.A.

ABSTRACT

To increase energy efficiency, new plants must operate at higher and higher
temperatures. Moreover, power generation equipment continues to age and is being
used far beyond its intended original design life. Some recent failures which
unfortunately occurred with serious consequences have clearly illustrated that current
methods for insuring safety and reliability of high temperature equipment is inadequate.
Because of these concerns, an understanding of the high-temperature crack growth
process is very important and has led to the following studies of the high temperature
failure process.

This effort summarizes the results of some recent studies which investigate the
phenomenon of high temperature creep fatigue crack growth. Experimental results
which detail the process of creep fatigue, analytical studies which investigate why
current methods are ineffective, and finally, a new approach which is based on the T*-
integral and its ability to characterize the creep-fatigue crack growth process are discussed.
The potential validity of this new predictive methodology is illustrated.

INTRODUCTION

As noted by Prager [1], the executive director of the Materials Property Council (MPC),
historically equipment became obsolete, and was replaced with new designs, before the potential
creep fatigue failure time was reached. As a result, experience with creep failures under mominal
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design conditions has been limited. Some recent failures of high energy steam pipes in fossil
power plants (see Lundin, et al. [2,3] ), which were highly publicized and occurred with serious
consequences, have clearly illustrated that creep rupture failures must be prevented. From the
MPC studies (References [1] to [3]) and field experience it is now known that current
engineering methods to predict the life of components that operate in these severe environments
are ineffective. The reasons these current methods are ineffective are briefly summarized in the
following paragraphs. Thorough and detailed discussion is provided in References [4-16].

The methods currently used for predicting the life of components that must operate in an
environment where creep and creep/fatigue damage may develop are an extension of methods
developed to predict elastic-plastic fracture. For an elastic-plastic cracked body, assuming
deformation theory plasticity can adequately characterize the straining, one may show that the
strength of the asymptotic field may be characterized by a path independent integral (the J-
integral). Today, elastic plastic fracture is characterized in practice using J-integral tearing
theory. It was quickly recognized that a creep analogue to plasticity using a Norton Creep Law
(instead of deformation plasticity) leads to a path independent rate integral, C’-integral, which
characterizes the strength of the creep crack field. Following the same reasoning as that
developed for elastic-plastic fracture, as adapted for creep crack growth, a creep fracture ‘
methodology was developed. The reason that the creep fracture analogy fails while the plasticity
fracture technique works well are now clear: deformation theory plasticity can accurately
characterize plastic deformation near the high stresses which develop near the crack tip while
Norton creep cannot characterize the creep deformations near a crack tip in a creeping body.
Moreover, when cyclic loads occur, the current methods for predicting creep-fatigue lives, which
are based on Miner’s rule, completely break down. Rather than use the strength of the
asymptotic field as the creep fracture parameter, which depends on the chosen constitutive law,
we have developed an energy-based fracture parameter which is independent of the chosen
constitutive law. This method is discussed later.

CYCLIC CREEP DAMAGE

Consider a cracked body which is loaded and held at the load at a temperature which
causes creep deformation to occur. The bulk of the creep strains will develop at the crack tip and
emanate outward from the tip as time proceeds. A “creep zone” has thus developed at the crack
tip. If the load is then removed from the body, the elastic strains surrounding the creep zone are
prevented from going to zero because the inelastic creep strains prevent the body from attaining
its original configuration. Hence, a compressive zone is induced in the crack region. This
compressive zone can be quite large in size (see References [8,12,13] for calculations which
illustrate the size of this zone). Figure 1 illustrates this effect with a blow up of the region near a
crack tip produced from a detailed analysis of a 9Cr-Mo steel which experienced numerous
cycles (see Reference [12] for details). If the load is then held at a zero or a negative load (or at
any load smaller than the original load), a compressive creep zone which also emanates from the
crack tip, and also grows with time, will develop in this compressive stress zone. If the load is
then increased (positively) again, tensile stresses develop at the crack tip, a tensile creep zone re-
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Figure 1. Contour Plots of the y-component of Stress at the End of an Unload/Hold Sequence
forthe Analysis of a 9Cr-Mo Steel at 538 C. The Specimen Was Loaded and Held for 24 Hours,
Unloaded and Held for 0.1 Hour, etc. The Results Shown Here are Near the End of the Test.

Note the large size of the compressive stress zone even though the minimum load is zero.

develops, etc. It should be clear that, for any creep-fatigue situation where hold times occur, the
crack tip region constantly experiences reversing tensile and compressive creep strains.

Moreover, the creep strain rates which develop after each change in sign (ie., positive to negative
or vice-versa) are greatly increased compared to the situation where no stress reversals occur
[4,5]. This causes increased creep damage compared to the constant load case, and is the reason
that classical creep fatigue crack growth methods break down.

EXPERIMENTAL OBSERVATIONS

The effect of the above described alternating tensile and compressive creep zones that
develop near the crack tip during cyclic loading (even for R-ratios greater than zero) is increased
creep damage and reduced life. A number of different tests were performed on 316 stainless
steel at 650 C and 593 C, and on 9Cr-Mo steel at 538 C that illustrates this effect (see the cited
References). Here we summarize some general trends.

Let us first examine some of the general conclusions which can be made regarding history-
dependent loading in the time-dependent deformation regime. Figure 2 illustrates a load versus
time sequence that was applied to one of the 9 Cr-Mo compact tension specimens at 538 C. An
initial load period of 36 hours was made to ensure the development of an initial creep zone in the
specimen. The unload hold times and subsequent reload times were continually decreased until
about 90 hours, after which four-hour hold periods and one-hour unload periods were maintained
until the specimen failed. This assured a truly variable load history.

An enlargement of the displacement versus time history for this experiment between 325
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Figure 2. Load Time sequence (1st 9Cr-Mo test)

and 365 hours after beginning the test is illustrated in Figure 3. This specimen failed after about

400 hours. Another specimen was loaded to the same load level and was identical in all other

ways to the above-described specimen except for a slightly larger initial crack. However, this

specimen was held for 320 hours before unload/reload occurred, and only one cycle was applied.

Figure 4 illustrates the displacement versus time history for this test. Note that this test failed at

more than 600 hours. v '
Several important general conclusions can be drawn from these results:

u During the unload-hold period, load-point displacement recovery occurs. This is due
to the compressive stresses which develop at the crack tip during unloading. The
compressive stress zone size can be quite large, as was verified through
computational studies, even though the global load is never less than zero.

n After reload, the displacement rates increase compared to the rates during the
previous loading period. This is clearly seen in Figures 3 and 4. Note also that the
displacement just after reloading is always smaller than the corresponding value just
before unloading.

32
8Cr-Mo, 1st Test
Greater slope
28 [~ Displacernent before unioad

Displacement after reload

2.4

T

Displacement, mm

20 Displacement
End unload recovery
1.6 | ] | | ! | _
325 330 335 340 345 350 355 360 365

Time, hrs

Figure 3. Displacement Time History 1st 9CrMo Test.
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Figure 4. Displacement Time History - 2nd 9CrMo Test.

Load-history effects significantly decrease life compared to the nearly constant load
(only one unload) test, i.e., in this case the constant load test lasted nearly 1.5 times
longer.

ANALYSIS SUMMARY

Here we briefly show results of an asymptotic study before showing results from an
analysis of an experiment. Consider a stationary crack subjected to the following load sequence:
(i) Load with 24-hour hold period, (ii) unload (to zero load) and hold for one hour, (iii) reload
and hold for 24 hours, (iv) etc. This means that the end of the load-hold periods were 24, 49, 74,
and 99 hours. An extremely refined symmetric finite element mesh was developed with 10 rings
of six-noded isoparametric triangular elements surrounding the crack tip and eight-noded
elements elsewhere with the crack-tip element size equal to .0005 times the uncracked ligament.
This refinement is about 2.5 times more refined compared with the classical HRR field studies of
Shih and German. A classical strain-hardening (S-H) and the Murakami-Ohno (M-O) cyclic
creep law were used to model the problem. Creep properties for 9 Cr-Mo steel were used.
Figure 4 illustrates the theta component (i.e., perpendicular to the crack) of creep strain as a
function of the distance, R, ahead of, and parallel to, the crack. Note that the creep strain as
calculated using the M-O law continuously drifts away from the strains evaluated using a
classical law. This is because the creep strain rates after a change in stress direction which
occurs near the crack during global load changes become very large. This is observed both
experimentally and predicted using M-O. The S-H law cannot capture this effect. The
importance of this is that the true deformation response of the cracked body must be accounted
for in order to adequately predict the damage accumulation near the crack. Examination of
stresses also reveals that the strength of the asymptotic field also changes from cycle to cycle.
We thus conclude that current engineering methods, which are based on correlating creep-crack
growth rates to the strength of an asymptotic field assuming a classical creep law (and constant
load conditions), are not valid for variable load conditions.
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Figure 5 Asymptotic Creep Strains.

Finally, the analysis results of one of the 9 Cr-Mo tests (i.e., third test) are presented. This
specimen had a load sequence consisting of (i) load and hold for 24 hours, (ii) unload and hold
for 5 minutes, (iii) reload and hold for 24 hours, etc., (i.e., different from Figure 1 and 3). The
maximum load was 23.353 KN, and the minimum load was zero.

The finite element model was forced to follow the load-time and crack-growth history.
The constitutive law used to perform the analyses is based on the work of Murakami and Ohno.
The numerical implementation of this law and the finite element model is detailed in References
[7,13]. An implicit numerical scheme is used, crack growth is modeled in the two dimensional
problems using a node release technique, and the T*-integral is evaluated using a direct
approach. Other integral parameters are also evaluated. T* can be shown to represent the energy
release rate to a process zone near the growing crack tip per unit crack growth. Reference [16]
details the theory of T* as well as providing a number of verification examples for different
conditions. :

Load-line displacements were predicted as well as a number of integral fracture
parameters. The fracture parameters considered here are integral parameters, which have an

energetic physical interpretation. The T', Jy, (Watanabe), J,; (McClintock), J (Aoki, et al.), and
Js (Blackburn) integrals were evaluated throughout the history (please see references for detailed
discussions of these parameters). The crack initiated at about 192 hours and failure occurred
after 700 hours in the test. Note that the entire load history was modeled. ’

Figure 6 shows a comparison of the maximum displacements (at the end of the load-hold
period) and minimum displacements (at the end of the unload-hold periods). It is seen that the
predicted displacements compare quite well with the experimental results, which suggests that
the model is adequate. The predicted displacements begin to accelerate upward at about 600
hours while the experimental results begin to increase at about 650 hours, i.e., the analysis
predictions are a little conservative here. The displacement trends of displacement recovery after
unload, and displacement rates increasing after reload (of the type illustrated in Figure 3) were
also predicted reasonably well compared to the data.

Figure 7 compares all of the integral parameters as a function of time. As indicated in
Figure 7, crack growth begins at about 192 hours, after the eighth unloading. Note that, before
crack growth, all of the integrals experience a step jump after a load cycle indicating that variable
loads increase creep damage conditions as measured by these parameters. Note that the T" and
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Jw integrals attain a nearly constant value during the crack-growth phase (observe the horizontal
lines in Figure 7). This result suggests that a constant value of T" or J,, can characterize crack
growth under creep fatigue conditions. Moreover, crack initiation can be predicted. At about
628 hours the integral parameters become unstable, suggesting that crack instability is predicted.
The analysis results of the other tests also showed this same performance of the integral

parameters. Energetic parameters can characterize load history dependent fracture while
asymptotic methods must be abandoned.
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Figure 6. Displacement Comparisons for 3rd 9Cr-Mo test.
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Figure 7. Behavior of Integral Parameters for 3rd 9Cr-Mo Test.
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ABSTRACT

Chemical Vapor Deposition (CVD) using thermal plasmas is attractive for
diamond synthesis applications due to the inherently high reactant densities and
throughput, but the associated high gas-phase collision rates in the boundary layer
above the substrate produce steep thermal and species gradients which can drive
the complex plasma chemistry away from optimal conditions. To understand and
control these environments, accurate measurements of temperature and species
concentrations within the reacting boundary layer are needed. This is challenging
in atmospheric pressure reactors due to the highly luminous environment, steep
thermal and species gradients, and small spatial scales. The applicability of
degenerate four-wave mixing (DFWM) as a spectroscopic probe of atmospheric
pressure reacting plasmas has been investigated. This powerful, nonlinear
technique has been applied to the measurement of temperature and radical species
concentrations in the boundary layer of a diamond growth substrate immersed in a
flowing atmospheric pressure plasma. In-situ measurements of CH and C,
radicals have been performed to determine spatially resolved profiles of
vibrational temperature, rotational temperature, and species concentration.
Results of these measurements are compared with the predictions of a detailed
numerical simulation. '

INTRODUCTION

Thermal plasma CVD of diamond thin films is an attractive synthesis technique due to
several inherent attributes. The high reactant densities available at atmospheric pressure can
produce high radical fluxes to the deposition surface, resulting in high growth rates. Operation at
atmospheric pressure also precludes the loading and unloading of samples to be coated from a
vacuum system, yielding a corresponding decrease in process cost and complexity. From a
modeling standpoint, the atmospheric pressure reacting flowfield is in the continuum, rather than
the molecular or transitional flow regime and is more readily simulated. These beneficial
attributes of atmospheric pressure deposition are tempered by the presence of a collision
dominated, chemically reacting boundary layer above the substrate surface in which important
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chemical species are both rapidly produced and destroyed. This aspect of atmospheric pressure
techniques is strikingly different from low pressure deposition techniques in which production
and diffusion of chemical species controls the deposition process

Previous studies of the atmospheric pressure deposition environment have yielded important
knowledge of the parameters affecting diamond formation,"™ but have been limited to mostly
post-deposition characterizations and comparisons. To further explore the nature of the
atmospheric pressure diamond deposition environment and process, it is necessary to make
accurate in-situ measurements of temperatures and species concentrations within the thin (< 1
cm) reacting boundary layer over the substrate, and compare these fundamental quantities with
detailed simulations.

It is quite difficult, for many diagndstic techniques, to provide useful and accurate
information from such a harsh and potentially nonequilibrium environment. Sensitive
measurement of temperature and trace radical concentrations within a reacting boundary layer is
a challenging problem in atmospheric pressure reactors due to the highly luminous environment,
small spatial scales, and steep thermal and concentration gradients. It is in this environment
where the application of sensitive, laser based diagnostic techniques can allow the detailed
measurement of temperature and trace radical concentrations to be made, and compared to
models of the deposition environment. The application of a powerful non-linear laser
spectroscopy, degenerate four wave mixing (DFWM), as a gas-phase optical diagnostic has
opened the door for significant advancement in the area of atmospheric pressure plasma
chemistry, since it can provide high sensitivity and spatial resolution with a coherent, phase
conjugate signal which can be readily discriminated against the plasma luminosity.>®

The DFWM technique utilizes three laser beams of a single wavelength interacting with the
plasma to produce a fourth spatially coherent, polarized signal beam that can be collected with
high efficiency, and effectively filtered from the intense plasma luminosity. This feature is
perhaps the greatest advantage of DFWM over other traditional diagnostic tools of atmospheric
pressure plasmas which are often disabled or corrupted by the intense background luminosity.
DFWM is found to be an extremely useful nonintrusive probe of the plasma, capable of
providing high spectral and spatial resolution, and permitting measurements of temperature and
relative species concentrations of trace radicals under conditions in which other spectroscopic
techniques fail. Since DFWM can be used to probe the ground state of electronic transitions, it is
much less subject to misinterpretation as a result of nonequilibrium effects’ than conventional
techniques such as optical emission spectroscopy (OES). Measurements of vibrational and
rotational temperatures, as well as relative concentration profiles for CH and C, radicals have
been measured in the thin boundary layer of a diamond-growth substrate immersed in a flowing
atmospheric pressure plasma. DFWM measurements of temperature and relative species
concentrations are compared with the results of a detailed numerical simulation'® of the reacting
plasma, and found to be in agreement.

EXPERIMENTAL FACILITY

The RF inductively coupled plasma (ICP) torch facility has been described in previous
work.'* The present experiments were conducted inside a water cooled quartz test section which
is shown in schematic cut-away along with the plasma torch head in Figure |. Open-ended laser
access ports, approximately 6.5 cm downstream of the nozzle exit, enable the DFWM pump and

226




Substrate
Holder

Substrate Water
Outlet
Laser
Access Tube Laser
Beams,
1 Quartz
Water Test Section
Inlet
Nozzle
Teflon
b Body
Water
| Gas
Injector
Water
Inlet
Coil

Figure 1. Schematic of RF-ICP reactor.

probe beams to enter and exit the reactor
unhindered, and to cross at a location
directly below the stagnation point of the
substrate. Substrates are supported within
the quartz test section in a stagnation point
flow geometry by means of a water cooled
holder. The substrate can be vertically
translated in-situ  to  allow  laser
measurements to be made at various points
through the boundary layer. Substrate
temperature  is monitored with a
Minolta/Land Cyclops 152 infra-red optical
pyrometer. Reactant gases (hydrogen and
methane) are premixed with the carrier gas
(argon) before passage through the RF
discharge.

The optical configuration for this
facility is shown schematically in Figure 2..
Laser beams for the DFWM experiments
are produced using a Nd:YAG pumped dye
laser system (~0.05 cm’ bandwidth). The
output of the laser is spatially filtered to

improve beam quality, and reduced in intensity with a variably rotated half-wave plate, fixed
polarizer combination. The beam is then split into three beams (of approximately equal energy at
the test section), the backward pump beam (denoted Ey), the probe beam (denoted E), and the
forward pump beam (denoted Ey). Polarization of the backward pump beam is rotated with a

half-wave  plate to be
perpendicular to the
polarization of the forward
pump and probe beams, thus
aiding signal isolation. Beam
convergence is adjusted to
produce a mild focus at the
mid-line of the test section,
producing beam waists of
approximately 300 pm
diameter. The forward and
backward pump beams are
brought coaxial and
counterpropagating  through
the test section laser ports,
and the probe beam crosses
the pump beams at a slight
angle (=2.1°) directly beneath
the stagnation region of the

P
Figure 2. Schematic of optical configuration.
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substrate. The three beams lie in a plane parallel to the substrate surface. Geometric interaction
length of the pump and probe beams is approximately 16 mm (parallel to the substrate surface).

The phase-conjugate signal beam (denoted E) is generated within the interaction region and
follows the reverse path of the probe beam out of the test section. This signal beam
counterpropagating along the probe beam line is separated by means of a beamsplitter, spatially
filtered to reject incoherent scattering, and detected with an unfiltered photomultiplier tube
(Hamamatsu Model R212). Beam energy is continuously monitored by means of two
joulemeters (Molectron J4-09) which terminate the probe and backward pump beams.

DEGENERATE FOUR-WAVE MIXING RESULTS

The applicability of in-situ DFWM to the atmospheric pressure diamond synthesis
environment has been investigated using the well controlled, atmospheric pressure ICP reactor
(Figure 1). It was desired to make in-situ measurements during normal operation of the
atmospheric pressure RF-ICP diamond synthesis reactor - with a substrate in place, and growing
diamond. The conditions chosen for these studies were indeed diamond growth conditions
(although they were not optimized for best possible growth) and all measurements reported here
were taken with the growing substrate in

place. The reactor gas feed mixture was S L A R BN
comprised of 106.5 /min Ar, 12.0 1/min 25 - CH A2A - X211 (0,0) .
H,, and 0.8% to 10% CH; (in Hy) : ;
premixed before introduction to the plasma & 20| 7
torch. Calorimetric energy balance of the & F ]
reactor indicates a net plasma enthalpy of 6 § 15 B
kW leaving the nozzle exit. The & ., E B
molybdenum substrate had a measured - .
surface temperature of 1035°C. 051 —

The CH radical was probed with in- N, L A it AL UL LB
situ DFWM measurements of the CH A2A 428 429 430 431
(—in (0,0) SyStCm near 431 nm. Figure Wavelength [nm]

3 shows a DFWM spectrum of this region Figure 3. DFWM Spectra of CH A’AXTI (0,0)
taken with approximately 10 pJ laser beam

energies. The small groups of lines to the > R
left side of Figure 3 are the grouped g 4 - oo 2?(5) V"=O1f ‘e E
components of individual rotational lines 2 C T CH AZA o X211 ]
in the R branch, while the closely spaced Z [ T =3470K ]
. . . — 3 — vib 1
lines toward the right side of the figure are 3 ]
individual lines comprising the Q branch 2 ) 2 B
(the P branch is not shown). The v’=0and = R(5) v'=1 ]
v”=1 sets of individual R branch lines are E - oe  of 1 1e 3
closely grouped (Figure 4) and permit g s [ ] 1
determination of vibrational temperatures. © [ J AN\ AN
The Q branch region allows fairly rapid RIS i oS USRS St i S
428.00 428.05 428.10 428.15

measurements of several v=0 lines, thus
permitting rotational temperature Wavelength [nm]
measurements to be made throughout the Figure 4. CH R(5) v’=0 and v”’=1 components.
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reacting boundary layer. An example of this rotational temperature determination is shown in
Figure 5 where the intensity of measured Q branch lines (from N = 6 to 20) are plotted on a
DFWM Boltzmann plot. This yields a straight line distribution (indicating rotational
equilibration) corresponding to a rotational temperature of 3135 K. The C; radical was probed
with in situ DFWM measurements of the C; d31'[g<-—a3Hu (3,1) system near 437 nm.

A stoichiometric study of the freestream concentrations of CH and C; radicals as a function
of methane to hydrogen feed gas ratio was performed to address several questions. First, since
the methane to hydrogen feed gas ratio is an important process parameter in controlling quality of
the deposited diamond, it was of interest to determine the sensitivity of DFWM measurements of
CH and C, radicals to this ratio. Secondly, an important assumption in modeling this
environment* "' is that the freestream be a known input condition; more specifically that the
freestream plasma is in chemical equilibrium at the measured freestream temperature. Although
this a priori assumption is quite reasonable since the flowtime of the plasma from the region of
excitation is chemically very long (10 ms compared to a chemical relaxation time of
approximately 1 ms), it is nonetheless a prudent idea to test its validity for these trace radicals.

In Figure 6, the results of this stoichiometric study are shown for methane to hydrogen feed
gas ratios ranging from approximately 0.8% to 10%, with measured freestream temperature

0 ~r—r————r——T————————r— Constant at 3500 K. The closed and open
- 1 circles correspond to the CH and C, relative
2F CH A2A - X211 (0,0) - mole fractions measured using DFWM, and
« F {the solid lines represent equilibrium
T a4k - chemical composition for the plasma
& [ 4 mixture at 3500 K. (The CH and C; DFWM
“5 o / T relative concentration data sets have been
E F 3135 K { normalized to the equilibrium composition
8k lines for comparison). The agreement
- 1 between the equilibrium calculation and the
ol v v v L v v 4w w1, 1 measured relative mole fractions of CH and
0 5000 10000 15000 C, as a function of methane to hydrogen
2E/k [K] feed gas ratio is a very good indication that
Figure 5. DFWM rotational Boltzmann plot ~ the freestream is indeed in chemical

— T T equilibrium. ,
i } Temperature and concentration profiles
102 within the reacting boundary layer itself

were also probed using DFWM. A
comparison of measured CH vibrational and
rotational temperatures along the stagnation
line of the substrate with values from the
computational simulation is shown in Figure
7. Boundary conditions for the simulation
are the measured freestream temperature of
3900 K, an estimated freestream velocity of
8 mfs, and the measured substrate
temperature of 1035°C. We can see in

T l|||||l
Il lllllll

:

Species Mole Fraction [ppm)]

10

%CH, in H,
Figure 6. Freestream stoichiometric study.
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Figure 7 the predicted thermal boundary
layer (=6mm thick) with a steep fall off in
temperature very close to the substrate.
The measured CH vibrational
temperatures are in close agreement with
the predictions, although the loss in signal
of the v=1 transitions in the cooler region

very near the substrate prevents accurate Temperature (Simulation)
vibrational temperature measurement for s o ;gﬁ:f:;‘;:;:;;ﬁf
distances < 2Zmm. Rotational temperatures ,
measurements from the CH v=0 lines, qooole—s e oo b v b e be o
which remain strong enough for accurate 0 02 04 06 08
measurement closer to the substrate are in . Distance from Substrate [cm]

good agreement with both the measured  Figure 7. Boundary layer temperature profiles.
vibrational  temperatures and  the 60 T~ 5000
computational simulation. It is possible to 3
make rotational temperature measurements
even closer to the substrate than shown in
Figure 7, but for these experimental
conditions the CH concentration in that
region has dropped below approximately 2
ppm, which is our current detection limit.
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Measurements of the relative CH and A S N R R
C, mole fractions within the substrate 0.2 04 0.6 0.8 1.0
boundary layer are compared to results of Distance from Substrate [cm]
the computational simulation in Figures 8 Figure 8. CH concentration profile.
and 9. In Figure 8, the CH mole fraction is
approximately 20 ppm in the freestream
(4100 K) and is predicted to first rise
within the . approximately 6 mm thick
boundary layer (due to production) as the
plasma cools toward approximately 3700
K, reaching a peak of approximately 55
ppm at 2 mm from the substrate surface,
then to be destroyed as the plasma cools ——, (Simulation)
further on its approach to the substrate G Egm:\:ﬁl\:ﬁ)asuremem
surface. In Figure 9, we see a similar s T T L e 13
behavior for the C, concentration profile 02 04 08 08 10
with a much higher peak concentration ) h .
(~300 ppm). We can see that the DFWM Figure 9. C, concentration profile.
measurements of relative CH and C, mole fraction (which have been scaled to the peak of the
predicted curve, and are in agreement with the calibrated equilibrium freestream) correspond
closely to the predicted concentration in both trend and magnitude, accurately reflecting the
production and destruction of the radicals within the boundary layer and demonstrating the ability
of DFWM to probe this small, harsh reaction zone.
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CAVITY RING-DOWN SPECTROSCOPY RESULTS

Cavity ring-down spectroscopy is another emerging technique that also offers extremely
sensitive, spatially resolved information from plasma environments via cavity-coupled laser
absorption. By measuring the ring-down time of a laser pulse injected into an optical cavity
which surrounds the plasma of interest, CRDS enables a very sensitive, absolute determination of
the line-of-sight absorptivity of the plasma. Since this technique measures the ring-down time of
the cavity, rather than the fractional absorbance (Iiansmitted/Tincident), the measurement becomes
insensitive to the intensity if the incident pulse which can be a major source of uncertainty in
ordinary absorption (and multi-pass absorption) techniques. In this manner, plasma absorbance
as small as one part in 10° (per cavity round-trip) can be accurately measured, thus yielding very
sensitive measurements of absolute species concentrations.

0.0018 d T T T LI S T d T
0.0017 - -
E ooote} ./'/_\' A
v r
© 00015 | / N
+ ﬁ ~ n
® 00014k _
I (o) L
gas Inlet thermocouple 2 sootal i
. :‘. 3 L .
. S ogot2 |- 4
Filament || gubstrate 2 | \
< oaom | - J
0.0010 I PASURI EE SR R 1 a L I 1 M
1 2 3 4 5 6 7
Ring-Down Cavity Distance from Filament [mm]
Figure 10. Schematic of CRDS system. Figure 1. Spatial profile of methyl absorbance.

In the past year, we have been successful in applying cavity ring-down spectroscopy to the
measurement of absolute concentration of methyl radicals in a hot filament reactor. The
experimental schematic of these experiments is shown in Figure 10. Although this technique
produces a line of sight averaged quantity, it provides high spatial resolution in the one spatial
dimension of interest within this system, and more importantly provides absolute concentration
measurements at single pass absorbances as low as 1x10”. Using this technique, spatial profiles
of methyl radical concentrations have been measured between the excitation filament and the
deposition substrate, as a function of process variables such as flow direction, pressure, filament
temperature, and substrate temperature. These preliminary investigations have provided
evidence of the independence of flow direction within these reactors. CRDS measurements have
also shown clear indications that for certain conditions, the methyl concentration peaks
approximately 4 mm away from the filament surface, which is contrary to the currently accepted
mechanism of methyl formation from excited hydrogen atoms close to the filament, but in
agreement with more recent REMPI measurements of other investigators. A spatial distribution
of methyl absorbance at 216.4 nm under typical hot-filamnet reactor operating conditions is
shown in Figure 11. Many investigators are currently working to understand and model the
complex plasma and surface chemistry within these systems, and CRDS appears to be a
promising technique to experimentally validate those efforts.
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CONCLUSIONS

Degenerate four-wave mixing has been demonstrated as a sensitive, spatially resolved
diagnostic of boundary layer chemistry in thermal plasma CVD of diamond. The coherent,
phase-conjugate signal produced in this technique enables the rejection of intense plasma
luminosity, and allows the accurate interrogation of temperature and trace (ppm level) radical
concentrations within the reacting plasma. In-sitt measurements of vibrational and rotational
temperatures, as well as relative CH and C, radical concentrations in the reacting boundary layer
of a diamond growth substrate are found to be in good agreement with model predictions.
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C. R. Menyuk and P. K. A. Wai

Department of Electrical Engineering, University of Maryland
Baltimore, MD 21228-5398

ABSTRACT

The effect of randomly varying birefringence on light propagation in optical
fibers is studied theoretically in the parameter regime that will be used for
long-distance communications. In this regime, the birefringence is large and
varies very rapidly in comparison to the nonlinear and dispersive scale lengths.
We determine the polarization mode dispersion, and we show that physically
realistic models yield the same result for polarization mode dispersion as earlier
heuristic models that were introduced by Poole. We also prove an ergodic
theorem.

1. INTRODUCTION

There are two distinct data formats that are being actively studied for possible use in
long-distance communication systems. The first data format uses solitons as 1-bits in
the communication system. By balancing nonlinearity and dispersion, solitons avoid the
bad effects that either phenomenon would lead to on its own. From a strict mathematical -
standpoint, the optical fiber does not support solitons—merely soliton-like pulses—because
the equations that describe real-world fibers are not integrable. Nonetheless, the equations
are closely related to the nonlinear Schrédinger equation, and there is ample theoretical and
experimental evidence that solitons are robust in the sense that the soliton-like pulses that .
actually propagate in fibers have virtually all the properties of true solitons on the length
scale over which experiments are done.! Soliton pulses are referred to in the vernacular of
communication systems as RZ (return-to-zero) pulses. As shown in the top half of Fig. 1,
the energy of the solitons is concentrated in the middle of the timing window, and the
amplitude is always zero at the edge of the window. The second format is shown in the
bottom half of Fig. 1 and is referred to as NRZ (non-return-to-zero). In this format, the
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O Soliton

FIGURE 1. Intensity variation of a 10110 bit stream in both soliton and NRZ commu-
nications.

energy of a 1-bit is spread nearly evenly throughout the timing window. This format is
the one that has been traditionally used in long-distance communications. Until a year
ago, it was thought that solitons would eventually replace NRZ communications because of
the demonstrated capability to do wavelength division multiplexing (WDM) with solitons.
It was supposed that it would not be possible to do WDM with NRZ communications.

However, it has recently been demonstrated that in fact WDM is possible with NRZ, and,
while solitons are promising, NRZ systems remain a step ahead.? Thus, the future for
solitons is unclear.

This situation is both an enigma and an enormous challenge to the theorist. Histor-
ically, NRZ communication systems came into vogue because in communication systems
based on microwave RU-232 cable, signal distortion was dominated by dispersion and so
it was desirable to minimize the bandwidth of the signal-—something that NRZ signals
accomplish quite well. For this reason, there has been a tendency to think of NRZ prop-
agation as linear propagation, but that is simply not true! From a nonlinear standpoint,
the behavior of soliton systems is not too hard too analyze because there is a well-defined
sense in which a soliton is a pure mode of the nonlinear system.! By contrast, there is
no sense in which NRZ pulses are modes, and, as a consequence, these systems are very
difficult to study, and the theoretical work to date has had little predictive capability. Be-
cause neighboring NRZ bits interact, one must keep long strings of bits in the simulations
which seriously slows down numerical calculations. The enigma and the challenge is to
understand why these systems work as well as they do and to predict their ultimate limits.

-It is already apparent that the large and rapidly varying birefringence that occurs
in communication fibers plays a critical role in the distortion of NRZ pulses and in the
ultimate bit error rates that can be achieved. Thus, understanding the impact of these
variations is a crucial first step toward achieving an understanding of NRZ systems—not
to mention that they play a vital role in soliton systems as well!




It is important to understand precisely what is meant when we describe the birefrin-
gence as large. Single mode optical fibers have one propagating mode that is referred to as
the HE;; mode, but this mode is doubly degenerate. Doping and core anisotropies break
the degeneracy, leading to birefringence, but typical values of An/n are 10~7-10~%. While
one might be tempted to think that this value is small, it implies a beat length that is on
the order of 10 m, while nonlinear and dispersive effects occur on a length scale of 100-1000
km. Thus, it is actually very large! At the same time, one can infer from measurements to
be described shortly that the fiber correlation length is on the order of 30-100 m, so that
the birefringence is also rapidly varying. Thus, it makes sense to use multiple length scale
techniques in which we first determine the evolution on the rapidly varying length scale of
the randomly varying birefringence and then use the results to determine the evolution on
the much longer dispersive and nonlinear length scales. Not only is this approach sensible
from a conceptual standpoint, as it allows us to distinguish the phenomena occurring on
the different length scales, but it will also allow us to create simulation codes that are
significantly more efficient and accurate than those that are presently in use.

In this article, we will be concentrating on the rapidly varying length scale, and we
will discuss its impact on the nonlinear evolution briefly at the end. We have actually
only just begun to attack the full evolution, taking advantage of what we have learned
on the rapidly varying length scale. The behavior on the rapidly varying length scale is
linear but random, with the randomness being the major complication. At the end of
the article, we will mention briefly some of the consequences of our calculations for the
nonlinear evolution.

2. DIFFERENTIAL TIME DELAY

Experimentally, one finds that the randomly varying birefringence leads to a frequency-
dependent differential time delay that in turn leads to pulse spreading.? One of the ways in
which this delay manifests itself is that if the light from a multi-mode laser is injected into
an optical fiber, it maps into a circle on the Poincaré sphere after propagating some length
into the fiber. That implies that there are two orthogonal states, referred to as principal
states, that to first order would not be spread on the Poincaré sphere by propagation
through the fiber. The delay between these two states is the differential time delay because
any other state is a combination of these two states and will arrive at some intermediate
time. We begin by demonstrating the existence of the principal states and calculating the
differential time delay. We then determine the expected distribution of the differential
time delay as a function of distance along the fiber.

Taking a fixed set of axes, labeled 1 and 2, we may write the complex amplitudes of
the two polarizations as a column vector E = (E1, E»)t, where E; and E» are functions of
distance along the fiber z and frequency w. The evolution of this column vector is governed
by the linear equation

9B{w, 2) = 1K(w, 2)E(w, 2), (1)
Oz
where
K = kol 4+ K101 + K202 + K303, (2)

235




and the o; are the usual Pauli matrices. We first note that if there is no polarization-
dependent loss, then all the k; must be real. While, in fact, there is some polarization-
dependent loss in the real systems, this loss occurs at the amplifiers, which are located
30-100 km apart, and its effect is small, although not unimportant. We will not consider it
in this article. We include polarization-independent loss in the system by allowing ko to be
complex, but it enters into the problem in a fairly trivial way. Making the transformation

A=Eexp [—i /0 " kol(2') dz’} , 3)

we find that ko disappears from the evolution equation. Noting that optical fibers are
linearly birefringent so that k2 = 0, we find that the evolution equation for A is

A
982 _ 0w, AW, 2), @
0z
where
© = K101 + k303 = bsinf oy + beosb o3, (5)

and b corresponds to the normalized birefringence strength while 6 corresponds to the
orientation of the birefringent axes. Since © is a traceless, Hermitian matrix at every w,
it follows that it generates a unitary transformation at every w. Assuming now that this
transformation matrix is sufficiently smooth as a function of w, there must be at any 2
some traceless, Hermitian matrix F that satisfies

%i:- = iF(w, 2) A(w, 2). (6)
Since this matrix F is traceless and Hermitian, its eigenvalues are real and have the same
absolute values with opposite signs while its eigenvectors are orthogonal. Writing the
eigenvectors as 7p/2, it is not difficult to see that the eigenvalues correspond to +one-
half the differential time delay while the eigenvectors correspond to the principal states.
Solving Eq. (6), and writing the eigenvectors as S, and Sy, we find that

Sp(w, 2) =_vSp(0, z) exp(iTpw/2), Sp (w, 2) = Spr (w, 0) exp(—iTpw/2). (7)

When we use the Fourier transform to return to the time domain, it follows that an initial
pulse that consists strictly of the initial state that transforms via Eq. (4) into S, will have
a time delay of 7p/2, and, similarly, an initial pulse that transforms into S, will have
a time delay —7p/2. This result was obtained earlier by Poole and Wagner,* but their
derivation was considerably more elaborate because they did not make use of the known
properties of Hermitian matrices.

The next step is to determine the probability distribution of the differential time delay
7p. Poole® has described an approach that applies in the limit in which there is a large
and nearly fixed birefringence and in which there is a weak mode coupling. In this model
cosf ~ 1 and sinf ~ § in Eq. (4) so that Eq. (4) becomes

JA
-67 = 0oy + b0'3, (8)
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Short distances:

i <72>1/2—b'

Long distances:
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0 1 oIk 10

FIGURE 2. Variance of the differential time delay as a function of position along the
fiber. ‘

This limit is not really valid for communication fibers; however, we recently showed that
a model that allows the birefringence orientation to vary randomly will yield the same
results.® To obtain this result, it is useful to attempt to solve Eq. (5) through repeated
diagonalization. Ignoring the variation of # as a function of z, we could solve Eq. (4) by
making the transformation By = Uj A where

U1 = cos(8/2) | + isin(6/2) o3, (9)
We then find that

OB
0z

auy!
3z

=1 =1 (U19U1 U1 ) B1 = i\IIIBl, (10)

where Ul_1 is the inverse of U; and W, can be written explictly as

1d6
‘Ul = §~d~—'0'2 + b0'3 . (11)

This equation is essentially the same as Eq. (8). The appearance of oy rather than o
makes no diffrence in the polarization mode dispersion. The only significant difference is
that whereas Poole assumed that @ varies rapidly compared to the beat length, we must
assume that df/dz varies rapidly compared to the beat length. In either case, one finds
that the mean of the differential time delay is zero, and its variance is given by

(r3)1? = /2R [exp(—2z/h) — 1 + z/k) ',

(12)
where b = db/dw is the derivative of the birefringence and h is a characteristic decorrelation
length.

In the case of Poole’s model, h corresponds to the length scale over which the po-
larizations mix. In the case of our model, it corresponds to the length over which the
polarizations mix when measured in the frame that rotates with the local polarization
axes. We note that in our model, h = hgper, where hgper is the correlation length for the
optical fiber itself. Of course, in Poole’s model, hgper = 00 so that there is no relation
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between h and hfser- Since one cannot directly measure the orientation of the polarization
axes as a function of position along the fiber, it might appear at first that both models
are equally plausible, but in fact, one can infer from the existence of solitons that the
orientation must be randomly varying. Solitons tend to propagate naturally in a single po-
larization state,” and unless the orientation is randomly varying, solitons will be observed
to split, and there is no evidence of that. Thus, we can use solitons to probe the structure
of the fiber! We note that one can infer h from measurements of the differential time delay
which is how it is measured in practice. Equation (12) is physically sensible. When z is
small compared to the decorrelation length, then the two polarizations separate linearly
in z. When z is large compared to the decorrelation length, then the two polarizations
undergo a random walk and their separation is proportional to z!/2.

To derive Eq. (12), we will present here an approach first described by Poole® and
later modified by us so that it could be used to prove an ergodic theorem.® We have shown
more recently that Eq. (12) can be derived more simply using the methods of stochastic
differential equations; however, these results are still unpublished and cover a group of
models that is less broad. Our starting point is to note that Eq. (10) that governs the
evolution of B; as a function of z is complemented by the equation

9B1 _ By, (13)
Ow
that governs the evolution of B; as a function of w, where F; is a traceless, Hermitian ma-
trix. It then follows that 73 = —4det F; = 4det(8T/6w), where B1(z,w) = T1(z,w)Bj 0.
Defining now S = exp[—i¢(2)os]| T1, where ¢(2) = fo b(2") d2', we obtain

8S 0 30. exp(—2i¢)
8z (—%9, exp(2i¢) ’ 0 ) > (14)

where 6, = df/dz. It now follows that
73 = 4det(S’ + i03¢’S), (15)

where the primes indicate derivatives with respect to w.
Writing the components of S explicitly so that

(% 2); @
and taking the first derivative of 75, we obtain
67-12) Yy 3/ /% I
B 8b'¢’ + 8ib (3151 + $253), (17)

where we assume that the elements of S are slowly varying so that we can neglect their
variation with z. The key assumption is that the 8, are small compared to b but vary
rapidly so that their derivatives are large. Similarly, we find

82 "rf)

022

/
=4(v")? + 4¢'%b; — 4ib'0, (5155 — s]s5) exp(2ig) + c.c. (18)
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Although S is slowly varying, its z derivative varies rapidly, and we can use this fact to
replace s; in Eq. (18) with the integral expression

51(2) =~ 51(¢) — / "8 -2t a, C(9)

where z — ( is a length that is long compared with the variation of §, and short compared
~ with the variations of s; and s3. The assumed existence of this intermediate length scale
plays an important role in our argument. Similar results can be obtained for sy(z), si(2),
and s5(z). Defining

H(z) =Re [ / ’ -9-45)4&@ exp[2ig(z) — 2i¢(2")] dz’
L[ o) 0
o -/—-—oo %— exp[2i¢(2) — 2i¢(2")] d’,

where we have used the assumed rapid variation of 8, to extend the integral to —oo, we
may now rewrite Eq. (18) in the form ‘

2.2
3 TD
822

S
= 8(b')2 + 8¢'—sz — 320/ ¢ H(z) — 32ib"H(2)(ss7" + s2s5), (21)

where we have dropped both small terms and rapidly varying terms that will not contribute
on the length scale z — (.

In order to obtain an ergodic theorem, our goal is to replace Poole’s ensemble average
over “a collection of statistically equivalent fibers” with an appropriate spatial average.>®
Since both b and 8 change slowly by assumption, we may beplace ¢(z)—¢(z’) with the local
relationship b(z—2’). In general b and 6? are correlated; the latter is larger when the former
is smaller. Consequently, b and H will be correlated. By contrast, we may assume that ¢
and s;87 + sps5° are uncorrelated with b and H since these quantities are determined by
integration from the origin and, over sufficiently long lengths, will be nearly independent
of the local values of b and H. Physically, this length corresponds to the length over which
the electric field samples the entire Poincaré sphere. Defining an ensemble average

x@ -1 [ x@)a (22)
wherc L is this averaging length, we find, letting ()’ H) = r(b')}(H), that
\2
(7123) = %—;—5 [exp(—4r(H)z) - 14 41'(H)z]. (23)

From the preceeding discussion, it should be apparent that this result is only meaningful
in the limit z > h, where h = 1/4r(H).
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Given (73), the next task is to calculate the entire distribution function for 3. While
this task has yet to be accomplished in general, it has been argued on physical grounds
and verified in simulations that the actual distribution is given by

2712)
V7 ((r3)/3)**

corresponding to a random walk on the Poincaré result. Determining the full evolution of
the distribution function remains an important open problem.

3. DISCUSSION AND CONCLUSIONS

We showed in early work that in the limit of large but rapidly and randomly varying
birefringence, the evolution of the field in the optical fiber is described by the Manakov
equation,’

f(rp) = exp (=375 /{7D)) , (24)

18%°U
i ===+ (UP+|VPF)U =0,
62 2 Bt (25)
OU  18%U 9 0

where U and V correspond physically to the state that a linear, cw wave at the pulse’s
central frequency would occupy and its orthogonal complement. We now have models for
the polarization mode dispersion that we know are physically correct. The next stage of this
work is to combine the two effects to obtain a complete description of wave propagation
through the fiber. This task is very important because large computational savings in
modeling the fibers as well as an increase in understanding appear to be obtainable.

We expect to report progress along those lines in the very near future!
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CONDITIONS FOR SYNCHRONIZATION
IN JOSEPHSON-JUNCTION ARRAYS

A.A.Chernikov & G. Schmidt

Stevens Institute of Technology, Hoboken , NJ 07030

ABSTRACT

An effective perturbation theoretical method has been developed to study the dynamics of
Josephson junction series arrays. It is shown that the inclusion of junction capacitances, olien
ignored, has a significant impact on synchronization. Comparison of anaiytic with
computational results over a wide range of parameters shows excellent agreement.

INTRODUCTION

Josephson junctions are known to produce very high frequency oscillations and can be
used to generate submillimeter range radiation [1-3]. The difticulty is the low power output of
individual junctions. This could be remedied by the use of many synchronized coupled
Junctions. Fig.1 shows a sketch of N junctions in series, fed by a constant dc current source
and shunted by a load of impedance Z. The junctions have an internal resistance as well as a
capacitance. :

In normalized units this circuit is described by

B + o + sin (@) + I =1 O

where ¢, represents the phase difference of the wave function across the k-th junction,
corresponds to the capacitance of the junction, I is the load current. Without the load, the
system can be visualized as a point particle of mass § sliding down an incline of steepness 1.
sinusoidally modulated, with air resistance represented by &, To maintain the motion and
oscillations it is necessary that [ > 1.

The load current depends on the voltage across-the array, proportional to Z(bj . For
instance for a load made up of an inductance, capacitance and resistance in scries one wriles
in normalized units

LI, + RI, K1/C) fILdt (1/N)Z‘,<{>j (2)
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z

1. Sketch of thf: circt'xit‘investigated. Constant current I feeds the system, the junctions form
an 1D array with resistive and capacitive characteristics, coupled to an impedance Z.

0.4 0.8

2. Computed dividing line between stable and unstable regions in § - N parameter space of
capacitively loaded arrays.




These equations are clearly nonlinear and no analytic solutions are available.

Recently several authors {4-9] investigated analytically a simplified version of thesc
equations. The load capacitance has been ignored ( § ~ 0 ) and the coupling to the load ( [},
has been assumed to be small, so perturbation theory could be used. Under these conditions
it was shown that for a purely resistive load the equations are integrable [7] . The present
authors have shown [9] that if a slight difference between the individual junction parameters
is introduced, integrability fails and chaotic behavior follows. Quite recently Wiesenfeld and
Swift [8] studied analytically the simplified equations of identical junctions with 3 = 0 in the
weak coupling limit, and found that the synchronous solutions are stable if the load is
predominantly inductive, and unstable if it is capacitive. The dividing line is at resonance
when the Josephson junction frequency equals the resonant frequency of the load (L.C)™2

Computed solutions of the equations show however that the junction capacitance has a
significant effect on the stability of synchronized solutions, even for p « 1. Here a powerful
perturbation theoretical method is developed where 3 as well as the coupling strength can be
arbitrarily large, and excellent agreement is found with computer generated solutions.

CAPACITIVE LOAD; COMPUTATION
First we rewrite Eqs.(1) and (2), by dividing (1) by I, and rescaling time, 1t > t, and I3 -> £,
to get
Bo, + @ + bsin (@) +J = 1 (3)
w3+ pd + JIdt = aoe, )

where J = [ /I, b =T, p, = LCI%, u,=RCI, a = IC/N. For a purely capacitive load
#, = u, = 0, and these equations reduce to

B oyt @ + bsin(p,) + QZ(P;' =1 {

W
—

In order to study the linear stability of the synchronous solution, one expand
@\ Qo + O, where ¢, satisfies the

B, + @, + bsin (¢y) + Nag, =1 (6)

equation, while for d¢, one has

B 89, + 59, + bCOS(P)0, + a2p, =0 (7)
Subtracting the k-th from I-th equation gives |5]
B ALt Ayt beos(pd, 0 | ()
where A, = 3¢, - d¢,. Linear stability implies that A, asymptotically tends to zcro. One
solves Hyq.(6) on the computer, for given parameters {3, & and Na, and the computed

function @, in Eq.(8) to determine, the long time behavior of A, Since [ > 1, the paramcter
b 1s always less than onc.
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b 1s always less than one.

Fig.2 shows the P - Na curve constructed for b = 0.5, b = 0.25 and b = 0.1. Two
important conclusions follow,

1., The three curves practically coincide, the differences are within the width of the line.

2., While for B = 0, the synchronous state is always linearly unstable, as expected [8] , for
large coupling even the addition of small junction capacitance can stabilize the state. For
example when Na =10, > 0.1 gives stability. When B > 1 stability persists for any valuc of
the coupling.

The first condition suggest an analytic method. Since the solution is essentially
independent of b, one can carry out an analytic calculation based on a small 4 expansion.
Since b is the coefficient of the only nonlinear term, the expansion can be reduced to the
solution of set of linear equations.

CAPACITIVE LOAD; ANALYSIS

To the lowest order in the expansion in b, Eq.(5) gives ¢, = t +6,. First order terms arc

po 'Jf'q.)k(l) + OLZZF;,'(’I) + bsin (t +0) =0 - (9

giving second order linear inhomogeneous equations, with oscillating solutions

oY = A, sin(t) + B, cos(t)

where coefficients are determined from

BA, + B, + A - b coso, = 0,
A~ BB - a2 + b sind= 0.

Summation over all junctions gives

(B+N a) ZAj +2Bj - b Zcos()j = (),
-(B+N G)ZBj +ZA, + b Zsinej =)

with the solution
2A BT (BN @[ 1 N a)2cose, - 2sind|
2B = bl LB+ N aPT'[(B+ N a)ising, + 2cost)]
Substituting these expressions into Eqs.(11) and (12) gives
A, =51+ BZ)"(-sin()k + B cosB) + ho(l + P 1 +(B + aNI?!

[(1 - B - BaN) 2ocos6, + (2B + aN) 2. sind]
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B, = b(1 + B '(cos O, + B sind) + ba(l + Y1 + (B + aN !
[(1- B - BaN) 2sin®, - (2 + aN) 2. cos)] - (18)

The second order expansion of Eq.(5) gives
BE2 +¢.@ + a2 3@ + beos(t +0)9,D =0 (19)

where ¢, is given by Egs.(10), (17) and (18). The driving term in Eq. (19) contains second
harmonics as well as time independent terms. Synchronization as well as desynchronization 1s
due to long time behavior, compared to the oscillation time scale. It is useful thercfore to
consider the time averaged term

( beos(t +8)0, )y = (B/2XB,cos ©, - A, sin®,) = (h72X1 + pY' +
a( B2+ B 1+ (B + oN YT [(1 - B - BaN) 2sin(6;- 6) - (2P + aN) 2cos(8- 0,)]
(20)
So from Egs. (19) and (20)

0,2 ~ - ( beos(t +6, )0 Nt + second harmonic terms (2n

One may think of the ©@,-s as points moving on the unit circle. To lowest order they
move with unit phase velocity separated by angles 0;- 6, . The first order solutions of
Eq.(10) add oscillatory motion, while to second order, second harmonics of the oscillatory
motion appear as well as a change in the time average velocity. The first term in FEq.(20)
describes a slowing of all points to 1 - (6%2)(1 + p?Y'. The other two terms arise [rom the
interaction of difterent points. Synchronization ( or desynchronization) is described by the first
of these terms. When B = O the angle differences 6,- 6, grow toward a splay state. Past a
threshold value of  the angle ditferences contract untill synchronization is achieved. This
threshold is given by the equation

1-p*-PpaN =0 (22)
This is an excellent fit to the curve in Fig.2.

Finally the last term in Eq.(20) describes the increase of phase velocities of points as they
approach each other to the synchronous state, or the decrease of velocities as a splay state 18
approached.

ANALYSIS OF SYSTEM WITH RLC LOAD

A similar analysis can be carried out for the more general case described by Tigs. (3) and
(4). Thas calculation is rather lengthy and here the detailes [ 10] are omitted, resulting in the
synchronization condition '

(1= B9 (1- ) - B2, 1 aN) <0 (23)
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Various limiting cases lollow. When the load is purely capacitive p;, — n, ~ 0 and Eq.(22) 15
recovered.
When P = 0, the synchronization condition is

1-p,=1-LCE <0 (24)
In our units the condition obtained by Wiesenfeld and Swift [8] is LC(I* - 1) > 1. For b «
1, I » 1 the two conditions agree.
When p, = 1, the system is in resonance and the synchronous state is always stable tor
B>0. '
Finally when driving current I is very large u, » 1, the condition becomes approximately

(- PHLI+B(2R + D >0 (25)

independent of C.

[t is clear that similar calculations can be carried out for an arbitrary load impedance 7,
(both for one-dimensional and two-dimensional arrays), leading to well detined conditions for
synchronization or desynchronization. The growth rates of the instabilities leading to the final
state are given by the coefficient of the sin(0; - 0,) term.
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MODELING ELECTRONEGATIVE PLASMA DISCHARGE

A. J. Lichtenberg and M. A. Lieberman

Department of Electrical Engineering and Computer Sciences
and the Electronics Research Laboratory -
University of California, Berkeley, CA 94720

ABSTRACT

Macroscopic analytic models for a three-component electronegative gas dis-
charge are developed. Assuming the negative ions to be in Boltzmann equilib-
rium, a positive ion ambipolar diffusion equation is derived. The discharge con-
sists of an electronegative core and electropositive edges. The electron density
in the core is nearly uniform, allowing a parabolic approximation to the plasma
profile to be employed. The resulting equilibrium equations are solved analyti-
cally and matched to a constant mobility transport model of an electropositive
edge plasma. The solutions are compared to a simulation of a parallel-plane r.f.
driven oxygen plasma for p = 50 mTorr and 7., = 2.4 x 10!> m~3. The ratio
ag of central negative ion density to electron density, and the electron temper-
ature T, found in the simulation, are in reasonable agreement with the values
calculated from the model. The model is extended to: (1) low pressures, where
a variable mobility model is used in the electropositive edge region; and (2) high
o in which the edge region disappears. The inclusion of a second positive ion
species, which can be very important in describing electronegative discharges
used for materials processing, is a possible extension of the model.

I. INTRODUCTION

Considerable effort has gone into the development of equilibrium discharge models for elec-
tropositive plasmas. These include particle-in-cell (PIC) codes (1,2, 3], fluid codes {4], and analytic
approximations [5,6,7]. Plasma processing, however, usually involves electronegative gases and gas
mixtures. The work presented here is based on and extends two models developed in our group to
determine the behavior of oxygen discharges [8,9]. Oxygen is chosen both because of its usefulness
in processing and because the reaction rates are relatively well known. In one study [8] a volume
averaged two-dimensional model is developed, particularly for high plasma density (high power) low
pressure discharges, which can be obtained, for example, in electron cyclotron resonance (ECR) and
RF inductive sources. In a second study a theory is developed to treat an electronegative plasma
with a planar spatial variation, at sufficiently high pressure that a constant mobility ion transport
model is adequate, and when only a single positive ion species is important [9]. This situation
applies to an oxygen discharge at low density and high pressure, in which dissociation of Oj is
not important. It was shown that the plasma is divided into a core electronegative region and an
edge electropositive region, each with constant (but different) ambipolar diffusion coefficients [9].
Here, in addition to presenting some of the previous work, we develop a comprehensive, analytic,
global model that is applicable over a wide range of pressures and powers. The model includes the
relevant reaction rates appropriate to all of the significant ion and neutral species, as given in Ref.
[8], which includes the presence of a second positive ion species. It also explicitly includes a core
electronegative region with a surrounding electropositive region, but in a manner such that either
region can essentially vanish in some parameter ranges. A Bohm condition for the particle flux at
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the plasma-sheath edge, which is valid over the entire range of electronegativities, is used.

II. PHYSICS BASIS
A. - Global Equilibrium

We previously considered the set of collisional reaction processes for an oxygen discharge as
given in Table 1 [8]. :

Table 1. Model Reaction Set

Reaction Rate Coefficients

e+ 0, Of +2e ky = 9.0 x 107107 2¢~126/T ¢mp3.g-1

e+ 0, OCP) + O(’D) + e ky = 5.0 x 10~8e~84/T cm3.s~1

e+ 0, 0(31)) + 0~ k3 = 4.6 x lo—lle(2.9l/T ~12.6/T +6.92/T )cm3_s—1
e + O(°P) Ot + 2% kg = 9.0 x 1079727e~136/T c3.5-1

0~ + 07 _ O(*P) + 0, ks = 1.4 x 10~ "cm3-s™! :

0~ + ot O(®P) + O(’P) ke = 2.7 x 10~ "cm3-5~!

e+ 0O~ O(SP) + 2 k=173 x 10——7e(—5.67/T +7.3/T -3.48/T )cma_s-l
e+ 0 OCP)+ O(’P) + e ks = 4.23 x 10~ %¢3-36/T ¢m3.s?

e + OC°P) O('D) + e kg = 4.47 x 10~%¢~2-286/T ¢p3_5-1

O('D) + 0, O(°P) + O k1o = 4.1 x 107 cm3-s71

O('D) + O(°P) O(*P) + O(°P) ki = 8.1 x 1072cm3-57!

0('D) =D o¢Pp) kiy = Dog/A% 57!

e+ O('D) — Ot + 2e ki3 = 9.0 x 10797%7e~11.6/T ¢m3.s~!

o+ ™% oep) kig = 212.3T05(2nr2 hy, + 27752, hR) 57!

of (wall) 0. kis = 149.9T25(2rr2 by + 27728, hR) 5™}

T. [=] eV; p [=] mTorr.

Using these reactions for the creation and destruction of the various species, the simplest set
of volume averaged global equilibrium equations assumes that the species densities are essentially
constant in the bulk with density n, falling rapidly to a density n, at the plasma-sheath edge.
Keeping only the most important rate coefficients from Table 1, this yields the following equations:
Neutral (O and O;) particle balance:

2 Kgisshenog = Keno 3 K, = S/V, (2.1)

G = Kyissnenoz + Krnos (22)

Positive ion (0% and OF) particle balance:
Kizneng = Krecyn-nyy + nsluBl(Aloss/V) (2.3)

Kianengs = I"’reczn—-n2+ + ns2uB2(Aloss/V) (24)

Negative ion (O~) particle balance:

Kognenos = I(recln—nl-{— + I\’rec2n—n2+ (25)
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Power balance: )
Pabs Z(I‘ izlnenogcl + I(izZnenO2gc2)V

(2.6)
+ (nsl up1 + ns2uB2)(€ew +‘giw)Aloss )

Charge neutrality:
' iy + N2y = 0.+ n_ = n(l + @) (2.7)

Here the densities ny4 and ny4 are the positive ion densities of O* and 0'2*', n. is the density
of O~, S is the pumping speed, G is the O, source flow per unit volume, £, and &. are the
collisional energy losses per ionization [8], &, and £;,, are the electron and ion energies lost per
electron-ion pair lost to the wall, and V and A4,,,, are the plasma volume and plasma area for losses,
respectively, and up; 2 are the Bohm velocities of Ot and 0;’. For ease of recognition we have
renamed the reaction rates in Table 1: Ky;ss = ks, Kiz1 = k4, Kizo = k1, Kree1 = ke, Kree2 = ks,
and K, = k3. Reactions and rate coefficients omitted from the equations are of lesser importance,
and excited states are ignored except in contributions to £,; and &.,. For the neutral dynamics we
assume a low fractional ionization and a low recombination coefficient at the walls for production
of Oy from O. :

For a high power (high plasma density), low pressure (low neutral density) oxygen plasma
discharge, as analyzed in Ref. [8], the neutral oxygen is nearly fully dissociated, the ratio a =
n_/n. < 1, and the collisional regime is such that the variable mobility one dimensional solutions,
as analyzed by Godyak and associates [5], are relative flat, except near the sheath edge. In this
regime the set of equations (2.1)—(2.7) can be directly analyzed to obtain a reasonably accurate
description of the plasma equilibrium.

B. Spatially-Varying Three-Species Equilibrium

In this model [9], we consider a subset (OF, O~, e) of charged particle species in a 1D (slab)
geometry, and determine the spatially varying profiles of the species. We find that the discharge
generally consists of an electronegative core, surrounded by electropositive edge regions in which
n_ x 0. Depending on the parameters, the electropositive or electronegative regions can essentially
vanish.

To determine the spatial variations, as in electropositive plasmas, for each charged species we
write a flux equation

I'i=-DiVn; £ nju; E;, : (2.8)

where D; = kT;/m;v;, p; = |q;|/m;v;, with v; the total momentum transfer collision frequency and
the + corresponds to positive and negative carriers, respectively. In equilibrium the sum of the
currents must balance,

N
ZQiri = 0. (2.9)
i=1
If we make the additional assumption that both negative ion species are in Boltzmann equilibrium,
Y- _ Y0 (210
n. Te

where v = T,/T; (T; is the temperature of both ionic species), then, using charge neutrality and
the Einstein relations, together with (2.8)-(2.10), we obtain an approximate ambipolar diffusion
coefficient for the positive ions

(2.11)

The structure of D,y is easily seen from (2.11). For a > 1, ¥ cancels such that D,y =~ 2D,.
When o decreases below 1, but ya > 1, D,y = D,/a such that D, increases inversely with
decreasing a. For ya < 1, D,y =~ 7Dy, which is the usual ambipolar diffusion without negative -
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ions. For plasmas in which a > 1 at the plasma center the entire transition region takes place over
a small range of 1/y < a < 1, such that the simpler value of D,y = 2D, holds over most of the
electronegative plasma core, except near n_ ~ 0.

Consider now the positive ion diffusion equation, keeping only the dominant reaction rate
constants, with only OF present. In plane-parallel geometry we have

—d_(i: ( a+(a)dn+) = Ki;no2ne — Krecnyn_, (2.12)

where no2 is the neutral gas den51ty We eliminate n, (through charge neutrality) and n_ (through
a), to obtain

d dn
4z ( at(n4)—— +) = Ki;noane(nt) — Krecnyn-(ny) (2.13)

where D, (n4) given by (2.11) is a complicated function of n4 and three constants ag = n_g/neo
the ratio of n_ to n. at the plasma center, n., and T.. To determine the three constants we use:

positive ion particle balance,

¢ ¢
Dy —— dny = / K;,noyn.dz — / K eenyn_(ny)dz; (2.14)
dz o 0
negative ion particle balance,
¢ ¢ ‘
/ Kaunoanedz —/ Krecngn_(ng)de = 0; (2.15)
0 0 '
and energy balance,
¢
P = 2&:/ K. noan.dz + 2Ewn+(£p)u3 (216)
0

where £.(T,), the collisional energy lost per electron-positive ion pair created, is a known function of
Te, and 2&,,n4 (€,)up is the kinetic energy lost to the wall. Given the plasma length 2, and power
P,ss, the three equations can be simultaneously solved for the three unknowns T, ag, and n4g.
However, the plasma edge £, is not exactly known, but is dependent on the Bohm flux condition

dn+

~Dav 5~

= n+(£P)u‘B(Te, 1, a)v (217)

z={£

which indicates where the sheath begins. Here a = a({,) = n_({,)/n.(€,). Since negative ions
may be present when (2.17) is satisfied, the Bohm velocity may have the more general form [10]

[ eTe(1 + @) 172

which reduces to the usual expression ug = (eT./M,)'/? when a = 0. For @ > 1/7, the negative
ions significantly reduce the Bohm velocity.

There are three different electronegative discharge equilibrium regimes depending on neutral
pressure and applied power. (1) At low pressure and high power, ag is small. The negative ion
density becomes quite small well within the plasma volume, such that the plasma can be treated as if
it is essentially electropositive. (2) In the opposite limit of high pressure and low power, o > 1 and
a significant density of negative ions may exist, which, from (2.18), gives a significantly depressed
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Bohm velocity with essentially no electropositive edge regions. (3) An intermediate regime can
exist where the central o may be quite large but a significant edge region has « near zero, allowing
the usual Bohm velocity to be used at the plasma edge.

III. APPROXIMATE SOLUTIONS
A. Three Component Model with Electronegative and FElectropositive Regions

Consider, as in previous work [9], that a central region of the discharge exists in which a is
sufficiently large that D,y = 2D, but that the effect of positive-negative ion recombination can
be neglected in determining the spatial distribution. The diffusion equation (2.13) then takes the
simple form

d’n .
_2D+d_2+ = Ki;n02ne0,

where (2.10) with v > 1 allows us to set n, &~ n.. In this approxxmatlon n4(z) has a simple
parabolic solution of the form

ny 2
—=——+1=a0(1———-— +1, (3-1)
Neo Neo

where £ is the nominal position where a = 0 (see Fig. 1). The a > 1 solution is matched to
an o = 0 electropositive edge solution, which in turn determines the position of the plasma edge
satisfying (2.17). The analysis is simplified by assuming that n.y is known. The absorbed power
Py is then obtained a posteriori from (2.16). If P,;, is specified rather than n.o, then n.o can be
obtained iteratively, as is done for T,, as described below.

In the development that follows we use the parabolic profile. However to allow the results to
be used at small op, we use an average value of the diffusion coefficient obtained by substituting

an average @ = &, where a = %ao in the parabolic approximation.

Substituting this averaged D,y in (2.14) and (2.15) and 1ntegrat1ng, we obtain, respectively,

. 8 2 2D, 40
Ki;nol = Krechep (1500 + 300) {4+ __"azt' 0 s (32)
- . 8 2 .
K attn02£p = Krecneo 15(10 + 300 l, : (33)

where in (3.2) the integration is only over the strongly electronegative plasma. At « = ¢ this
electronegative solution is matched to an electropositive edge solution. The electropositive solution
could be a sinusoidal profile, at higher pressures, a more nearly constant profile, at lower pressures,
or a profile intermediate between the two. In previous work a parabolic profile was assumed in the
electropositive region also, and the fluxes matched at the interface between the regions, to solve
for the ratio £/, [9]. Here, in order to accommodate the flatter profile at lower pressures, we use
a somewhat more general approach.
First, assuming ¢/¢, is known, we solve (3.3) to obtain

5 5 2 15 K att NO2 If
=_2 2 . 3.4
%0 8+\/(8) T S Ko oo £ (34)
Since £/£, is near unity for large ag, the weak dependence on £,/¢ is not significant; once a complete
solution is found, the value of oy can be improved by iteration. For large g (3.4) exhibits the

important scaling ap o (no2/n)'/%. To obtain a relatively simple overall solution we also make
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the assumption that the density in the electropositive solution is relatively constant, except very
near the sheath, such that n. can be set equal to ne in the integral term in (2.14). In this
approximation particle conservation in the electropositive region yields

Mﬁg + I\"iz'nogneo(fp - f) = neohsup, (35)
where hy = n,/ne can be obtained in various approximations. As in previous work [9], the
temperature sensitive term K, can be eliminated by substituting K;, from (3.2) into (3.5) to
obtain
- ¢, 8 , 2

2Da+aoﬁ + Koyecnieo (—l—gao + §ao (fp - f) = hyup. (36)
which is valid provided £/¢, < 1. Equations (3.4), (3.6), and (3.2) can be solved simultaneously for
ag, £/L,, and T,, given n. as the independent parameter. Alternatively, a useful analytic method
is to iteratively solve (3.4) and (3.6), which are not very sensitive to T, with an assumed 7, and
then use (3.2) to iteratively improve the estimate of T,. The procedure converges rapidly [9]. The
power absorbed is then obtained from (2.16).

We give a comparison of the results of PIC simulation with the model, in Fig. 1, for a
higher p case in which the constant mobility ion transport model for the electropositive edge is
reasonable. The results indicate that the parabolic approximation is good in the electronegative
region. Computing an effective electron temperature from 7, = %(E' ) we find T, = 2eV in the PIC
simulation and T, = 2.05eV from the model, an excellent agreement. In Fig. 1 the central model
density is normalized to that of the PIC simulation to compare the profiles. An ag = 11, obtained
from the model, is 30 percent larger than the oy = 8 obtained from the simulation.

207 < T =
—— Simulation
--- Theory -
Q'E ”
=
< |
K
V —
Q
3
3 -
¥
< -
£
& 026 S _
0.0 , ' —
0.0 0.01125 0.0225
x [m]

Figure 1. Comparison of analytic solution with simulation; n.q and ¢, (at u; = ug) in
the analytic solution are matched to the simulation; p = 50 mTorr and n. = 2.4 - 10%°
m~3; constant mobility model is used in the electropositive region.

B. One Region Solution for Large Electronegativity

For sufficiently large ag the electropositive edge region disappears. Assuming that the parabolic

252




solution is still a reasonable approximation for the negative ions

2

z
N_ = Neply (1— —Z-z-) , T <{p,

but with £ > £, then the particle balance equation for positive ions is
202 14 12
K;.no2ne0l, =Krecn§0 {agl,’p (1 - §£—; + g—ﬁ +oplp | 1 - Ee—;’
e2
+ neo |0 —22’3) +1| up

where up is given by (2.18) with
2
a=og ( - K_;) . | (3.8)

(3.7)

The negative ion particle balance is

I(attnOZneoep = I('recnzo { * } ) (39)

with the { - } repeated from (3.7). The third equation to complete the set is matching the positive
ion edge flux

B ¢ £
2Da+a0neoe—§ = e [ao (1 - Z—g) + 1] uB. (3.10)
For o > 1, keeping only the terms quadratic in aq in (3.9), we obtain
- 1/2 22 24 -1/2
oo = (ngttno2) 1— 2_;2: + l__ig ) (3.11)
Kirecneo 3¢ 5¢
From (3.10) )
2D,
e % (u Z+ + 1)
~ = Bp : (3.12)
f% Qo + 1

Using these equations we have been able to explore the transition from a two region regime to
a one region regime as the electronegativity ap increases. This is shown in Fig. 2, where the solid
line for £/¢, < 1 (two region regime) is to be compared with the diamonds for £/£, > 1 (entire
plasma electronegative). The jump in £/£, is caused by a jump in Bohm velocity in the somewhat
idealized treatment. However, there is a hidden restriction, that has not been taken account in
the two region model, which is that the ion flow cannot exceed the ion sound velocity. When this
restriction is imposed (slightly modifying the theoretical treatment), the solid dots are obtained,
giving an essentially continuous solution.

C. Ezxtensions to Multi-Component Plasmas and to Better Approzimations
The analysis presented above can be extended to additional plasma components. For oxygen,

as described in Sec. II, O and Ot must also be included if the analysis is to be applicable to a wide
range of pressure and power. A set of equations have been obtained for two positive ion species
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(four total species) using the same approximations as in sections A and B. We are in the process
of determining the solutions to these equations over various ranges of pressure and power. We are
also exploring better approximations to treat both the electronegative region at large a, and the
electropositive edges at intermediate-to-low a.

1.3
gooooOO °
11} ]
a
ﬁ 0.9
0.7 -
0.5 :
0.10 1.00 10.00 100.00

alpha0

Figure 2. Analytic results of £/£, is g as n.g is varied; p = 50 mTorr; variable mobility
model is used in the electropositive region.
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PLASMA CHARACTERIZATION STUDIES FOR MATERIALS PROCESSING

E. Pfender and J. Heberlein

University of Minnesota
Minneapolis, MN 55455

ABSTRACT

New applications for plasma processing of materials require a more detailed understanding
of the fundamental processes occurring in the processing reactors. We have developed reactors
offering specific advantages for materials processing, and we are using modeling and diagnostic
techniques for the characterization of these reactors. The emphasis is in part set by the interest
shown by industry pursuing specific plasma processing applications. In this paper we report on the
modeling of radio frequency plasma reactors for use in materials synthesis, and on the
characterization of the high rate diamond deposition process using liquid precursors. In the radio
frequency plasma torch model, the influence of specific design changes such as the location of the
excitation coil on the enthalpy flow distribution is investigated for oxygen and air as plasma gases.
The diamond deposition with liquid precursors has identified the efficient mass transport in form of
liquid droplets into the boundary layer as responsible for high growth, and the chemical properties
of the liquid for the film morphology.

INTRODUCTION

Plasma processing of materials continues to be a growing area, with specific applications
ranging from plasma spray coatings to synthesis of ultrafine particles, from high rate deposition of
diamond films using a thermal plasma CVD process to destruction of hazardous wastes. The
increasing importance of this technical area is demonstrated by the fact that industry is increasingly
making use of basic results obtained under this program, and providing additional funding thus
leveraging the DOE funded effort.

In previous characterization efforts we had shown that many diagnostic techniques relying
on line-of-sight or on time averaged measurements have limited value for characterizing plasma
reactors with highly turbulent and reacting flows [1,2]. To improve our capability for describing
plasma reactors used for materials processing, we have chosen (a) new diagnostic approaches
relying on locally and/or temporally resolved measurement techniques, and (b) new modeling
approaches. Two new diagnostic methods are being employed, the first being a high speed laser
strobe video system, the second being based on laser scattering techniques developed at the Idaho
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National Engineering Laboratory [3]. The new models have addressed issues of practical
importance to materials processing reactors, such as radio frequency induction (RFI) plasma
reactors with unusual geometries and different processing gases, and of d.c. arc jets either highly
turbulent as used for atmospheric pressure plasma spraying, or possessing supersonic velocities
with gases used for the deposition of diamond films. In this paper we will focus on two major
efforts: (a) the description of the modeling approach and results of the RFI plasma reactor model,
and (b) the experimental characterization of the novel method for diamond film deposition at ultra-
high rates using liquid precursors. It should be noted that three additional efforts have been
initiated for characterizing processing plasmas which cannot be discussed here due to space
limitations: (1) the set-up and initial results of the laser scattering system for characterization of
non-uniform, flowing plasmas, (2) the modeling of the diamond deposition process with liquid
precursors, and (3) the application of the thermal plasma CVD process to the deposition of dense
yttria stabilized zirconia films as they are used as electrolyte in solid oxide fuel cells.

MODELING OF HIGH-FREQUENCY (RF) PLASMA REACTORS

The application of RF plasma reactors for the synthesis of fine particles, for thermal plasma
chemical vapor deposition (TPCVD), and for toxic waste destruction has been attracting increasing
interest in recent years. RF plasmas are particularly suited for the synthesis of fine particles and for
TPCVD if purity of the product is a primary concern, because electrode contamination is avoided.
Toxic waste destruction with RF plasmas, on the other hand, offers the advantage of compatibility
even with corrosive substances, since there are no electrodes in contact with the plasma.

For a better understanding of the characteristic features and for potential scale-up of such
reactors, extensive modeling work has been conducted over the past two years. This work has laid
the basis for additional funding from industry leveraging the DOE support.

Although modeling of RF plasma reactors has been previously reported, mainly with argon
as working gas[1,2], in this modeling work, two different configurations and working gases have
been considered, guided by potential applications. In case 1 our efforts focused on the conditions
within the reactor itself with oxygen as working gas. In case 2, the plasma tail flame emanating
from the reactor was of particular interest with air as the working gas. Because of space
limitations, only the most important findings will be discussed in this paper.

Since the basic equations are the same for both cases, these equations will be briefly
discussed in this paper.

Apuy , 13prv) _
Jdz r or
where p, u, v are the density, axial velocity and radial velocity respectively.

Continuity:

Z-momentum:
Ju v dP d duy 10 ou ov
U+ PU— = ——— - 2 — +—— —+—||+pg+F 2
P P = o 92( &)r&r['(&r &):’pg' @
where P is the pressure, F; is the body force in the z-direction, and He = [f + Mt (1] : laminar
viscosity, U turbulent viscosity)

T-momentum:
dv OJP 20 v o dv ou)| 2uv  puw?
+ — -+ —+F
¢ r&r(#‘rc?r) 32[ ‘(az &)] EEAEEA
where w is the tangential velocity and F; is the body force in the r-direction.
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6-momentum:

Arw), Arw)_9(, drw)),10(, drw)) 22, |
P P o .‘az(“' % )+r&(”=’ o ) 7 ar ) @

where w is the tangential velocity.

Energy: , A
oh oh J|Aoh) 12| A Ooh
pu—a—+p E'E(c 32J+rar[c 8 ]+q, T ©)

where h 1is the gas enthalpy, Cp is the specific heat, gy is the Joule heating term, and gr are the
radiative heat losses.

Vector potential equations (see Ref. 3): '
4, 10 aA,,) Ag %A, 1 a( OA, )
+ 24 A, =0 Ly - —+ COA =0 6
57 rar(r = | Hoowd, Fr R L HoO (6

where AR and Ay are the real and the imaginary parts of the vector potcnual Ag. The electric and
the magnetic ﬁelds are related to thc vector potential by the following:

; d ‘
E, =—iwA, HoH, —‘_(rAa) HoH, = 3Z(Aa) o Q)

The radial and axial body forces acting on the plasma F;, F;, and the volumetric heat generation
due to the Joule heating qj are: _

1 . 1 . 1 .
F = EpoaReal[EeH,] F,= —EyoaReal[EaH,] q, =—2-0'[E,E,] ©)
where * denotes complex conjugate quantities.

Turbulent kinetic energy, k:

dk dk d ok} 120 u, ok |
- o B i - 10
puaz+pvar [(u,-&» Jaz) rar[{# + ,,)ar]J’G pE | (10}

where
2 2 2 2 2
R BRI 6 K T
oz or. r or\r or 0z Jz
Dissipation rate of turbulent kinetic energy, €: |

de_de I de) 19 de| ¢
— PV e = e —_—— aad B - ~C 12
P P o az((“‘+ ]a:]ﬁai (" e )8r] k(C“f“G af aPe) (12

€
where Cyy, Ce1, Ce2, Oh, Ok and O¢ are empirical constants of the k-€ turbulence model [4,5]:
Cy Csl Cez O',, Gk ae .

0.09 192 144 09 1.0 13
and the corrections fg] and fg2 in the € equations are given by

fa=1+ (0}05 ] fe=1- exp(—Rf) |

i

257




The Lam-Bremhorst form of the Low-Reynolds-Number k-€ model is given by:

o "T"z where fu= [1 —exp(-0.0165R, ) ] (1 + -2%-5-J

t

K=C

I

2
pky and R, = Pk~

with R, =
#: Aul

Results - Case 1:

A computer program has been developed to model the temperature and flow fields inside an
RF plasma reactor for oxygen plasmas. - This program is based on the SIMPLER algorithm [6].
The program solves the equations of conservation of mass (continuity), conservation of
momentum and conservation of energy simultaneously. The source terms of the momentum and
energy equations are supplied by the solutions from the vector potential equations (partial
differential equations) of the electromagnetic field. In addition, a low Reynolds number, k-¢
model is employed to model the turbulence in the plasma. The diffusive term of the momentum
equations (effective viscosity) are supplied by solving the turbulent kinetic energy equations (k)
and the turbulent kinetic energy dissipation rate equations (€). The strong intercoupling between
the partial differential equations makes modeling of RF plasmas a complex task.

A schematic of the RF plasma torch with the computational domain and gcometry is shown
in Figure 1. Based on the assumption of rotational symmetry, steady flow, local thermodynamic
equilibrium (LTE), and optically thin conditions, solutions of the conservation equations have been
obtained in terms of temperature and flow fields. Plasma properties and plasma compositions are
calculated using the PLASMA code developed at the High Temperature Laboratory at the
University of Minnesota.

As an example, Fig. 2 shows temperature and flow profiles at power levels from 10 to 30
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Fig. 1: Schematic of the RF plasma Fig. 2: Temperature and flow fields of
torch (Case 1) oxygen plasmas at two power levels




kW and a gas flow rate of 50 sim. The maximum temperature in the plasma (approximately
12,000 K) remains almost the same as the power dissipation in the plasma increases, but the
volume of hot plasma expands downstream. This behavior is typical for thermal RF plasmas.

Results - Case 2:

The same approach and essentially the same assumptions have been used to model
temperature and flow fields for the RF plasma reactor configuration shown in Fig. 3, but in this
case for air as the working gas (1 atm). It is obvious from the schematic of Fig. 3 that the
emphasis for this calculation is on the tail flame of the RF plasma.

As an example, Fig. 4 shows temperature and flow fields for a plasma power of 25 kW.
As the power level increases, the maximum temperature (approximately 11,000 K) remains almost
the same as in case 1, but again, the hot plasma expands somewhat farther downstream and, at the
same time, the velocity in the tail flame increases substantially as shown in Fig. 5. This leads to a
substantial increase of the enthalpy far dewnstream from the exit-nozzle (see Fig. 6).
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DIAMOND DEPOSITION EXPERIMENTS WITH LIQUID PRECURSORS.

We have previously reported results of experiments in which very high growth rates of diamond
films have been obtained by injecting liquids in form of an atomized jet in a counterflow
arrangement into a plasma jet [10]. Liquids used in these studies included a variety of organics
including PCB contaminated oils. We had demonstrated that jet fluctuations could lead to film non-
uniformities. In order to obtain a better understanding of this deposition process, controlled
experiments were performed in which the effect of mass transport was investigated. These
investigations included (a) determination of the droplet size for different liquids using our
atomizing nozzle in a particle size diagnostics wind tunnel, (b) an analysis of the evaporation
behavior of the different liquid droplets used, and (c) observation of the droplet trajectories in the
reactor for counterflow injection and for injection from the side parallel to the substrate. The
specific liquids investigated were acetone, ethanol and toluene. It was found that differences in the
physical characteristics of these liquids did not influence the mass transport to the substrate. The
droplet trajectories were observed with the laser strobe video system. A new reactor had to be
designed for this purpose with windows which would allow laser beam access and observation of
the reflected signal without disturbing the flow pattern in the reactor. Fig. 7 shows schematically
the set-up of the laser strobe video system. The electronic shutter of the CCD video head opens for
50 ns during which the nitrogen laser delivers a pulse. The light reflected by the droplets passes
through a narrow line filter to block out background radiation and is captured by the video head.
The images are recorded on tape and are then processed by computerized image analysis. Fig. 8
shows a computer enhanced image of droplets injected from the side 5 mm above the substrate
interacting with the plasma jet coming from the top of the picture. It is apparent that droplets nearly
reach the substrate providing efficient mass transport. We have found a dependence of growth rate
on the plasma torch power, indicating that the diamond film growth may be limited by the amount
of atomic hydrogen provided by the plasma jet. One observation which we cannot explain at
present is that the diamond crystal size is quite different when different precursors are used. Fig. 9
shows SEM photos of films obtained with acetone and with ethanol, indicating the larger crystal
size obtained with ethanol.

In order to guide further diagnostic experiments, we have initiated the modeling effort
which includes description of the droplet formation, droplet - jet interaction, and the surface
chemistry.
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Fig. 7. Schematic of liquid droplet injection reactor and of laser strobe video set-up.
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Fig. 8: Computer enhanced video image of plasma jet (center top) and of liquid droplets (injected
from the left). The dark region in the center is a reflection from the substrate.
Injection probe position: 3 mm above the substrate;
Liquid: ethanol; atomizing gas: hydrogen;
Torch power: 10.5 kW.

Al 0608
ethanol

acetone

Fig. 9: Scanning Electron Micrographs of diamond films obtained from acetone and from ethanol
with side injection for identical torch operating conditions.
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CONCLUSIONS

Modeling of inductively-coupled RF plasmas indicates that with oxygen or air as the
working gas, the maximum temperature in the plasma remains almost the same (around 11,000 K),
regardless of the power input to the plasma. The hot plasma, however, extends farther
downstream as the power input increases and, at the same time, the velocity in the plasma tail flame
increases for the same mass flow rate. The quantitative description of the process details allow the
derivation of scaling laws for process reactor design.

For a better understanding of the unusually high growth rates (up to mmv/hr) of diamond
films observed with liquid precursors injected into a thermal plasma jet, droplet visualization tests
have been made, using a laser strobe system. The results show that the plasma jet accelerates the
droplets towards the substrate, and some of the droplets almost reach the substrate surface,
providing an efficient transport of chemically active species to the surface. The availability of
atomic hydrogen seems to be a limiting factor for diamond growth in this case. The size of the
well-faceted diamond crystals varies with different precursor materials (acetone, ethanol, benzene,
etc.), an observation which remains unexplained at this point. Modeling of this process is
necessary to enhance our understanding of the process details and to allow us to make full use of
the high diamond film growth rates.
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HYDRODYNAMIC THEORY OF DIFFUSION IN TWO-TEMPERATURE
MULTICOMPONENT PLASMAS

J. D. Ramshaw and C. H. Chang

Idaho National Engineering Laboratory
Idaho Falls, ID 83415

ABSTRACT

Detailed numerical simulations of multicomponent plasmas require tractable ex-

pressions for species diffusion fluxes, which must be consistent with the given

plasma current density J, to preserve local charge neutrality. The common sit-

uation in which J, = 0 is referred to as ambipolar diffusion. The use of formal
kinetic theory in this context leads to results of formidable complexity. We derive

simple tractable approximations for the diffusion fluxes in two-temperature multi-

component plasmas by means of a generalization of the hydrodynamical approach.
used by Maxwell, Stefan, Furry, and Williams. The resulting diffusion fluxes obey

generalized Stefan-Maxwell equations that contain driving forces corresponding to

ordinary, forced, pressure, and thermal diffusion. The ordinary diffusion fluxes are

driven by gradients in pressure fractions rather than mole fractions. Simplifications

due to the small electron mass are systematically exploited and lead to a general

expression for the ambipolar electric field in the limit of infinite electrical conduc-

tivity. We present a self-consistent effective binary diffusion approximation for the

diffusion fluxes. This approximation is well suited to numerical implementation

and is currently in use in our LAVA computer code for simulating multicomponent

thermal plasmas. Applications to date include a successful simulation of demixing

effects in an argon-helium plasma jet, for which selected computational results are

presented. Generalizations of the diffusion theory to finite electrical conductivity

and nonzero magnetic field are currently in progress.

INTRODUCTION

There is a growing interest in the use of thermal plasmas for materials processing and
synthesis applications. This has stimulated a parallel interest in the development and applica-
tion of physical models and numerical methods for performing detailed space- and time-resolved
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simulations of such plasmas [1,2]. Thermal plasmas are inherently multicomponent systems, so
constitutive relations for the diffusional mass fluxes in the plasma are an essential ingredient in
such models. Forced diffusion due to the electric field E is in turn an essential contribution to the
diffusion fluxes. Even in the absence of an external electric field, an internal field spontaneously
arises to preserve local charge neutrality, which would otherwise be disrupted by the natural ten-
dency of the very light electrons to rapidly diffuse away from the much heavier ions and neutral
atoms. The electric field is the mechanism by which the diffusion fluxes are constrained to produce
an electrical current density J, which preserves local charge neutrality. This implies V-J, = 0 at
a minimum, but in many cases the stronger condition J, = 0 is satisfied. Diffusion in this latter
situation is referred to as ambipolar diffusion [3].

Ambipolar diffusion in simple situations is treated in textbooks, but the resulting expres-
sions are inadequate to deal with the arbitrary multicomponent mixtures of present concern. The
required general expressions could in principle be derived from the kinetic theory of gases, but
this theory is usually developed under the assumption that all the species or components share a
common translational temperature. This assumption is frequently violated in thermal plasmas,
where a variety of nonequilibrium effects can cause the electron temperature 7, to be significantly
different from the heavy-particle temperature T [2]. This complication presents formidable diffi-
culties in the kinetic theory, and is a serious obstacle to the development of simple and tractable
approximations for the diffusion fluxes. We have therefore pursued an alternative hydrodynamic
approach [4] which captures the essential physics within a much simpler and more transparent
framework, and permits the derivation of a simple multitemperature ambipolar diffusion formu-
lation [5] suitable for practical calculations and numerical implementation.

The hydrodynamic theory of diffusion has a distinguished history dating back to Maxwell

and Stefan [6,7], and has been further elaborated in more recent times by Furry [8], Williams [9],
and Ramshaw [4]. This theory has largely been superseded by the more accurate treatment made
_possible by the general kinetic theory of gases [6,10], but the latter theory has the disadvantage
of being much more intricate and complex. For this reason, the hydrodynamic theory still retains
value as a simple and physically transparent approach which leads to essentially correct results in
a very straightforward manner. Indeed, the results of the hydrodynamic theory are surprisingly
accurate; in the special case when 7, = T, they are in precise agreement with first-order Chapman-

Enskog theory [4].

THE MULTITEMPERATURE STEFAN-MAXWELL EQUATIONS

The starting point of the hydrodynamic theory of diffusion is a conventional multifluid
description with separate continuity and momentum equations for each of the N species in the
mixture. These momentum equations contain frictional terms proportional to species velocity
differences and thermophoretic force terms proportional to temperature gradients [4]. A reduction
of the multifluid description to a diffusional description results when the friction coefficients are
large, so that the slip velocities between species are reduced to very small values. The separate
species accelerations then become very nearly equal to the mean acceleration of the plasma as a
whole, whereupon the species momentum equations reduce to Stefan-Maxwell equations of the
form [4]

D;; P

St -w=n- (2)e 0
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where 2; = p;/p, p; is the partial pressure of species ¢, p = }; p; is the total pressure, D;; is
the binary diffusion coefficient for the pair (¢, j) (which depends on an effective pair temperature
Ti; = (miT; + m;T;)/(m; + m;), where T; and m; are respectively the temperature and molecular
mass of species ¢ [4]), u; is the specific velocity of species ¢, H; = Vz; + (z; — %:)VInp + K;, p;
and g; are respectively the partial mass density and charge per unit mass of species i, ¥ = p;/p,
p = X ; pi is the total mass density, K; represents thermophoretic force terms proportional to
temperature gradients [4], and we have assumed that the only external forces present are those
of gravity (which cancels out) and the electric field. It is noteworthy that Eqs. (1) have the same
form as the usual single-temperature Stefan-Maxwell equations [10], but with the mole fractions z;
replaced by the corresponding pressure fractions z;. In the present context, all the heavy species
have the same common temperature T, so that T; = T for ¢ # e, while T; = T, for i = e.

Ounly N — 1 of Eqs. (1) are linearly independent, as their sum over i yields 0 = 0. These
equations contain N + 1 unknowns, namely the u; and E. The two additional equations needed
to close the system are

2_piwi = pu (2)
Zpiqiui =J, (3)

where u is the mass-averaged plasma velocity determined by the mean momentum equation, and
J; = 0 in the ambipolar case. Equations (1)-(3) constitute a system of IV 4 1 linear equations
for the u; and E, which must in general be solved at each point in space and time. The resulting
u; then determine the species diffusion fluxes J; = p;(u; — u), which in turn determine the time
evolution of the p; via the species continuity equations [4].

SIMPLIFICATIONS DUE TO SMALL ELECTRON MASS

The diffusion coefficients D;; are of order p,-'j” %, where p;; = mym;/(m; + m;). Since
m, € m; (j # e), it follows that u,; = m, and D.; ~ m;'/%2. The entire left member of Eq.
(1) for i = e is therefore of order m!/2, which is very small and may ordinarily be neglected. We
thereby obtain »

E o H, (4)
which is a general expression for the ambipolar electric field in an arbitrary two-temperature
multicomponent plasma. It may now be used to eliminate E from Eq. (1) for 7 # e, in which the
term j = e may now be omitted from the summation as it is also of order m!/2, The i = e term in
Eq. (2) may be omitted a fortiori, as it is of order m.. When all this is done, Egs. (1) (for i # €)
and (2) no longer involve u., and only N — 2 of Eqgs. (1) for ¢ # e remain linearly independent.
These equations, together with Eq. (2), then constitute a linear system of ¥ — 1 equations for the
N — 1 unknowns u; with ¢ # e. The final unknown u, is then determined by Eq. (3).

The electrical conductivity of the plasma is of order m_'/2 [6], so the resistivity is of order
m!/?. By neglecting terms of order m!/2, we have effectively approximated the resistivity by zero;
i.e., the plasma has been approximated as a perfect conductor. Indeed, Eq. (4) for E may be

interpreted as the generalized Ohm’s law for the plasma in the limit of infinite conductivity.
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THE SELF-CONSISTENT EFFECTIVE BINARY DIFFUSION APPROXIMATION

Self-consistent effective binary diffusion approximations are frequently used to avoid solving
the linear system of Egs. (1)-(3). A rational basis for such approximations has recently been
presented [11] and applied in the present context [3-5]. In the limit of small electron mass, the
resulting expressions for the J; (i # e) take the form [5]

Y, =X -y ZJ? (5)
j#e

where

1]

‘ m;D.-
I = ~ T (pH; — pig;E) (6)

where kp is Boltzmann’s constant. These equations provide explicit approximate expressions for
the diffusion fluxes of the heavy species. The diffusion flux for the electrons is then determined by
Eq. (3). Notice that Egs. (5) and (6) involve the effective binary diffusivities D; [11] and temper-
ature T for the heavy species only. They are therefore well suited for numerical implementation,
where the very large value of D, might otherwise have given rise to unacceptably restrictive sta-
bility and/or accuracy restrictions. These equations are currently in use in our LAVA computer
code for simulating nonequilibrium thermal plasma processes [1,2]. Some illustrative computa-
tional results are presented in the next section.

DEMIXING IN ARGON-HELIUM PLASMA JETS

Demixing effects in plasma torches [12] provide a particularly interesting example of mul-

ticomponent diffusive phenomena in thermal plasmas. For example, in an argon-helium plasma
jet discharging into quiescent air, the helium mole fraction in the jet core at the torch exit is sub-
stantially enhanced relative to the premixed feed gas due to diffusive demixing in the discharge
region [12]. This effect results from an interplay between diffusion and ionization. The ionization
potential of argon (15.8 eV) is considerably lower than that of helium (24.6 eV), so the argon
is preferentially ionized near the torch centerline where the temperature is highest. This creates
radial concentration gradients in both argon ions and electrons, resulting in radial outward am-
bipolar diffusion of argon ions. In addition, each ionization event produces two particles from one,
which reduces the helium mole fractions near the centerline. This causes helium to diffuse radially
inward, resulting in an enrichment of helium near the centerline and a corresponding depletion
near the torch wall. The degree of demixing is primarily determined in the discharge region, but
the diffusional separation process continues to operate for some distance downstream of the nozzle
exit. Eventually, however, recombination occurs as temperatures drop and the argon and helium
remix to regenerate the initial mixture ratio.

A suitable formulation for multicomponent ambipolar diffusion is essential to an accurate
physical description of this and similar effects involving coupling between concentrations and
diffusion fluxes of individual ionized and neutral species. Previous simplified approaches, such
as those in which the plasma is approximated as a two-component mixture of the plasma gas
and air [13,14], are fundamentally incapable of capturing such effects, as they neglect individual
species diffusion fluxes as well as interactions between the multiple dissociation and ionization
reactions occurring in the plasma. For example, ionization of argon is suppressed by the electrons
produced by ionization of other species. Ionization processes are highly energetic and strongly
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temperature dependent, so interaction effects of this type are essential to a quantitative description
of multicomponent thermal plasmas.

The present ambipolar diffusion formulation, as implemented in the LAVA code [1,2], has
been used to perform detailed numerical simulations of demixing in argon-helium plasma jets
and comparisons with corresponding experimental data [12]. LAVA is a fluid-dynamical model
which represents the plasma as an ideal gas mixture with temperature-dependent specific heats
and transport properties. The equations solved consist of the mixture momentum equation for
the plasma, separate thermal internal energy equations for the mixture and electrons, continuity
equations for each component of the mixture, ideal-gas state relations, chemical kinetic rate
expressions, and transport equations for turbulence parameters. The numbers of components and
chemical reactions are arbitrary. Detailed descriptions of the theoretical model and numerical
scheme are available elsewhere [1,2].

The present simulations were performed in two-dimensional cylindrical coordinates, as the
plasma torch is presumed to be axisymmetric. Gravity and swirl were neglected, and complete
local thermodynamic equilibrium (LTE) was assumed. This implies both chemical and thermal
equilibrium, so the electron and heavy-particle temperatures were taken to be equal. Eleven
species were included in the calculations, namely Ar, Art, e~, He, He*, Ny, N, N*, O,, O, and
O*. The formation of NO, is neglected due to the fact that negligible amounts were observed
experimentally. The following six chemical reactions were included: The chemical reactions are

Ar = Art 4e”
He = Het+e™
N, = 2N
0, = 20
N = Nt4e
0 = Ot+4e

all of which are assumed to be in equilibrium.

The geometry and operating conditions of the plasma torch are typical of a commercial unit
(Miller SG-100). This torch has an 8 mm nozzle exit diameter and was operated subsonically.
Torch operating conditions for the data presented are 800 A at 37 V, for a total power input of
29.6 kW, approximately 2/3 of which is deposited in the torch gas. The argon and helium flow
rates were 3200 £/hr and 1331 £/hr respectively, resulting in a premixed [Ar]/[He] mixture ratio
of 2.4. The inflow profiles of Ar and He concentrations, velocity, and temperature at the torch
exit were obtained from the experimental data 0.5 cm from the nozzle exit [12].

Figure 1 shows the computed and experimental argon/helium cold mole fraction ratios along
the centerline. The experimental results were obtained by enthalpy probe measurements using a
differentially pumped quadrapole mass spectrometer system to determine species concentrations
[12]. The cold mole fraction of argon is defined by

- | [Ar] +[Ar*]
477 [Ar] + [Ar*] + [He] + [He*] + [No] + [02] + 3 ([N] + [N*] +[0] + [0#])
where [X] is the molar concentration of species X in the plasma. This is the argon mole fraction

measured by sampling the plasma and cooling it to room temperature at constant elemental
composition. The cold mole fractions of helium and air are given by analogous expressions.

(M
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Figure 1. Calculated and Experimental Argon to Helium Cold Mole Fraction Ratio Along the
Centerline.

Figure 1 shows that the centerline argon/helium cold mole fraction ratio is approximately
1.2 at the 0.5 cm axial location. This ratio is 2.4 for the premixed plasma gas, so the diffusive
demixing effect is quite dramatic. The experimental data show a slight further decrease in this
ratio between 0.5 cm and 1.0 cm, indicative of continued diffusive demixing in this region. Note
that the simulation also captures this effect. Beyond 1.0 cm, the plasma rapidly cools and remixing
again begins to occur, as discussed above.

Figure 2 shows radial plots of the Ar-He cold mole fraction ratio at axial locations of 0.5 cm
(inflow condition), 2.0 cm, and 5.0 cm. After the shear layer surrounding the jet encroaches into
the centerline (which occurs at about 1.0 cm [12]), turbulent mixing overcomes diffusive demixing
and the Ar-He ratio begins to increase again. By 5.0 cm, the profile of Ar-He mole fraction ratio
has been flattened by the mixing process and is approaching a value of about 2.0 on the centerline.
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