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PREFACE

The research reported in this work is based on the continuing
study of the transient properties of dense plasmas by Dr. F. C. Todd
and his dense plasma group, of which this author is a member. A
quadrupole mass filter was employed to investigate properties of a
vacuum spark plasma. In addition, an electrostatic lens system was
constructed to study the velocity distributions of ionic specie which
are emitted from such a plasma. In addition éo the preceeding two
phases, an expanded study was made of two mathematical models which
represent respectively, a laser impact plasma and an expanding plasma
sphere. The former model is a continuation of the doctoral research
by Dr. L. J. Peery and the latter represents a revised approach to
the modeling technique of Dr. R. E. Bruce. Both of these men were
members of the Research Group supervised by Dr. Todd who acted as
major advisor to this student.

The initial phases of this work were completed at the Oklahoma
State University and the current phase was concluded at the Research
Institute of The University of Alabama in Huntsville.

This author is particularly grateful for the opportunity to con-
tinue his education in this rapidly expanding field and for the ex-
perience of having worked with the plasma group. He also shares with
the previous and current members of this group a sincere appreciation
for the lasting benefits which have accrued to those who have par-

ticipated in the work and for the unique talents of Dr. Todd, who
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afforded us this opportunity to contribute.

Appreciation is also expressed for the persons who comprise the
Physics Departments of both Oklahoma State University and The Univer-
sity of Alabama in Huntsville, and for the staff of the Research
Institute. Mr. Richard Rodkin was responsible for much of the elec-
tronic work on the redesigned quadrupole power supply and the electro-
static lens system. Mrs. Sylvia Heard is gratefully acknowledged for
her assistance with the computer programming.

The professional satisfaction, which befalls those who cooperate
on any scientific endeavor toward a successful end, is in itself a
giant reward; and the author is especially thankful for the many
pleasurable hours of enlightening discussions and the many sessions
of mutual cooperation on the theoretical phases of this work with his
good friend, Dr. Larry J. Peery.

The patience, assistance and constant encouragement of my wonder-
ful wife, Eva, during the completion of this work have been the nec-
essary ingredients which have contributed, as much as any other fac-
tors, to 1ts success.

The author is indebted to the National Aeronautics and Space
Administration which has provided the support for his research through
NASA Contract numbers NASr-7 and NAS8-21391 administered through the
Research Foundation, Oklahoma State University and NAS8-25055 admin-
istered through the Research Institute, The University of Alabama in

Huntsville.
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CHAPTER I
INTRODUGTION

It is now well known that, from a scientific viewpoint, man must
describe natural phenomena in terms of the behavior of at least four
states of matter: solid, liquid, gaseous and plasma. While the
transitions éf matter through the first three phases are fairly well
understood, the transition into the plasma state is still the sub-
ject of considerable interest and scientific study. Indeed, it was not
until 1928 that this additional state of matter received a name. It
was Langmuir (1929) who is generally credited with first using the
word plasma to describe the inner region of an electrical discharge.
Previously, Sir William Crookes had described thié new state as simply
.the "fourth state of matter.'" Of course, the plasma state has always
existed and occurs naturally in many forms., It has intrigued the
scientist for many years, perhaps for no other reason than that it
eludes his quantitative description. Some of the more common forms
of this fourth state of matter include solar flares, the aurorae
and lightning. In fact, at least 997 of the matter in our universe
is in the plasma state and this alone should be sufficient just-
ification for the study of plasma physics. Probably the most common
of the forms listed above is the lightning stroke and it is now known
that a transient plasma exists in the earth's atmosphere each time

this phenomenon occurs. These naturally occurring plasmas, however,



while being interesting and the subject of intense investigations, do
not lend themselves to the systematic and controlled environmment of
the laboratory. It is here that the detailed mechanisms of plasma
creation, evolution and decay must undergo the scrutiny of carefully
monitored, diagnostic instruments. In many cases these laboratory
plasmas are able to closely simulate the naturally occurring types.
Some examples of these include electrical discharges in gases, a
simple spark gap in air or vacuum, hypervelocity impact of a particle
on a plate, an exploding wire and the incidence of a focused laser
beam on a target. While these experiments cannot duplicate the mag-
nitude of natural plasmas, many of the essential properties are pre-
sent for an analysis.

The importance of this rapidly expanding field may be readily
appreciated when one contemplates the possible benefits to be derived
by a better understanding in this area. One of the most exciting pro=-
posed application currently being considered is energy conversion by
means of thermonuclear reactions. Many of the ideas being advanced at
present include the use of focused laser radiation to heat small fuel
pellets. As one of the proponents of this idea, Lubin (1970) proposes
to provide the high temperatures and particle densities by this method
to achieve laser~induced fusion. The advent of high-peak-power,
pulsed laser systems appears to be advancing the realization of this
method of power generation. The rapid technological development in
the area of plasma containment is of equal importance as is evidenced
by the tremendous efforts being expended by a wide varicty of re-
searchers. Many of the problems peculiar to plasma containment may

only be solved through a knowledge of the intricate mechanisms of the



plasma during its early stages of development.

There are, of course, many other possible applications of plas-
mas: magnetohydrodynamic power generation; the plasma diode, a form
of thermionic energy converter; the glow discharge which is common
to every fluorescent lamp; and the voltage regulator gas tubes that
are widely used in electronic circuits. Other major applications in
this area are long distance radio communications, which require an
understanding of the refraction properties of the ionosphere, and the
special transmission properties that must be understood, for example,
when communicating with a space vehicle during reentry. Another ex-
ample of plasma application is found in the propulsion field. The
plasma jet is a device which may produce a very high temperature gas
flow suitable for the propulsion of space craft.

The above list represents only a few of the most publicized re-
search efforts and they serve to illustrate typical accomplishments,
as well as the need for continued research.

In many cases, the study of plasma physics cannot be avoided.
One prominent example of this is in the study of hypervelocity impact.
This study, originating primarily from the need to protect space craft
from high energy micrometeriods, has grown to include the investiga-
tion of the complex phenomena at the impact zone. At the instant of
impact, a brief but intense light flash is emitted and the pressures
created by the impacting particles are sufficient to convert the
target material into a hot, dense plasma.

In describing the plasma as a fourth state of matter, many
authors have submitted several definitions. Solomon (1964) presents

the description as a conductor consisting of an electrically charged



gas with ions and electfons. Holt and Haskell (1965) have used the
term, ionized gaseous state, synonymously with plasma. Pai (1962),
also, prefers the more liberalized definition that a plasma is simply
an ionized gas. It is important to realize that, at first, the des-
ignation plasma represented a fully ionized gas in which the excess
electric charge was zero. This case is of course an idéalization.
Most laboratory plasmas are partially ionized and may even contain
mixtures of neutral gas atoms, in addition to singly and doubly
ionized atoms.

The temperature and denéity of plasmas at one atmosphere may vary
somewhat depending on tﬂe material to be ionized. 1In general, number
densitiesbare of the order of 1018 charged particles per cubic centi-
meter and temperatures are of the order of 104 °k. This would be
classified as a relatively cool, gaseous plasma. One must exercise
care in setting limits for the definition of plasmas, however, since
the liberalized use of the term includes at least two classes of
solids: metals‘and semiconductors. These satisfy the conditions at
room temperature, to be called plasmas. The conditions are that the
charged particle concentrations are high enough and consist of approx-
imately equai numbers of positive and negative charges.

For a dense plasma, these requirements may vary considerably.
Laboratory plasmas are produced that are many times as dense as the
solid state. The most striking example of such a natural plasma is,
of course, the sun.

Throughout the text of this thesis, the term "dense plasma" will
be reserved for the case in which a correction to the ideal gas equa-

tion of state is essential for an adequate description of its evolu-



tion. This type of plasma has been among the subjects of investiga-
tion by our dense plasma group for several years. This group consists
mainly of the previous and current graduate students of Dr. F. C. Todd,
who serves as Principal Investigator for this project.

Some of the more recent work by this group is cited to establish
the extent of the foundation for the program of studies that follows.
This work will be documented by giving the datc of the thesis of each
individual responsible for a particular phase of the work. For the
study of dense plasmas, there are essentially five methods which have
been available for plasma production:

1. A Qwswitched, twin ruby laser (Peery, 1967; Robinson,
1970)

2. An exploding wire facility (Yoder, 1970; Hamby, 1970)

3. A vacuum spark gap (Brown, 1968)

4. The hypervelocity impact of sphere (Hardage, 1967)

5. A co-axial plasma gun (Shriver, 1970)

A brief description of the above methods will illustrate the
several techniques which are used and any advantage one may have com-
pared to another. This description is deferred until Chapter II.

The experimental methods for analyzing the properties of these dense,
transient plasmas that have been employed fof taking measurements
may be summarized by the following:
1. A vacuum spectrograph for the far ultraviolet (Payne,
1966; Carpenter, 1970)
2. A pulsed, high gain photomultiplier (Brown, 1968)
3. An electrical probe system to measure plasma expansion

velocity (Robinson, 1970)



4, A quadrupole mass filter (Willis, 1969)
5. An electrostatic lens system used as a velocity aﬁalyzer
(Willis, 1969)

These diagnostic tools have been used separately and as coupied
units in several experiments to determine some of the properties of
the plasmas produced by the methods outlined above.

In addition to the experimental phase of the dense plasma work,
substantial progress has been made in the theoretical area. Some of
the more recent work in this area include the following:

1. A computer model for hypervelocity impact (Sodek, 1965;
Hardage, 1967)

2., A computer model for an expanding plasma sphere (Ables,
1963; Bruce, 1966)

3. A computer model for a laser induced plasma (Peery, 1970)

The general purpose of this thesis is to describe the work which
has béen accomplished on four of the phases that are currently in
progress. These may be roughly categorized into two experimental and
two theoretical parts, although they are interrelated. The experi-
mental work includes measurements on vacuum spark plasmas with an
improved quadrupole mass filter. This device has been used, also, to
investigate the degree of ionization, the variation of ultraviolet
light intensity with time, and the expansion velocity of the laser
induced aluminum plasmas. This work was carried out at Oklahoma State
University in a joint effort with Robinson (1970) and some of the
initial results were included by the author in his Masters thesis
(1969). A further evaluation of this work has been performed and is

presented. In addition, considerable more data has been compiled and
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reduced in conjunction with the aluminum spark gap in vacuum. The
details of the modifications on the quadrupole system will be given
in Chapter III. The electrostatic lens which was designed earlier
has been constructed and is currently in use as a velocity analyzer.
The initial results indicate its usefulness as a device which is cap=
able of yielding direct measurements of ion velocity distributions.

A description of this experimental device is given in Chapter IV.

The two phases of theoretical work include an improved model for
laser induced plasmas. Major credit for this phase of the work is
due to Dr. L. J. Peery, who designed the original computer model and
has continued to be responsible for most of the implementation. The
author's contribution to this effort lies mainly in the area of con-
verting the program to a form compatible with the Univac 1108 computer
system, revising and debugging the program clements, devising a com-
puterized method of data output and reduction, and coordinating a
production run. Some of the results of this production run formed
the basis of a paper which was presented at the November 1970 meeting
of the South Ea;tern Section of the American Physical Society, and
was co-authored with Drs. L. J. Peery and F. C. Todd. A brief review
of this model and some of the preliminary results of the production
run are presented in Chapter V.

The other theoretical phase included in this work is the improved
computer model of an expanding plasma sphere. This work has provided
an improvement to the modeling techniques of Ables (1963) and Bruce
(1966). The essential features of this model and a discussion of the
revisions and improvements will be outlined in Chapter VI. The re-

sults and conclusions are presented in Chapter VII. Suggestions for



for future investigators concerning refinements which may be made to
both the experimental and theoretical phases of the work are presented

in Chapter VIII.



CHAPTER 11
GENERAL AREA OF STUDY

The primary purpose of this section is to outline the four gen-
eral areas of research and then to show their interrelation. As with
most scientific research in which experimental and theoretical data
are compared, the procedure is somewhat arbitrary. 1In one approach,
one may predict theoretical results using a mathematical model and
then take the experimental measurements necessary to either verify
or refute those results. Another approach is to obtain experimental
data and use these results to provide boundary conditions for the
mathematical models. The experimental results may then be validated
depending on whether or not the model produces a solution which con-
verges on a known, correct result.

Actually, both of these approaches have been taken in this work,
so that the relationships between the experimental and theoretical

phases should become readily apparent.
Experimental Phase

The experimental projects which have been undertaken will be
better understood after a brief description of the methods which were
used to produce the dense, transient plasmas under consideration. The
Q-switched, twin ruby laser, designed and constructed by Peery (1967)

and Robinson (1970) produces such a plasma. By impacting a focused
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laser pulse onto the surface of an aluminum target, a dense, rapidly
expanding plasma is produced and is allowed to decay into a vacuum.
The laser gives a giant pulse with 15 joules of energy in 30 nano-
seconds, éo the average power is 500 megawatts.

An exploding wire facility has been designed and is currently
being made operational. This device is capable of producing an
approximately spherical plasma in a very short time. Tt is expected
that the energy input to the aluminum wire will require a time in-
terval of the order of one microsecond. This experiment should pro-
vide the results necessary to compare with the computer model of an
expanding plasma sphere. This model is discussed in detail in Chapter
VI.

The vacuum spark gap is a very simple device for the production
of dense, transient plasmas. It employs spectroscopically pure
aluminum electrodes to which a high voltage is applied and the gap is
allowed to breakdown in a vacuum. A major advantagevof this method of
producing plasmas is the relatively short turn~around-time between
shots. 1It, therefore, has provided an excellent calibration facility
for several of the diagnostic instruments.

Some of the previous diagnostic work on plasmas that were pro=-
duced by the above methods include the spectral analysis by Carpenter
(1970) and the variation of the u.v. and visible light emission by
Brown (1968). The work by Carpenter includes the use of the vacuum
spectrograph to record characteristic radiation emitted [rom the spark
gap plasmas. This instrument employs a section of a Rowland circle
with a range of 100 to 1,400 angstroms. The resolution at 320 ang-

stroms is approximately 3 angstroms per centimeter in the second order.
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Brown recorded the variation with time of the ultraviolet and visible
light with a pulsed, high gain photomultiplier. These measurements
were also made on the vacuum spark plasmas. The resolution of the
pulsed photomultiplier and recorder was determined by the 519 Tek-
tronic oscilloscope and was found to be approximately one nanosecond.

Other previous work includes the probe measurements of Robinson
(1970) on the laser induced plasmas. The data with the Langmuir
probes indicates that the plasma expands with velocities of the order
of 1.6 X 107 cm/sec. The quadrupole mass filter was also employed
to analyze the laser induced plasma. The presence of several ionic
species was experimentally verified and a qualitative analysis was
made of the relative velocity distributions. Some of these initial
results were presented by Willis (1969) and Robinson (1970). These
results include photographs of the output current from an electron
multiplier which was the detector for the quadrupole system. These
results give an indication of the ultraviolet light, metastable atoms
and the ions which are present iﬁ the plasma.

With this discussion of the previous work in mind, the specific

areas of the present work are presented.
Quadrupole Mass Filter

After the preliminary results of the diagnostic work with the
quadrupole were analyzed, it was decided to redesign the power supply
for the system. The continuation of this experimental project was
justified by the encouraging quality of the initial data. Data was
compiled for both types of plasmas which were described above, viz.,

the vacuum spark and laser induced plasmas.
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The present work includes additional measurements taken with the
quadrupole on the vacuum spark plasmas. The major refinements that
have been made to the system include a regulated power supply, which
supplies a constant voltage, and a crystal control for the frequency.
With these modifications, the uncertainity, with which the measure-
ments are taken, has been reduced considerably. 1In addition, a better
data-taking procedure was developed which has enhanced the repro-
ducibility of the results. A more detailed description is provided
in Chapter III. Briefly, aluminum ions Al+l through Al+5 were ine
vestigated with the improved system and some typical results are pre-

sented in Chapter VII.
Electrostatic Lens System

One of the more interesting projects on which this author has
participated, has been the basic research involved with an éttempt
to directly measure the individual velocity distributions of several
ionic species. This work was originated at the suggestion of Dr. Todd
as the initial phase of the quadrupole study was nearing completion.
The design and construction are presented in the work covered by this
author's Masters thesis (Willis, 1969). The original idea precip-
itated from the necessity to isolate the ionized aluminum atoms from
the metastables and the ultraviolet light. The electron multiplier,
which was used as the detector for the quadrupole system, is sensi-
tive to all three of the above signals. The particular difficulty in
separating the final output signal into signals from the respective
sources will be realized by those familiar with this type of detector.

There are, of course, several different approaches to the solution
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of this difficulty and most of them include the use of some combina-
tion of electric and magnetic fields.

Since the aim of the proposed device was not only to separate
the ions from the metastable atoms and light, but to allow a deter-
mination §f velocity dist;ibutions as well, many of the well known
focusing ideas were discarded. A pulsed device was finally chosen
after the investigation of several possible methods. This relatively
new diagndsﬁic device and its method of operation is presented in
Chapter IV. Typical results are provided for measurements made for
ionic species Al+1 through A1+5. The quadrupole mass filter system
was used as the detector for the lens, so that double filtering was

achieved. This novel method is also described in Chapter 1V.
Theoretical Phase

Along with the experimental projects undertaken by this group,
several theoretical programs have been in progress.. The theoretical
studies have consisted mainly of mathematical models of the plasmas
that are produced by the varied methods which are available. Although
these models have not been limited to plasma models per se, most are
either directly or indirectly related to the central problem of plasma
production and evolution. The work of Sodek (1965) and Hardage (1967)
which pertains to hypervelocity impact is only indirectly related to
the work presented in this thesis and therefore no detailed discussion
of it will be presented. Their work has, however, been of great value
to this program. The computer techniques and methods for solving
flow equations which were developed in their work has contributed con-

siderably to the current phases of the work.
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The modeling techniques of Ables (1963) and Bruce (1966) have
been used as a foundation on which to build. Many refinements have
been made and new techniques were added by Peery (1970). The work
of Ables and Bruce included a mathematical model of an expanding
sphere of plasma. The work of Peery involved a'modél and calculations
on a laser induced, aluminum plasma. In general, these theoretical

efforts have been correlated with the experimental work.
Laser Impact Plasma Model

This model was proposed and investigated in conjunction with the
experimental laser facility, which was designed and constructed by
the plasma group. The primary goal of this research was to develop
and apply a mathematical model for the plasma which is created by a
Q-switched laser beam impacting on the surface of an aluminum target.
The plasma 1s assumed to expand in such a manner that cylindrical
coordinates are more applicable than the spherical coordinates for the
earlier models. A cylindrical system of coordinates is required to
follow the emitted plasma as it continues to receive energy from the
incident laser beam. The basis for this model was the macroscopic
equations which determine the evolution of the plasma. A modified,
single fluid theory has been developed and the latest modification was
presented by Peery (1970). Additional improvements to this model of
the laser beam impact have been made and are discussed in Chapter V.
Briefly, some of the refinements include the revision of several of
the program elements, improved digital techniques and a computerized

method of data output and reduction.
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Expanding Plasma Sphere Model

- The complex problems inherent in plasma evolution may be reduced
by a variety of simplifying assumption. Probably, the‘most obvious,
‘and more easily justified, is the reduction to spherical geometry.
The basic assumption in this case, of course, is ﬁhat the expanding
plasma exhibits a spherical symmetry. The extensive work done on
this model by Ables and Bruce has provided an excellent foundation.

The work of Bruce represented an improvement on the previous
work of Ables, significantly in the development of an improved equa=-
tion of state for aluminum. The model, developed as a boundary-value
problem, proved to be most reliable at relatively low densities and
high temperatures. Some of the successes of this model include the
development of an equation of state for a wider range of temperatures
and pressures and of a qualitative description of the plasma expansion
for several initial conditions. The qualitative description predicts
that the plasma expands with a hot, low density core, surrounded by
a relatively cold, high density shell.

Because of the relative simplicity of this type of model and
since many of the properties, basic to the experimeﬁtally produced
plasmas, may be investigated, it was highly desirable to continue
this study. An evaluation of this model and the‘refinements which
have been made to it are the subject of Chapter VI. Some of the re-

sults of the improved model are discussed in Chpater VII.
Summary

The work presented in this thesis may be summarized in the follow-
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ing manner. The experimental work with the quadrupole mass filter and
electrostatic lens provides an analysis of some of the properties of
the dense, transient plasmas produced by the vacuum spark gap. The
most significant results are the determinations of velocity distri-
butions for several ionic species. The theoretical work illustrates
the progress that has been made toward a better understanding of the
intricate physical processes which determine the evolution of this
type of plasma. The discussion of the laser impact model has been
introduced, primarily to illustrate the significant progress that has
been made in the art of mathematical plasma models and to provide a

background for the discussion of the spﬁerical plasma model.



GCHAPTER III
QUADRUPOLE MASS FILTER
Introduction

In the study of transient, dense plasmas, the number of para-
meters, which must be monitored in order to attain a degree of under=-
standing, 1s quite large. The more basic ones, which must be directly
determined by theory and/or experiment, include the degree of ioniza~
tion, the relative abundance of particular ionic specie and the rate
of plasma expansion. The velocity distribution of the plasma ions is
basic in determining if calculations may be made on the basis of local
thermodynamic calculations, or not. With a knowledge of these para-
meters, predictions may then be made regarding the variation of the
plasma density, pressure and temperature. Although these represent
only a few of the interesting variables, they are some of the more
basic ones which must be followed to acquire an understanding of
plasma evolution. The quadrupole mass filter is a device which ex-
hibits considerable flexibility as a diagnostic tool for determining
some of these parameters.,

Since its conception, this revolutionary measuring device has
commanded the interest of many researchers. Paul and Steinwendel
(1953) introduced the mass filter. 1Its theory and application to

many scientific areas is well documented, (Paul and Raether, 1955;

17
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Woodward and Crawford, 1963; Brubaker and Tuul, 1964; Dawson and

Whetten, 1968; Willis, 1969). .
As with any type of mass spectrometer, the quadrupole system con-

sists of thfee major parts whose functions are distinctly unique.

These parts include the source, mass analyzer and detector. A de-

scription of each of these components will be given.
Ion Source

For mﬁch of the work involving analysis with the quadrupole, a
continuous thermal source is used. This type is common for the study
of ionized gases. For pértial pressure analysis, ionizing fields or
electron beams provide‘the ion source. For the study of heavier
masses, such as aluminum, practical continuous sources present many
difficulties. Because of this, much of the previous analytical work
with the quadrupole has been with light masses.

In the scope of the present work, two sources were provided.
These were the transient aluminum plasmas created by the vacuum spark
gap and the pulsed laser. The vacuum spark plasmas provide a com=
paratively easily obtainable source and therefore has been used ex-
tensively in the present work. Not only has the vacuum spark. pro=-
duced the dense, transient plasmas for investigation, but it has also
provided a reliable calibration source for many of the diagnostic in—
struments. This source consists of a vacuum chamber into which spec-
troscopically pure aluminum electrodes are inserted via mechanical
feed-throughs. These electrodes are spaced so that a gap of approxi-
mately one millimeter exists at the tappered tips.

A power supply is used to charge a condenser, which is then
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allowed to discharge through the electrodes. The subsequent voltage
breakdown at the electrode gap produces an aluminum plasma of very
short duration. The intensity of the spark is controlled by the volt-.
age applied to the condenser. For most of the present work, voltages
of ordef of 8.0-10.0 KV were used. The capacitor was rated at 1.0

microfarad.
Mass Analyzer

The quadrupole analyzer consists of four cylindrical electrodes
which are spaced so that a hyperbolic geometry is simulated. This
spacing is shown in Figure 1. Hyperbolic geometry is simulated to one
percent with the quadrupole rod radius at 1.16 that of the field ra=-
dius. A diagram of the quadrupole electrode arrangement with the
basic power supply is shown in Figure 2.

Mass filtering is achieved by applying a superposed radio fre-
quency and dc voltage to the opposing sets of cylindrical electrodes.
The theory of the quadrupole is available in the literature cited
previously and the details of the specific application to the present
work has been presented earlier (Willis, 1969). TFor the convenience
of the reader, a brief summary of the operating principle and the
adaptation to the present work is given after the discussion of the

quadrupole system detector.
Detector

The detector is a device which responds to the transmission of
the aluminum ions through the quadrupole field. A secondary emission

detector was chosen for the system which consists of a twenty stage
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Figure 1. Quadrupole Electrode Geometry



Figure 2. Diagram of Quadrupole Electrode Arrangement
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copper~beryllium electron multiplier. The electrons for input to the
electron multiplier are obtained, primarily, from the neutralization
of the A1+1, A1+2, etc. ions at the cathode of the electron multiplier.
The multiplier current was monitored on the vertical input of a 585
Tektronic oscilloscope. The accelerating voltage between successive
dynodes was maintained at a constant 50 volts. The gain was estimated
at approximately 1.0 million. The detailed theory of this secondary
emission device is presented!by Allen (1939) and many others.

This device is sensitive to ions, metastable atoms and ultra-
violet photons. All of ;hese agents eject electrons from the cathode
of the elecfron mnltipliériand produce an output signal to the oscillo~
scope.

A type 86 (Tektronic) plug-in unit was used with the 585 oscillo-
scopes This plug-in unit has a high gain and a rise time of the order
of 4.0 nanoseconds, with constant deflection factors from 0.0l volts
per centimeter to 50.0 volts per centimeter. Variable sweep speeds of
from 2.0 seconds per centimeter to 50.0 nanoseconds per centimeter
are provided. The features of single and delayed sweep were used in
the data collecting procedures. |

The data was recorded with a Tektronic, type C-12 camera to
photograph the oscilloscope trace that is produced by the multiplier
current. Type 410 Polaroid film was used because of its high record-

ing speed, which is 10,000 ASA. The photographs may then be enlarged,

or the data may be reduced directly from the film.
Quadrupole Theory

Although the quadrupole mass filter may be adapted to several
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applications, for example, partial pressure analyzer (Gunther, 1960)
and residual gas detector, the present discussion is limited to its
use as an 'ion filter." Any mass that can be filtéred with the device
must be ionized, but in this case, only a single ﬁass, viz., that of
aluminum is considered. The filtering is achieved by resolving charge
to mass ratios for the single mass 27 amu and the electronic charges
of from 1 to 13.

The.filter employs electric fields which permit only those ions
which have a particular charge-to-mass ratio to pass through it. 1In
theory, all other ions are rejected. The filtering action is based on
the behavior of the solutions to the equations of motion of the charged
particles which pass through the quadrupole field.

The application of a voltage (U + V cos wt) to the properly
spaced cylipdrical electrodes will result in a potential distribution
within the quadrupole field region. Neglecting end effects, this dis-
tribution, which is the solution to the Laplace equation of hyperbolic

fields, is given below.

2 2
&= (U+V cos ux) —L- | (3.1)
r
0
where: ® = electric potential

U = dc voltage

V = rf voltage

w = driving frequency

r = quadrupole field radius

The electric fields and equation of motion for the ions which tra-

verse this field are then presented.

-

F=-vd (3.2)
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o
and
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zZ
The force exerted on the ions determine their trajectory.
F =mu = ZeE
and
mk = ZeE_ = - 22e(U + V cos wt) =
r
o
my = ZeE = 2Ze(U + V cos wt) XE
y r
o
mz = 0

The solutions to

variables,

wt
E=5
so that
dx _ wdx
t 2 dE
and
935 =wd_ (
dtz 2 dE
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(3.3)

(3.4)

(3.5)

(3.6)

(3.7)

(3.8)

(3.9)

Equations (3.7) and (3.8) require a change of

(3.10)

(3.11)

(3.12)

The equations of motion for the ions in the quadrupole field

become:
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2 ,
dx = 222 [U+V cos 2€]x (3.13)
dg mw r
o
and
d2 ’ éZe
J21=+ 5= [U + V cos 2]y (3.14)
dg mw r
o
Rewriting Equations (3.13) and (3.14),
d2x
— + (a + 2q cos 2E)x =0 (3.15)
dg
d2
¥ . (a+2q cos 2E)y = 0 ' (3.16)
2
dg
where:
. 8ZeU
my r
o
and
4Z eV
Q=1 =5, (3.18)
mw r
o
the general form of the Mathieu equation is obtained:
d2
== + (a - 2q cos 28)u = 0 (3.19)
dg
The solution has the general form:
o0 e o]
.+_'I t.-_v
u = Aeugzcneing + e M5 Lcne-lng (3.20)
0 o0

The solution is bounded for imaginary values of (p) and will
oscillate in some stable range, depending on parameters "al and nqr.,

The ranges of stability are shown in Figure 3 and the first stability
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region is given in Figure 4. The operating point was chosen to be

a=20.2, q

= 0.7.

The values of the dc and rf voltages were determined using this

operating

and

point as a basis.

2 2

muw ro
U=+t 8Ze
2 2

mwro

V=t

With

following

Therefore:

(3.21)

(3.22) -

the variables evaluated below, these voltages assume the

values:
m = 27 amu = 4.48 X 10-26 kg
wz = (2Trf)2

6
f =3.2X 10" Hz
wz = 4.04 X 1014 (rad/sec)2
ri =3.31 X 10"5 (meters)2
a = 0.2
q = 0.7

-19

e =1.602 X 10 Coulombs
Z = degree of ionization (1-13)

U=+ 93563 volts (dc)
vV =+ 655.4 volts (ac)

Z

The work reported here is limited to.aluminum ionic

(3.23)

(3.24)

(3.25)

species A1+1
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through A1+5, so that the following tables illustrate the voltage re-
quirements for ion acceptance for Z =1 to Z = 5. -Note that only ions
with the appropriate Z-value are accepted, i.e., transmitted through

the quadrupole field.
Quadrupole Assembly

The quadrupole unit itself was designed and constructed as part
of the work reported on previously (Willis, 1969). A block diagram
of the unit and the support equipment is shown in Figure 5. The basic
specifications for the field rods and.poﬁer supply are given below:

1. Quadrupole electrode ledgth - 30 cm. (four rods with
diameter 13.23 mm and separation 11.50 mm).
2. The radio frequency generator operates at 3.2 mhz from
0 to 3,000 VAG, peak-to-peak.
3. The dc power supply operates in the range 0 to 150 volts.
The mounting arrangement for the electrodes themselves is shown‘in
Figure 6.

The power supply for the quadrupole electrodes has been modified
to provide a regulated, constant voltagé and a crystal control for
the frequency. These modifications are included in the schemafics
shown below. The basic power supply section is given in Figure 7, and
the rf section is presented in Figure 8. The improvements reduced
considerably the fluctuations in the voltage settings and eliminated
the frequency drift, which were the major difficulties with the
earlier design.

The oberating procedure was improved so that the reproducibility

of the data is better than that of the previous results. The rf and



TABLE 1

STABILITY PARAMETERS FOR AL +]

Z = 1
U = %03.,62 volts
Vv = 26554 volts
7 a q Clasuiiication
1 0.20 0,70 accepted
2 0.40 1,40 re jected
3 0.60 2,10 rejected
L 0.80 2.80 re jected
5 1.00 3.50 re jected
6 1.20 .20 re jected
7 1.4L0 L+90 ~ rejected
8 1,60 5.60 rejected
9 1,80 6.30 re jected
10 2.00 7,00 re jected
11 2.20 7.70> rejected
12 2.40 8.0 rejected
13 | 2.60 9.10 rejected
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STABILITY PARAMETERS FOR AL +2

TABLE II

yA

o
i

<
i

i+

I+

2

L6.82 volts

327t7 VOl-tS

Z a q Clascification
1 0,10 0435 ‘re jected
2 0,20 0470 accepted
3 0630 1.05 rejacted
L 0140 1140 rejected
5 0.50 1.75 rejectad
3 0.0 2.10 re jected
0,70 2.145 r¢jected
"8 0,80 2.80 re jected
9 0,90 3.15 rejected
10 1.00 3.50 rejected
11 1.10 3.85 rejectsad
lé 1.20 L.2u rejected
13 1.30 | L.55 rejectad

31



TABLE II1

STABILITY PARAMETERS FOR AL +3

Z = 3
= . T 31.21 volts
= T 218.5 volts
2 a q Classification
1 0.07 0.23 rejected
2 0.13 0.47 re jected
3 0.20 0.70 éccepted
L 0,27 0.93 rejected
g 0.33 1.17 re jected
6 0.0 1.40 re jected
7 0.47 1.63 rejected
8 0.53 1.87 re jected
9 0.60 2.10 re jected
10 0,67 2.33 re jected
11 0.73 2.57 re jected
12 0.80 2.80 rejected
13 0.87 . 3.03 re jected
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STABILITY PARAMETERS FOR AL +4

TABLE IV

Z < 4 |

= T 23,1 volts

= T 163.85 vélts

Z a. q Classification

1 0.05 .18 re jected
2 0.10 0.35 rejected
3 'O.lS 0.53 rejected
L 0,20 0.70 accapted
5 0.25 0,88 rejected
6 0.30 1.05 re jected
7 0.35 1.23 rejected
8 0.40 1.0 rejected
9 0.145 1.58 . rejected
10 0.50 1.76 rejected
11 0.55 1.93 rejected
12 0.60 2,11 re jected
13 0.65 2,28 re jected
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TABLE V

STABILITY PARAMETERS FOR AL +5

Z

i1

5

'18.73 volts.

131.1 volts

Z a q vClassification
1 0.0L 0,14 réjected
2 0.08 0,28 re jected
3 0.12 02 rejected -
L 0.16 0.56 vrejected
5 0.20 0.70 accepted
6 0.2 0.8 re jected
0.28 0.98 re jected
8 0432 1.12 rejected
9 0.36 1.26 re jected
10 0.40 1.40 rejected
11 0.kl 1.54 re jected
12 0.L8 1.68 re jected
13 0.52 1.82 re jected
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dc voltages were monitored with a Tektronic 585A dual trace oscillo=-
scope. Better shielding was added to the capacitor discharge leads
so that much of the transient signal due to inductive coupling was
eliminated.

The electron multiplier detector was also shielded within the
vacuum chamber. This also helped to decrease the transients. 1In
addition, the dischérge capacitor itself was housed inside a grounded
metal cébinet. The vacuum chamber was maintained at a pressure be-
tween 10-5 - 10-6 torr.

Some of the typical results which were obtained with the improved
quadrupole will be shown in Chapter VII. The curves presented there
were reduced directly from the pictures taken of the osciilo;copé
trace. They‘show the output current of the elec;ron multiplier which
is a composite signal representing the aluminum ions, metastable atoms
and ultraviolet photons. A discussion of the interpretation of these

results accompanies the curves.



CHAPTEFR 1V
ELECTROSTATIC LENS SYSTEM
Introduction

In the work with the quadrupole mass filter, the electron mul-
tiplier detector yields a signal which is a superposition of the ions,
neutral atoms and u.v. photons. The considerable difficulty in re-
ducing the data led to an attempt to separate these compoﬁent particles
before they reach the collector dynode pf the detéctor. The meta-
stable atoms are uncharged and are, therefore, not affected by the
alternating quadrupole fields. The photon beam which emanates from
the ionizing region of the source is also‘unaffecﬁed. These photons
travel through the quadrupole field, releasing electrons at the end
of their paths at the multiplier cathode. Photon-ejected electrons
from the detector produce the electrical signals from the electron
multiplier which are indistinguishable from signals that are produ;ed
by electrons from the neutralization of incident ions and by the elec-
trons from the impact of high energy, metastable'étoms. Impressed
fields may be used, for example, to suppress photo-ejected electrons
in a Faraday cup, but this cannot be done with a secondary emission
multiplier, since the electrons constitute the signal. The neutrals,
of courﬁe, may not be suppressed by fields in any case.

The electrostatic lens was designed to deflect the ions from the

N
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constituent beam of ions, neturals and light. In the early stages of
the study on the project, several geometric configurations were
studied. One of the fundamental requirements which was selected for
the design was that all ions, regardless of their velocity, shouid
leave the lens at approximately the same angle, and should converge
onto a single point. This requirement precludes the use of a con-
tinuous device on account of the wide range of ionic velocities. The
use of magnetic fields was undesirable, since the required magnitude
of the fiéld would introducevshielding problems. It would be possible,
in theory, to use an asymmetrical electrode geometry to accomplish
ion beam deflection, but the difficulties with construétion and the
problems with fringing discourage this design.

While the lens was still in the design stage, anothér require-
ment was added which prompted a broader study. This requifement was
that the ions be deflected from the emission beam with the least
possible variation in their velocity in the direction of initiél
travel.i The reason for this requirement is that the velocity dis-
tributions of the ions thus deflected will be unéltered. The ultimate

(L)

goal of this new device was then two-fold:

(2)

to separate the ions
from the plasma emission beam and to provide a direct determination

of the velocity distribution of ions of one specie at a time.
Theory and Design

The objective of the lens is to act on a beam of ions, photons,
excited atoms and neutrals from an ion source. From this beam, it is
desired to extract a group of lons of a preselected specie, such as

2 4
A1+ or Al+ « The general method of application is to collimate a
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beam of ions that escape from the source with slits and without elec-
trostatic fiélds to extract the ions from the source, or to form the
beam. The collimated beam still contains photons, atoms, excited atoms
and a mixture of species.

Several computer studies were made of the lens system and the
final design was determined. The details of this design are given
by Willis (1969). A brief summary of the design and operating prin-
ciple is given below.

The geometry which more closely satisfies the requirements stated
above 1s a parallel plate capacitor configuration, with two important
modifications. The unseparated beam passes midway between the piates.
First, the ground base plate of the lens is a solid plate, while th;
positive "plate!" is made up of several discrete electrqdes. The close-
ly spaced, individual electrodes allow a much larger electric field
gradient than would be possible with a solid positive plate of any
practical geometry. Second, the voltage is applied to the lens in a
pulse, rather than a steady electric field. Thevbasicrmechanical de-
sign for the lens electrodes is shown in Figure 9. |

The operating principle of the lens has, for a basis, the equa-
tions of motion for the ions which traverse the pulsed field. Con-
sider an ion of charge Ze and mass m which is directed into the region
of the electric field, produced by the electrostatié lens, where Z is
a small wholé number, such as 1, 2, 3, etc. Since the voltage supplied
to the electrodes of the lens increases in the direction of ion travel,
the electric field is an increasing function of (xj, depending on the
gradient of the voltage between successive electrodes. There are two

forces which are exerted on the ion, both of which are directed at
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.right angles to the direction of initial travel. 1In the region imme-
diately below an electrode, the electric field is approximately con-

stant.

F = ZeE = ZeE | (4.1)

E i=0 (4.2)

The equation of motion for this region is given

= Zek (4.3)
or
ZeEt2 .
y=—g—t ) tt+y, (4.4)
where: y = vertical ion deflection
Z = degree of ionization
E = constant electric field (V/d)
V = accelerating potential
d = vertical extent of field
t = time
m = ionic mass
&0 = initial vertical velocity
'yo_= initial ver£icai displacement
The slope of the ion trajector is determined for any horizontal
displacement.
v = _._.__(X ; %o’ | (4.5)

v = velocity in x-direction
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Now substitute Equation (4.5) into Equation (4.4) to obtain the

slope.

' 2(x - x ) :
dy _ ZeE o )
dx 2m v2 + v (4.6)

or
=lpd
8 = TAN [EE] (4.7)

The trajectory of the i1on in the constant field region is then

completely specified with Equations (4.4) and (4.7).

As the ions pass through the region between successive electrodes,
they experience the effect of an electric field which is an increasing

function of (x). The equation of motion for the ion in this region
differs from that derived above, to the extent that E = E(x).

Rewriting Equation (4.4),

(4.8)

where: V(x) = VO + ox

_ v
*= X
and making the change of variables, Equation (4.5), the vertical de-

flection of the ion for this region is given.

2 3
S0 = ze [Vo(x - xo) .\ o(x - xo) ]
md 2v2 6v2
¥ (x = x)
+ -2 °_ 4+ v, (4.9)
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The slope of the trajectory for the ion in this region is then

derived according to Equation (4.6) and is given.

md v2 2v2

2
. _ TAN'l { ‘e [ Vo(x - xo) N ox - xo)  .}

¥
+v—°} (4.10)

The trajectory of the ion is then known at any point, as it
traverses the lens by the appropriate application .of Equations (4.4),;
(4.7), (4.9) and (4.10). |

A computer model of the lens was developed to determiﬁe the
mechanical design as well as the eiectric field_values required to
properly separate one specie of ion from the mixtdre of ions, meta;
stables, photons, etc. in the beam from the plasmé.. The model was
also used to predict the geometry required to monitbr the ion beam
with the quadrupole mass filter. This geometry'is depicted in Figure
10. It will be noted from this figure that the angular separation of
the ions of one specie from the mixed beam was designed to be '15.0
degrees. |

The calculations were made for aluminum ions in the Qelqcity
range fr&m 700 m/sec to 5 X 10* m/sec. The final, vertical deflection
and slope of the ion trajectories were determined for ionic species
Z =1 tﬁrough Z = 5; and the optimum voltages, that afe required to
maintain an exit slope of 15°, were calculated. These voltages were
applied to.the five central electrodes of the lens. Additional élec-
trodes at the entrance and exit of the lens were emplbyed to counter-

act fringing. These electrodes are situated so that the field separa-
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tion between them and the base ground plate is a constant.4.0 cm. The
electrodes themselves are 0.5 mm in diameter and the center-to-center
separation between successive electrodes is 2.0 mm. They were con-
structed of high purity nickel (Ni #200, 99%). The entrance slit

and ground base plate are also constrﬁcted of nickel.
Lens Power Supply

The values of the voltage which are calculated from the computer
model are presented in Table VI. The potential gradients are also
shown. 1In this table, electrode number 1 corresponds to the wire elec-
trode which is nearest to the entrance of the lens. ALPHA I is the
potential gradient in the direction of ion travel for values of dis«
placement into the field of from 0.0 to 2.5 mm. ALPHA II is for
values in the 2.5 to 8.0 mm range.

From this table, it 1is apparent that there are a unique set 6f
voltage values for each specie of ion. It should be emphasized that
the lens deflects only the ions of a single, preselected Z-value
from the emission beam.s This deflected beam is allbwed to enter the
quadrupole field which is set to transmit this same specie to the
detector. The ultraviolet photons and metastable atoms pass through
the electrostatic lens, unaffected by the pulsed field, and thereby
are not allowed to enter the quadrupole.

The ions which reach the detector héve then been doubly filtered;
first by the lens itself and then by the quadrupole field. The out=-
put signal from the detector must then be a measure of only ions of
a particular charge.

For the initial experiments with the lens system, pulse duration



TABLE VI

VOLTAGE VALUES AND POTENTIAL GRADIENTS

ION | ELECTRODE | ELECTROIE | ELECTRODE | ELECTRODE | ELECTROTE |ALPHA I & II
#1 #2 #3 # #5
volts volts volts volts volts volts/mm
1 3.00 20,00 55.00 90.00 125,00 8.9L7 18.L20
2 1.50 10.00 27.50 15,00 S 62,50 | LoL7h 9.210
L 0475 5.00 13.75 22,50 31,25 | 2.237 1. 608
g 0.60 L.00 11,00 18.00 25,00 1,789 3,684

6%
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of 1.0 microsecond was used. The values for the voltages on the elec-
trodes for the lens are obtained from a commercial, unit pulse gen-
erator. The generator was a type 1217-B generator which is manufac-
tured by the General Radio Company. This unit was externally
triggered to produce a one microsecond, 40 volt square wave in the
single pulse mode. This signal was then amplified to prbvide the
higher voltages which are required by the lens. A schematic of the
pulse amplifier is shown in Figure 11. This amplifier is a high speed
device capable of amplifying a low level, square wave, input signal.
Due to the fast switching time of the Motorola 2N5345 transistor, only
an additional 25-35 nanoseconds are added to the risg time of the in-
put signél. Coupled with the pulse amplifier, the voltage divider
network provides five different output voltages which range from O to

200 volts.
Lens Vacuum System

The vacuum system for the original quadrupole and detector was
modified to provide the additional capacity to house the lens. The
major modification was the addition of a glass envelope which is com-
mercially availlable from Owens-Illinois. This envelope consists of
a modified reducer cross #6250 with conical end type connectors. The
diameter of the main section is 4.0 inches and the diameter of the
right angle extensions is 2,0 inches. A diagram of the vacuum system
is provided in Figure 12. The system was maintained at a pressure

ranging between 10"5 and 10-6 torr for the experiments with the lens.

Operating Procedure
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The diagram in Figure 12 shows essentially the same support equip-
ment for the system as was shown in Figure 5. The major additions to
the system include the enlarged vacuum system, unit pulse generator,
pulse amplifier with voltage divider network, and a time delay for
synchronizing the electrostatic lens pulse. The variable time delay
available on the 585A Tektronic oscilloscope was used to turn on the
field of the lens at the instant that the ions arrive at the lens from
the vacuum spark plasma.

The procedure for obtaining the plasma source is the same as for
the initial quadrupole work. A large condenser is charged to 8.0~10.0
KV and allowed to discharge throught the spark between the aluminum
electrodes. The proper rf and dc voltage values are set for the
quadrupole field. The voltages for the electrostatic lens electrodes
are selected from the pulse amplifier. The dual trace 585A oscillo-
scope is used to monitor these values to insure that they are set
properly and are stabilized. The time delay for the lens pulse is set
to coincide with the position of the ions that are to be observed.

The output oscilloscope, a 585A single trace type, is set for the
external trigger, single sweep modef This scope is triggered by the
breakdown of the vacuum spark gap, so that reference to zero time is
established. The C=12 camera records the output of the detector so
that the oscilloscope traces may be analyzed.

Some of the typical results for ionic species Al+1 through Al+5
are presented in Chapter VII. One of the most interesting results
obtained 1in this experiment is the indication of the ionic velocity
distributions. A discussion of the initial results and some of their

implications 1s provided in the section of Chapter VII that deals
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with the electrostatic lens. A brief summary of improvements, which

may be made to this experimental device, is included in Chapter VIII,
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CHAPTER V
LASER IMPACT PLASMA
Introduction

The dense, transient plasma which is produced by laser impact
on a solid aluminum target has been investigated. The type of plasma
was employed as one of the sources for the quadrupole mass filter.
In this study, the emission of ions and u.v. light was studied. As
mentioned earlier in this report, Langmuir probes were also employed
for an approximate determination of the plasma expansion velocity
(Robinson, 1970). The interpretation of these experimental results
have provided guidelines for the theoretical phase of the work with
laser impact plasmas. The continuing theoretical study of dense,
transient plasmas includes a mathematical model for the plasma which
is produced by the laser. The original computer program for this
model was designed earlier by Peery (1970) and has been used as a
basis for the continuing work in this area. The model has been
implemented with improved computer techniques as well as with a re-
vision of some of the program elements. A method for computerized
data output and reduction has been developed and will be described
in the text. This program was prepared for a production run and some
of the initial results from this run are presented and discussed in

Chapter VII.
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Background Discussion

The laser impact model was developed to simulate the creation
and subsequent expansion into vacuum of a plasma that is préduced by
the iﬁcidence of a Q-switched, twin-ruby laser beam onto an aluminum
plate at room temperature. The plasma induced by the laser beam is
defined as a modified, single fluid type. 1In this type of plasma,
the ions are treated as the sinéle fluid and the electrons are held
in the fluid by charge and by viscous forces. This plasma may be
represented analytically in this manner and the plasma interactions
are governed by the usual macroscopic equations of flow. The equa-~
tions which constitute this set include the electromagnetic and
hydrodynamic'relations which determine the plasma creation and decay.
The detailed derivation of these equations may be reviewed in the
work by Peery, and will not be repeated here. This set of equations
are solved to obtain values for the plasma properties as a function
of spatial coordinates and time. Two of the significant improvements
that the laser impact model contain over the previous analytical work,
are the extension to cylindrical geometry and an improved equation of
state for aluminum. This equation of state has an extended region
of applicability to include a somewhat lower temperature and high
density region, which was considered inadequate in the equation that
was developed and employed by Bruce (1966).

To solve the set of equations, values for the thermal and elec-
trical conductivity, viscosity, and the optical properties were also
calculated by the program. The method of solution was by numerical

procedures which are devised to obtain a computer solution of the
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flow equations.
These flow equations are listed below:
1. Mass continuity equation
2. Equation of motion
3. Conservation of energy equation
4. Equation defining heat conduction
5. Equation of state for aluminum

6. Maxwell electromagnetic equations
Theory

The analytical form of the macroscopic equations in the previous
section are now presented with a brief discussion. For a more de-
tailed analysis of the plasma variables, the derivation of the flow
equations and the more subtle feature of the equation of state, the
reader is urged to consult the references given in Chapter I.

The conservation of mass is

+ V. (pu) = 0. (5.1)

010/
oo

The equation of motion is given, as usual by the conservation

of momentum.

al_; — —_ — _ — -— -3
p %EE + (u . V)u% = - VP + Fvis + Flas

+p[E + (T X )] (5.2)
where: p = mass density
; = plasma flow velocity
P = total pressure
F = viscous force term

wls
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= laser source term

~las

pq = total charge density

E = electric field strength
K = B,

3 = current density

H = magnetic field strength

The viscous force term is approximated by the Navier-Stokes re-

lation (Pai, 1962).

ij . .
pl =97 _ (7. oy (5.3)
axJ
where: . i j k ..
i d 2 )
o B 2y L2, S 6T (5.4)
axd  ox dx

u = coefficient of viscosity
The laser source term is given approximately by the following.

F — Photon momentum absorbed in At
las At

(5.5)

The conservation of energy equation is given as the scalar re-

lation:
%5+§7'. (Eu) = - v . (uP) +
t xvis
+E.J+\7.(74,T)+x1as (5.6)
where: g = total energy density

viscous energy term

xvis

" = coefficient of thermal conductivity
T = temperature
Xias = laser energy term
i
& 1= Kronecker delta function
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The viscous energy term may be expressed as

i Julrtd

axJ

X . =(v.wumr
vis ( wm

(5.7)
with the viscous stress tensor defined as in Equation (5.4).

The laser ehergy term is calculated by the program and is a
measure of the energy absqrbed in a mesh cell in time At. This term
will vary with the type of energy pulse. A gaussian shaped pulse is
currently employed by the computer model.

The equation defining heat conduction may be expessed with the

relation for heat flux.

Q=n VT (5.8)

The equation of state for aluminum is entered in the computer
program in tabular form. This equation has been developed in previous
research for specific use in mathematical models of the type pre=~
sented here. The tabular forms of this equation is presented in de-
tail in the work by Peery. Values for the temperature, pressure and
ionization are calculated as functions of the plasma mass density and
specific internal energy. The values were derived, using essentially
three models for the plasma in different mass density and temperature
regions. These regions are shown in Figure 13.

The specific internal energy is written

1 2

Sint = Stot ~ 7 PV (5.9)

goscillational
This expression fqr the internal energy represents a recent improve-
ment in that a term for the oscillational energy has been added. A
more detailed discussion of the oscillational energy term is given in

Chapter VI. The equation of state may be briefly summarized with the



Temperature (eV)

50T
409
Thomas=Fermi model
30 4
Classical model
20
10T
ey

. zero degree isotherm , 1 eV
0 P 4 : n 4 s

107° 10" 107 1073 1072 107t 1.0 3.0 10

Relative Mass Density (p/po)

Figure 13. Regions of Validity for Equation of State (After Peery)

09



61

following general relations for the pressure, temperatu§e and ioniza-

4
N

tion:
P =R(plp s &) (5.10)
T = T(P/Pos gint) (5.11)
o =olplp s & ) (5.12)
where: o = degree of ionization
p/Po = relative mass density

The Maxwell electromagnetic equations as they apply to the laser

impact model, are listed below.

VXH=7J | | (5.13)
o2 OH
—— . =
3 vVeJ=20 (5.15)
The electric current density is given by
J=o [E + uO(G X ﬁ)] + pqa + Source Term (5.16)
where: o = electrical conductivity

The source term for the current density may be given:

-eVPe
Source Term =
mw_t
P
2 4Tin_e
where: wp =
and
e = electronic charge

d
i

electron pressure
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m = electronic mass

wp = plasma frequency

n, = electron number density
t = time

Computer Model

The model was formulated to describe the creation and evolution
of the aluminum plasma that is formed by the incidence of the laser
pulse on a plane target. The basic geometry for the model is shown
in Figﬁre 14, The laser pulse is assumed to be focused oﬁto an area
of 1.0 mm2 of the aluminum target. For the presént model, the pulse
was taken to be gaussian in form with an energy of 20 joules and dura-
tion of 20 nanoseconds. The above flow equations were reduced to
finite difference form and coded for the Univac 1108 computer in
FORTRAN 1V,

The model is based on two primary assumptioﬁs, which have been
stated previously. First, the model exhibits a cylindrical symmetry
and is therefore a two dimensional probleﬁ in cylindrical coordi-
nates. The laser pulse is incident along the z~-direction, normal
to the target surface which lies in the r, 6 plane. This is shown
in Figure 14. The second assumption is that the aluminum plasma,
formed by the laser pulse, may be described by modified single fluid
equations. A prerequisite to this type of description is that one
must assume that the plasma exists in local thermodynamic equilibrium.

There is also a provision in the program for separating the high

frequency events, such as plasma oscillations from the slower plasma
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flow characteristics. 1In order to accomplish this, the displacement
currents have been neglected in the Maxwell equations and the oscil-
lational character of the problem is separately calculated. The elec=
trons are allowed greater mobility in the pressufe gradients and this
is seen in the source term for the electrical current density. From
plasmon theory, the ilons provide a restoring force to the electrons
influenced by the pressure gradient. The result of this restoring
force is that the electrons oscillate about a displaced position and
are therefore inhibited from contributing to abnormally high currents
in the plasma.

The actual grid for the model consists of 20. cells radially and
30 vertically. This grid is shown in Figure 15. The initial vertical

7cm. .This is the skin

cell thickness was calculated to be 4.06 X 10~
depth for aluminum at the laser wavelength of 6943 A. This initial
cell size was set in order to follow the attenuation of the laser
pulse as it interacts with the target material; One of the subpro-
grams of the computer model is designed, specifically, to cope with
the rapidly expanding nature of the plasma. This subroutine allows
part of the mesh to expand as the cells are filled when the problem
progresses. The details of this type of expanding mesh are outlined
in Chpater VI in the discussion of the spherical model.

The absorption and reflectance are calculated at each interface
between cell layers and part of the incident radiation is reflected.
The nonreflected radiation is attenuated until reaching the next in=-
terface, eté. The reflected radiation is also attenuated if it passes

through cells filled with plasma on its way back to the vacuum. The

radiation absorbed in this manner contributes to the total energy of
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the plasma.

Summary

The preceding model has proven fo be a flexible method for in-
vestigating several facets of this type of plasma. The model is not
limited with respect to the initial energy input, target material or
computer mesh size. The pulse from the laser is gaussian in shape
for the present problem, but may be altered to practically any shape.

After the main program and subroutine elements are debugged,
the procedure for a production run is as follows. Values for all of.
the flow variables are initially specified. Time is increased from
t =0 to t = At., The initial time increment is chosen to satisfy
the Courant condition. The Courant time is determiﬁed by the max-
imum flow velocity, and by the initial grid size. It is always cal-
culated by the program. As the program is incremented in time, the
laser pulse 1is absorbed and the flow equations are solved for new
values of the flow variables at the grid cell centers.

From these, new values at the mesh points are generated and the
space grid is adjusted, if necessary. The progfamvis then incre-
mented for another step in time, and the calculations are repeated.
This process is continued until a predetermined point in time is
reached. Values of any or all of the flow variables may be printed
out for any point in time that is desired. The large size of the
program presents a major difficulty. The cylindrical geometry, the
small size of the mesh cells, the large number of variables which
must be monitored and the very small time increments which are used

to satisfy the Courant condition result in a computer time that is
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very large. An example of the time that is required for a production
run on a computer for this model is given by the last production run
on the program. A one and one-half hour production run on the Univac
1108 produced only 180 time increments., While this represents a
considerable amount of data to be reduced, it represents an evolu=
tion in time of only 2.6 nanoseconds.

A technique for reducing the large data output was devised for
the expanding plasma sphere and is described in the section on data
reduction of Chapter VI. A similar scheme was developed by the
authof for the laser impact model. The vast quantities of data which
are produced by this computer model can be appreciated from the
following illustration. For the production run of 180 cycles, the
computerized graphs of the plasma variables require a total of
approximately 60,000. Mapy of these graphs were réduced by the com=
puter to 35 mm film. If the total number of graphs were projected
at the standard rate of 24 frames per second, the result would be.

a movie which would require 45 minutes to projgct.

Some of these computer-drawn graphs are presented in Chapter VIIL
to illustrate typical, initial results which are produced from this
model.

In concluding this section, the major revisions to the model

(D)

are summarized. The separation of the high and low frequency

events in the plasma have produced two significant improvements.
These are: (a) the plasma oscillations are more adequately followed

and (b) the pressure induced currents are restrained within justifi-

(2)

able bounds. The logarithmic mesh, previously used in the ver=-

tical cell dimension, has been changed to a linear mesh. (3)An
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entirely new subroutine has been added to the program which provides
a check on the variables to insure that they remain within reasonable
limits. This check=-out routine guards against oscillations in the
variables of flow which would cause the computer program to overflow
and has contributed immensely to the increased stability of the over-
all program. (4)Another feature, which has been added, is the pro-
vision in the main program for the Courant condition to be forced,
i.e., this condition may be overridden at carefully, computer-select-
ed intervals to achieve a more practical total elapsed time for the
program; (S)The final revision that should be noted here has been

mentioned previously and is the addition of a computerized data re-

duction scheme.



CHAPTER VI
EXPANDING PLASMA SPHERE
Introduction

A new mathematical model has been formulated for the expansion
of a sphere of plasma. The present model uses the same spherical
geometry which was employed, previously, by other investigators
(Ables, 1963; Bruce, 1966; Mulser and Witkowski, 1968). The work
of Ables and Bruce, who were previously members of this group, is
employed extensively as a foundation for the development of the new
model, which is being developed in order to bring this earlier work
up to the present status of our knowledge of plasma theory. The
work of Mulser and Witkowski is cited as an example of similar work
by experts who are not members of our group. The model by Mulser
and Witkowski is for a spherically expanding hydrogen plasma that
results from laser impact.

AThe exploding=-plasma, spherical model of Bruce contributed
significantly in several areas. These include the development of a
fairly wide ranging equation of state for aluminum. The present
work represents a considerable advance in this area with an equa-
tion of state that extends down to a density of one and lower, in
contrast to the Bruce equation, which had large deviations at a

density of one-tenth solid density. The qualitative analysis by
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Bruce presents profiles of the density and temperature, under the
assumption of local thermodynamic equilibrium. These profiles are
obtained in order to follow the spherical expansion of a plasma into
a vacuum. Along with the successes of the Bruce model, there are
several recognized defects. These range from failure to fully cor-~
rect for the mathematical singular point at the center of the sphere
to the use of an equation of state which 1is now rejected. This equa-
tion was found to be inadequate for the region of low temperatures
and high densities (Peery, 1970). Bruce's equation of state for
aluminum is replaced by the equation of state that was briefly dis-
cussed in Chapter V. In resolving the problem, improvements were
made in the numerical techniques and computer methods which are basic
to this type of modeling. These have been developed in the 1astjsix
to seven years.

With the solution for a laser impact plasma model, an up-to-date
recalculation for the expanding plasma sphere is extremely desirable.
The usefulness and flexibility of this model will be discussed and

the construction and applicability to our work is described.
General

The general features.of the solution by Bruce are now considered
to be proved by information from several experiments. The measured
emission of light from a vacuum spark by Brown (1968) verified the
existence of a relatively cold, dense plasma shell shortly after the
plasma begins to expand. This shell was predicted by Bruce's model.
The rapid decrease in radiation from the vacuum spark, measured with

the quadrupole mass filter, also seems to verify that the plasma
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expands with a hot, low density core surrounded by a relatively cold,
high density shell. Other researchers have also observed this phe-
nomenon. - Notably, photographs of a vacuum spark indicate the forma-
tion and subsequent breakup of such a céld dense shell. Some of the
photographs may be seen in a paper by Heinz Fisher of the Cambridge
Air Force Base (1966).

The usefulness of the spherical model for plasma expansion was
mentioned, previously, in this thesis. The plasma which is formed by
the vacuum spark expands in a nearly spherical geometry for very
short, electrode gap widths. The exploding wire experiment produces
a plasma which exhibits an even better spherical symmetry.  The work
of Basov (1967) indicates that the plasma '"flare," which is produced
by a giant laser pulse, expands in a nearly hemispherical'geometry.
This is shown by the shadowgraphs from the work by Basov and his co-.
workers. From their analysis of the flare that is produced at a
metal target, at least the dense, central region of the plasma ex-
hibits a spherical symmetry. There is, of course, other evidence
which requires cylindrical geometry. 1Indeed, some the experimental
work has indicated the requirement for elliptical geometry.  This
work includes the analysis by Robinson (1970) whiéh shows the craters
that are formed by the laser impact on solid targets to be elliptical.

Since the spherical model requires a one-~dimensional solution,
and there are several plasmas which may be simulated with this model,
it has received considerable attention. There appears to be signif-
icant outside interest as well.

Possibly the most interesting comparison between the experi-

mental and theoretical phases of the work is provided by the explod-
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ing wire experiment. The initial energy input to the wire may be
carefully controlled and the plasma expansion may be analyzed by the
several diagnostic instruments available in the laboratory. Since
the expanding plasma sphere model is a boundary value problem, the
relationship between these two phases is readily seen. One of the
most flexible features of the model is that an unlimited set of in-
itial conditions may be specified to meet whatever physical arrange-

ment exists.
Theoretical Discussion

The problem may be stated as follows: at t = 0, consider an
isolated sphere of aluminum which has an initial fadius, r = Ro.

The sphere is situated in a vacuum and is given a uniform, initial
energy density. This energy density, Eo’ 1s constant throughout the
sphere and is sufficient in magnitude to cause the aluminum to be a
hot plasma at solid density. This initial energy may be.expressed in
terms of the energy per atom of aluminum at solid state. The cor-
responding values of pressure and temperature are determined by the
equation of state. Local thermodynamic equilibirum is assumed to
exist initially and during the subsequent expansion.

The immediate objective of the model is to provide values for
the plasma variables, at strategic times in the evolution, which may
be compared with those provided by experiment.

The physical laws which govern the expansion of the spherical
plasma and relate the many variables of interest are expressed in
mathematical form and may be roughly grouped into three categories:

(1) (2) (3)

gas dynamic equations, the equation of state and Maxwell?ts
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equations. These’equations aiong with the relations for thermal cone
ductivity constitute a complete set which may be solved numerically
on the computer. The gas dynamic equations and Maxwell's equations
are presented. The equation of state was discussed in Chapter V and
only the general form is given here.

To solve the differential equations for the spherically sym=
metric model, one must consider the following differential operators:

3 .9 -

36 S

This requires that the © and ¢ components of the velocity be

(6.1)

zero so that only a radial velocity is considered.

The vector relations for the spherical case are given,

- _% ~
- = 1 2 2 .
Ve.A= ;f 55 (7R (6.3)
VXA=0 (6.4)
and v
2. 1 3 2 0A
VA—:2-$(:: 50 (6.5)

The conservation equations are now presented. Mass continuity

is expresséd by the following relation.

d , 2 e ’
vy + V. (pu) =0 (6.6)
where: p = plasma mass density

u = plasma flow velocity

The conservation of momentum is given.

p[—glt’- + (0. Nu] ==+ (v. )+ pqE (6.7)
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where: P = pressure
ij o,
T = viscous stress tensor
pq = total charge density
-
E = electric field strength

— ., . .
.The term Vv ﬂij is the viscous force term and is derived in
Appendix A. Equation (6.7) may also be termed the equation of motion.
The equation expressing the conservation of energy assumes the

following form.

. . . . . i ij
3(5%52+v- (pEu) = - v-.(Pu)+-a—(-9—-T-T-——)-

axj
+V . (#VI) +E . T (6.8)
where: g = tdtal specific energy
U = coefficient of thermal conductivity
T = temperature
J = electric current density
gvis = §£2;£§il, viscous energy tgrm (see Appendix A)

The internal energy may then be given.

gint =5~ % pu2 - gosc (6.9)

where: = internal energy

gint

'Eosc = oscillational energy

These equations must now be converted to spherical form. Using
the relations of Equations (6.2) through (6.5), the conservation ex-

pressions of Equations (6.6) through (6.8) become, respectively:
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where:
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9 4 %£,+ CICLY 0 (6.10)

Q/
[
Q/
2~}
w} &~

SCIRSTY- ) i [52“+35“.'32]+pr: (6.11)
P "PU "% M g;f r or 2 q :

2
a(i )+P—§5+——-5—ag5 u)=-§3-§-§ru)+§u[(%) +($—)2]

) 2 '
u oT on oT 9 T
trE TRt 2t (612

or

u = coefficient of viscosity

The electromagnetic character of the problem is followed by the

Maxwell equations. These equations are first given in general form

and then in the symmetry form as they are incorporated into the model.

$xﬁ=3+gf—E , (6.13)
3xi§=-%§-‘ (6.14)
apq o

—at—-+V.J=0 (6.15)

The current density is expressed in the generalized Ohm's law.

J =oE + quI+PIT (6.16)

The terms in these equations are defined below:

H = magnetic field strength
é = permittivity constant
4 = permeability constant
o = electrical conductivity
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PIT = pressure induced term
The pressure induced term in Ohm's law is discussed in Appendix

B in the section on plasma oscillations and may be given by

-eVPe
PIT =—2—— (6.17)
mw_At
P
where: e = electronic charge
Pe = electron pressure
m = electronic mass
wp = plasma frequency
t = time

Equations (6.13) through (6.16) are reduced to spherical form.

)3 _ ‘ '
st I=0 | (6.18)
VXH=0 (6.19)
?LBP_H_).=0 (6.20)
t
op
q,J, d _ ,

s trtEs =0 | | (6.21)
and
e aPe
J=¢gE+ pu - —— ' (6.22)
q mwiAt or .

The improved equation of state was developed by Peery (1970) for
use in the laser impact model. Since the regions of applicability for
the present problem are similar to those of the laser problem, and
because the equation is tabulated without regard to geometric con-

siderations, it has been easily adapted to the spherical model. The
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general form is repeated below and expresses the pressure, tempera-

ture and ionization as functions of the internal energy and mass

density.
P=p(s,. plo) (6.23)
T = T(§int’ ple ) | | (6.24)
and @ =alg . ple) | (6.25).

The equations presented in this section constitute the complete
set required to specify the flow properties of the expanding sphere.
The optical properties of the plasma are followed with a special sub-
routine tailored for the laser model. This routine has also been
adapted to the spherical model. The details of the methods employed
in this routine have been given by Peery (1970).

The equations were coded for the‘Univac 1108 computer in FORTRAN
V. Some of the details of the program construction are provided in

the next section.
Computer Model

In order to construct the actual computer program, a basic geom=-

etry was chosen and is illustrated in Figure 16. The physical arrange-

ment is shown as well as the geometry the computer actually "sees!,
For the initial phase of the problem, a total of 50 cells were chosen
to be monitored. As can be seen from Figure 16 twenty-five of the
cells are initially filled with solid aluminum and the remaining.
twenty-five cells are empty, i.e., they are given vacuum values.

With origin defined as mesh point number 1, there are a total of 51
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mesh points and 50 cell centers, with the interface defined by mesh
point number 26.

The flow variables can now be defined as tﬁe model begins to be
formed. To keep track of the radius in the pro?lem, consider the

following definition:

R(I) = RADIUS; I = 1, ITOT + 1 (6.26)

where: ITOT

total number of cells
ITOT + 1 = total humﬁer of mesh points
The initial conditions for the problem are now specified. These
may be generally summarized below.
1. DR = initial mesh size (4&R)
2. 1ITOT = total number of initial cells
3. Initial values for the flow variables at t = 0
4, DT = initial time increment (At)

The flow variables, which were defined by the relations in the
‘previous section, may now be defined for the computer. The units of
each variable are also shown.

l. AOSC = amplitude of oscillations (cm)

2, DENQ = net charge density (coul/mz)

3. EGRM = energy per unit mass (eré/gm)

4, EOSC = oscillational energy per unit mass (erg/gm)

1

5. POSC = period of oscillation (sec”
6. PRES = pressure (dyne/cmz)

7; RELC = radial electric field (volt/m = nt/coul)
8. RHOM = mass density (gm/cm;)

9. RJDE = radial current density (amp/m?)

10. RVEL = plasma flow velocity (cm/sec)



80

11. TEMP = temperature (eV)
12, - XION = degree of ionization (no. free electrons/atom)

From the definitions above, it can be seen that most of the flow
variables are defined in C.G.S. units. The exceptions are the electro-
magnetic variables which are given in M.K.S. and the temperature
which is expressed as electron volts.

It will be helpful, for the remainder of ﬁhis section, to de~
fine a general parameter which represents any one of the flow vari-
ables. Let this parameter be called FLOVAR. This representation,
however, is not sufficient to completely follow the evolution of the
problem, since one must specify the value of the flow variables at
both the mesh points and at the cell centers. In addition, the time
rate of change of the flow variables must be followed. Let these

quantities be further defined as follows:

i

1. FLOVAR 1(1) value of the flow variables at the mesh
points at time t.

2. FLOVAR 2(1)

i

value of the flow variables at the cell

centers at time t.

]

3. FLOVAR 3(1) the tiﬁe rate of change of the flow
variables at the cell centers.

The construction of the model begins with the generation of the
mesh. This is accomplished by the allocation of 51 spaces in the
computer memory. These spaces are reserved for defining the initial
mesh points and cell centers. The initial conditions subroutine is
then written to provide the initial values. For the first 26 mesh

points, FLOVAR 1(I) is given values which correspond to the initial

conditions inside the target sphere. Likewise, FLOVAR 2(I) is given
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interior values for the first 25 cell centers. Mesh points 27 through

51 and cell centers 26 through 50 are the positions of FLOVAR 1(I)

and FLOVAR 2(I) which are assigned vacuum values. At t = 0, the

time rate of change of the variables is specified, FLOVAR 3(I) = O.
After the initial values are specified, the program is allowed

to evolve in time. The calculations involved with each time step

are the subject of the next section.
Evolution of the Flow Variables

From the boundary conditions, FLOVAR 1(1) and FLOVAR 2(I) are
specified at (ro, to). New values are calculated for the cell centers,
i.e., FLOVAR 2(1) at time t = t + At. A remeshing operation then in-
terpolates values for all the mesh points, i.e., FLOVAR 1(1), still at
t =t + At. After the initial time step, At is determined by the

Courant condition. This condition is given below.

_ Ar
AtC = k ” (6.27)
max
where: tc = Courant time
k = Courant coefficient
Ar = mesh size
u = maximum flow velocity
max

For the current model, a Courant coefficient of 0.9 has been
used in an attempt to maintain stability. A graphic illustration of
the remesh procedure is provided in Figure 17. This remesh operation
is handled as a separate subroutine in the computer program. It is
very important to note that for this operation there are two special

cases. The interior cells may be routinely taken care of, but there
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are two edge cells. These cells may be labeled FLOVAR 1(1) and FLOVAR
1(ITOT + 1).

First consider the interior cells. A physical picture for this
case is given in the diagram of Figure 18. For any of fhe interior
cells, the remesh operation will be executed via a statement function
which is labeled RESET. The arguments for this function are derived
from the diagram in Figure 18. A value may be defined for a mesh
point at t + At, based on the value of the mesh point at time t and
the values of the time rate of change of the cell centers on either

side of the mesh point in question. This value may be given below.

FV1(1) = FV1(I) + DELT[ FV3(I - 1)
+ DEL/DEL1 (FV3(I) - FV3(I-1))] (6.28)
where: FV = FLOVAR

DELT = At

_R(I) - R(I = 1)
7.0

and DEL = A (6.29)

R(IL + 1) = R(I - 1)

50 (6.30)

DELLl = Al =

Now in terms of the above parameters, the statement [unction

may be written in general terms.

RESET (Al, A2, A3, A4’ AS, A6) = Al + A2 *

(Ay + ((A, /M) * (Ag - Ag))) (6.31)

The arguments of this general function are given below.

>
1l

FV1(I); I = 2, ITOT

>
i

DELT

>
il

FV3(I - 1)
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Figure 18. Remesh Geometry for Interior Mesh Points
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A4 = DEL
A5 = DEL1
Ay = FV3(I)

An example of the program flow for remeshing the interior cells
is given for the temperature. It is very important to note that the
identical order of the variable components must be maintained as de-
fined by the statement function.

SUBROUTINE REMESH

COMMON STATEMENTS
C REMESH INTERIOR CELLS

DO 7 I=2,50 (NOTE: ITOT = 50)

CDEL = ( R(I) = R(I-1) )/ 2.0

DEL1 = ( R(I+l) ~ R(I-1) )/ 2.0
C AN EXAMPLE OF FV1(I) TO BE FOLLOWED BY ALL OTHER FLOW VARIABLES

TEMP1(I) = RESET ( TEMP1(I), DELT, TEMP3(I-1), DEL, DEL1,

TEMP3(1) )
7 CONTINUE |

Now the two special edge cell cases must be considered. For
these cases a new statement function must be defined. Let this func-
tion be called REEDG. A diagram 1is presented in Figure 19 which
illustrates the remeshing operation for the last mesh point. From

the figure, the value of FVI(I) may be derived.

FVI(ITOT + 1) = FVI(ITOT + 1) + DELT [ FV3(ITOT)
+ DEL/DEL1(FV3(ITOT)

- FV3(ITOT - 1))] o (6.32)

_ R(ITOT + 1) - R(ITOT)

5 (6.33)

where: DEL = A
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Figure 19. Remesh Geometry for End Mesh Point
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R(ITOT + 1) -~ R(ITOT - 1)

DEL1 = Al = 575 (6.34)
Rewriting Equation (6.32) in general form, one obtains
REEDG(Al, A2, A3, A4’ A5, A6) =
Ay + Ay * (Ay + ((AL/AG) * (Ag = A())) (6.35)

with the arguments defined as follows

A, = FVL(ITOT + 1)
A, = DELT

A, = FV3(1T0T)

A, = DEL

A = DELL

A, = FV3(ITOT - 1)

An example of the remeshing operation for the flow variables at
~ the last mesh point is given.
TEMP1(ITOT + 1) = REEDG(TEMP1(ITOT + 1),
DELT, TEMP3(1TOT), DEL, DEL1,
TEMP3(ITOT - 1)) (6.36)
The zero-point edge, or the first cell may be handled with the
same general statement function given in Equation (6.35), but with the
arguments rearranged. The geometry of the first éell is presented in
Figure 20. From this diagram, FV1(l) is defined.
FV1(1) = FV1(1l) + DELT [FV3(1) + DEL/DEL1

(FV3(2) - FV3(1))] (6.37)

where: DEL = A = - [Eiglifﬁgﬁll] (6.38)
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DELL = Al = f}_<_3_).i_‘:(_)§_<_£l (6.39)

The arguments are then given for Equation (6.35).

A= FV1(1)
A2 = DELT
A3 = FV3(2)
A4 = DEL
A5 = DEL1
Ag = FV3(1)

The temperature is used again to illustrate remeshing the first
cell.
TEMP1(1) = REEDG(TEMP1(1l), DELT, TEMP3(1),
DEL, DEL1, TEMP3(2)) (6.40)
This concludes the discussion of the remesh oﬁeration. To
summarize, a routine has been constructed for calculating the values
of the flow variables and reassigning them to the mesh points at any
time t + At. In doing so, all three possible cases which might arise
have been considered.
l. RESET =--- for the interior mesh points
2. REEDG =--- for the end mesh point

3. REEDG ==~ for the zero-point mesh point
Program Condensation

As the computer program progress in time, it becomes necessary
to allow that the expanding plasma has filled all the existing cells.
'This means that the program must provide additional '"space'" into which

the plasma may expand. The operation which provides for this is



90

called SUBROUTINE REDOUBLE. Essentially, this subroutine allows the
program to keep the total number of cells constant, while doubling
the size of each cell. This enlarged the grid, while keeping the
physical dimensions of the plasma consistent with the initial mesh
size. The geometry for this operation is given in Figure‘2l. From
this figure, it can be seen that the indexing scheme remains the
same for the linear mesh.

It should be pointed out that there is no time evolution during
the process of condensing, or redoubling the mesh. The details of
this procedure may be seen in Appendix C where a listing of the pro-
gram is given. It should be emphasized again that the physical dimen=-
sions of the plasma remains the same, while the mesh points receive
a new index value, i.e., R(3) assumes the new index R(2), R(5) - R(3),
R(7) = R(4), etc. After this process is completed, the program con-

tinues in the new, expanded mesh.
Numerical Methods

In the theoretical discussion, the set of equations which govern
the plasma expansion were derived for spherical coordinates. These
equations must be reduced to finite difference form so they may be
"digested" by the computer. The final form of these equations may be
seen in the actual computer listing, available in Appendix C. An ex-
ample of the technique used to approximate the flow equations is given.

Consider the conservation of mass expression given by Equations

(6.6) and (6.10).

d u d(pu) _ :
g§+;ﬂ+—a;L-—o _ (6.41)
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Figure 21. Geometry for Redouble Procedure Showing O0ld and New Mesh Coordinates
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The computer geometry for a single grid cell is represented in
Figure 22, Based on this geometry, note that since all calculations
are from values given at the mesh points, and the final result will
be the value at the cell center, then the average of the mesh point
values are used.v Equation (6.41) is then written in the following

approximate form for the general cell number (1).

(6.42)

(up), = (up)
A up + -
_Eg —— (__.CC - 3 I $

where: cc = cell center

Recall that FV3(I) expresses the time rate of charige at the center

of cell (1I).

In computer language, Equation (6.42) becomes

RVEL1(I) * RHOM1(I)
R(I)

RHOM3(T) = - 5 [

RVEL1(I + 1) * RHOMI(I + l)]

+ (I F D

[RHOMI(I + 1) * RVELL(I + 1)
- R(I + 1) - R(I)

RHOM1(T) * RVELl(I)]
R(I + 1) - R(I)

(6.43)

Now in order to obtain a new value for the mass density at the

cell center (1), the following expression is given.

RHOM2(I) = RHOM2(I) + DELT * RHOM3(I) (6.44)
It is pointed out here that the first argument on the right-hand

side of Equation (6.44) represents the old value for the mass density
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at the center of cell (I).

The remaining flow equations are reduced to finite difference
form by similar methods and are included in the program. A simpli-
fied flow diagram is shown in Figure 23. The program elements, in-
cluding the main program and the subroutines are discussed in Appen-

dix C where a listing of the entire program is also presented.
Data Reduction

The variables defined in the computer model section were mon-
itored and printed out by special, separate subroutine. After the
flow equations were coded and the program construction was completed,
several trial runs were made on the computer. At each increment of
time, this subroutine collects all of the variable values at each of
the 50 grid cells and prints them out for analysis. For the tweive
flow variables, there are then 600 values printed after each program
cycle. The print out subroutine is written so that in addition to
the paper print out, a record is made on magnetic tape of each of the
variable values for each cycle. This tape record is then used to
eventually make a graphical display of the data. The procedure for
obtaining the computer-drawn curves is briefly discussed.

A separate program was written to arrange the raw data for sub-
mission to the SC 4020 plotter which was available at the Gomputation
Laboratory of the Marshall Space Flight Center. This program takes
the raw data tape and establishes upper and lower limits for each
of the variables which are to be plotted versus the radial coordinate
of the plasma sphere for each time cycle. The program also provides

the labels for the graphs and provides other information such as the
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time and cycle number in addition to establishing the coordinate axes.
The raw data tape and this program produces a final plot tape which
is then used as the input tape to the SC 4020 unit. The resulting
graphs are then the final product of the pfogram run. These curves
for the desired variables may then be studied to determine the con-
seqﬁences of the model for a given set of initial conditions.

Several of the computer-drawn curves are presented in Chapter VII
in the section on the expanding plasma sphere, for the initial trial

executions.
Summary

In the‘preceding sections, an improved model for an expanding
sphere of plasma has been discussed. The general approach has been
based on the equations which govern the plasma flow. The model has
been constructed to describe the nature of the expanding aluminum
plasma from a variety of initial boundary conditions. The author
has drawn extensively from the earlier work done in the area of math-
ematical modeling and has profited considerably from the experience
gained in computer techniques by the previous members of the group
(Bruce, 1966; Peery, 1970). Many of the finer details involved with
the derivation of some of the flow equations were worked out in this
previous work., The terms for the thermal and electrical conductivity
were presented in this earlier work and need not be repcated here.
The term for the electrical conductivity has been incorporated into
the subroutine dealing with the optical properties and the thermal con-
ductivity is derived, based on the assumption that the expression for

heat flux, 6 = MGT, may be applied to the problem. The viscous terms
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for the conservation equations for momentum and energy are derived

in Appendix A. The general format of Ehe'program has been outlined
in this chapter and the detailed form is shown in Appendix C. All of
the flow variables, for the equations governing the plasma expaﬁsion,
may be summarized by the single variaBle FLOVARi(I), where i = 1,2,3.
For i = 1, the value at the mesh poinf (1) is given; for i = 2, the
value at the cell center (I) is given; for i = 3, the time rate of
change of the variable at the cell center (I) is given.

To conclude this section, the significant improvements which
have been made to the previous model by Bruce are discussed. One of
the major refinements has been the complete reformulation of the model
to incorporate the extended equation of state for aluminum. The
validity of this new equation has been shown by the production run of
the laser impact plasma model (Peery, Willis and Todd, 1970). The
mechanism of energy transfer that is associated with plasma oscilla-
tions was coméletely neglected in the Bruce model and has been in-
corporated into the present model. The computer techniques have been
significantly improved with the addition of a special check out sub-
routine which helps to maintain program stability by insuring that
varilable values remain within physical feasible liﬁits. This routine
also remedies one of the previous difficulties which was program
overflow. The check out program constantly monitors all the plasma
variables and guards against any value which would cause a machine
overflow. The final improvement which should be given here is the
computerized method of data reduction. Many man-hours of tedious
manual reduction will be saved by this new system of data collection

and analysis. With this method applied to the work, much more of
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vthe computer results can be analyzed in a shortef time. This is a
particularly helpful feature when a new application for a model is
.. being debugged.

Some of the initial results are presented in the next chapter
and some of the areas for improvement on the current model are dis-

cussed in Chapter VIII.



CHAPTER VII
DISCUSSION OF RESULTS
Introduction

The results of the four major areas of study are preseﬁted in
this chapter. The discussion of the data is divided into four seé-
tions which correspond to these areas. The experimental results in=-
clude the daté taken with the quédrupoie mass filiér and the electro-
static lens system. The theoretical data inciudeslthe computer
solutio&s fb; the laser impact plasma model and some of the initial
results of.the computer model for the expanding plésma sphere. Be-
cause of éhevlarge amount of data, produced by both the experimental

and theoretical work, only typical examples of the data are presented.
Quadrupole Mass Filter Data .

Thé.éheory and operating procedure for the quaArupole mass
filter were presented in Chapter III. The curves which are presented
in this'Section wére produced by the output cufrent of the electron
multiplier, which was the detector for. the qﬁadrﬁpole system. The
drift spécé from the spark gap source to the dgteCtor was approxi-
mately 34;0 cm. The variables which are considered‘in analyzing the
curyes,’whith are shown in this section, are givén below:

l. Ultraviolet light emitted from the spark source
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2., Neutral aluminum atoms
3. Aluminum atoms which are excited to a metastable state

1 A1+5

4, Aluminum ions (Al+ )

The initial response of the quadrupole detector is to the ultra-
violet light. This provides an indication of time zero. The de=
tector is electrically biased to receive no electrons. The resultant
curves are.then a superposition of the ions of a preselected specie,
metastable atoms and u.v. photons. Two curves are presented for each
specie of ion so that the diversity of data for similar operating
conditions may be illustrated. The differences in the data are
attributed to the spark source. Any two consecutive plasmas, pro-
duced by the spark source, are rarely even similar. The tapered
electrodes are eventually worn by repeated breakdowns so that,
actually the inifial conditions for all the shots»ére slightly dif-
ferent. For example, a very strong breakdown méf be followed by a
weak one, etc., so that many shots must be taken in order that a
general trend in the data can be seen. The curves shown here were
selected to show typical examples of the data that appear most often
for each specie of ion. |

The data presented here were taken with the vacuum system main-
tained at 10-5 - 10-6 torr. The voltage to the aluminum spark gap
electrodes was 8.5 - 10.0 KV. The total accelefating voltage to the
electron multiplier detector was 1.0 KV and the load resistor used
throughout the experiment had a value of 1,000 ohms. The 585A Tek-
tronic oscilloscope, which was employed to monitor the detector out=-

put signal, was set to be triggered internally, in the single sweep

mode. The sensitivity of the oscilloscope was set at 0.2 volts/cm
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and the time scale was set at 5.0 microseconds/cm. The data was re-
duced dirccﬁly from the polaroid film.

The curves which are presented in Figure 24 and Figure 25 give
an indication of the Al+1 ions, metastables and lighﬁ. The type of
curve for A1+1, shown in Figure 24, occurred most frequently, and
indicated the arrival of most of the ions and/or netural atoms at
approximately 13 microseconds after the initial breakdown. An in-
dication of the Al+2 ions is presented in Figure 26 and Figure 27.
In these curves, as in most of the other curves obtained with the
quadrupole, the first 3 to 5 microseconds were masked with noise and
no interpretation of this region was attempfed. .The majority of the
curves for Al+2 were of the type shown in Figuré 26. Several curves
of the type shown in Figure 27 were obtained under similar conditions;
The smaller amplitude of this curve, relative to the one shown in
Figure 26, is possibly due to a lower intensity of'the spark source
for this shot. The first peak in Figure 26 is centered about a
velocity of approximately 1.5 X 106 cm/sec.

The curves presented in Figure 28 and Figure 29 were obtained
with the quadrupole mass filter set to receive the Al+3 ions. The
curves in these two figﬁres represent the type most frequently
obtained for Al+3 ions. The reproducibility, with respect to the
arrival time, of the first major peaks of these curves is reasonably
good. Indications of the Al+4 ion are given in Figure 30 and Figure
3l1. Two typical curves for the Al+5 ions are given in Figure 32
and Figure 33.

Occasipnally, the type of curve for A1+1, shown in FFigure 25,

was produced. The higher velocities of the ions and metastables,
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shown in this curve, should be briefly discussed. One possible
méchanism; which could be responsible for these ﬁigher velocities, is
included with the discussion below. Consider the breakdown between
the aluminum electrodes. As the electrodes become worn, the smooth,
tapered points become rough, ragged surfaces. The pits and corona
points, which exist on the uneven surfaces of the electrodés, greatly
influence the manner in which the breakdown occurs. In thé first

few nanoseconds of the breakdown, the spark begins in the region where
the electric field gradient and current density is greater. Coroﬁa
points, which protrude from each electrode, would be the most likely
region for the initiation of the breakdown. As the plasma gas is
formed between the‘electrodes, the spark will then migrate to other
‘regions of ﬁhe electrodes. As the spark migrates across the uneven
surfaces, the‘intensity of the spark wiil vary according with the
current density, which is a function of the varying gap width. The
energy density of the plasma, formed by the method described above,
is a varying function of time. The frequency of the capacitor dis-
charge is known to be in the kilocycle range, so that multiple
yelocity peaks in the data shown here cannot be attributed to mul-
tiple sparks. Since these velocity peaks are separated by only a

few microseconds, the particles, which reach the detector, must

have originated from a single spark plasmé with an intensity that
varies with time. This interpretation is consistent with the data
for all‘the aluminum ionic specie shown in this section. It should
be noted that the intensity of the spark will not decay to zero
until the end of the first half-cycle of the capacitor discharge.

Since none of the curves show a decrease in intensity to zero be-
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tween major peaks, and since the separation between peaks is of the
order of a few microseconds, it must be assumed that the entire phe-
nomenon shown by each curve occurs in the first half-cycle of a
single breakdown.

The relatively fast A1+1 ions and metastables which are shown
in Figure 25 are thought to have originated outside the central break-
down region. These ions are produced by the cascading electrons
from the negative electrode to the anode. These Al+1 ions could not
exist in equilibrium with the hot plasma which is formed in the
central region of the breakdown, but may be accelerated by the very
high pressure gradient produced by the expanding and migrating plasma.
No temperature determination can be made from the curve shown in
Figure 25, which occurs only infrequently, since the velocities of
the particles shown by this curve, must be attributed to kinetic,
rather than thermal, energy.

At least one other possibie mechanism should be discussed, which
may affect the velocity of the ionic specie, which reach the detector.
If the aluminum electrodes are slightly misaligned, the ions which
escape the plasma, may be slightly accelerated. This small accelera=-
tions would be positive if the spark plasma is formed between the
anode and the quadrupole entrance. 1If the anode of the spark gap
electrodes is misaligned so that it lies between the cathode and the
quadrupole entrance, then the ions which escape the plasma may
receive a small negative acceleration. ' Any additional velocity, or
any decrease in velocity of the ionic specie, which is attributed to
such an acceleration, must be considered before a temperature deter-

mination is made from the curves.
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It is possible .that the spark gap electrodes may be occasionally,
misaligned so that the electrode points lie on a line which is normal
to the axis of the quadrupole lens. 1In this case, no acceleration
would be given to the ions along the direction toward the‘quadrupole
apperture,

The neutral aluminum atoms and the metastable atoms are not
affected by the mechanism discussed above, but are affected by the
pressure gradients which exist in the expanding plasma. The affects
of the mechanisms, which were discussed above, are difficult to
analyze quantitatively. One of the major difficulties, in this re-
gard, is the non-reproducibility of the spark source.

The velocity curves, which were presented in this section, give
a qualitative indication of the aluminum ionic specie, metastable
atoms and light, which escape the plasma, which is produced by the
vacuum spark. From the interpretation of these curves, an insight

has been gained, regarding the manner in which the plasma is formed.
Electrostatic Lens Data

The design features and the operating principle of the electro=
static lens system were discussed in Chapter IV. Several of the
initial results obtained with the lens system are presented in this
section. One of the major advantages that the lens system exhibits
over the original quadrupole system is the capability to eliminate
the metastable atoms and light from the detector output signal. This
feature allows the ions of a single specie to be monitored separately.
The quadrupole detector system was employed with the electrostatic

lens so that double filtering was achieved. The lens, itself, was
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designed so that only ions of a predetermined charge will be directed
into the quadrupole apperture. The quadrupole is set to receive
this same charge in the conventional manner. Therefore, only ions of
the desired charge may reach the electron multiplier detector. Since
the aluminum ions of a particular charge constitute the entire beam
to the quadrupole, the output current of the detector to the oscillo-
scope is proportional to the time-of-flight of the ions only. The
drift space from the spark source to the detector is constant, in
this case approximately 46 cm, so that the curve actually represents
a distribution of ion velocities.

The curves which are presented in this section were obtained
with the system vacuum maintained at 10"5 - 10-6 torr. The spark
gap voltage was 8.5 - 10.0 KV and the high voltage to the electron
multiplier was 1.0 KV. The oscilloscope was triggéred extérnally by
the vacuum spark, in the single sweep mode. The sensitivity of the
scope was set at 0.1 volts/cm and the time scale was set at 10.0
microseconds/cm. The load resistor value was 1,000 ohms. The elec-~
trostatic lens was set to deflect a particular ionic specie and the
quadrupole mass filter was set to pass this same specie. The time
delay t§ the lens was determined by several trials fér each specie.
The delay time which produced the strongest signal was used in each
case. The electrostatic lens was operated in a pulsed model. The
lens field was actuated to correspond with the arrival of the ions
at the lens electrodes. The oscilloscope used to monitor the output
signal began its sweep, simultaneously with the breakdown of the
spark gap, so that zero time was established for the data curves.

The variables which are considered in the curves presented here are
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the aluminum ions Al+1 through A1+5, the drift space and the time-

of-flight. From these variables the velocity of the ions are deter=-
mined. Three typical examples of the data are presented for each
ionic specie.

Curves for the Al-*;1 ions are presented in Figure 34, Figure 35
and Figure 36. The Al+2 ions are shown in Figuré 37, Figure 38 and
Figure 39. 1t should be noted that the time-of-flight data for the
Al+ ions, presented in Figure 37, was produced with an expanded‘time
scale. It can be seen from this curve that no signi[icant presence
of ions appears after about 80 microseconds. A1+3.ions are shown in
Figure 40, Figure 41 and Figure 42. The reproducibility with respect
to the arrival time for the first major peak for these curves is
quite good. Curves for the A1+z+ ions are presented in Figure 43,
Figure 44 and Figure 45. Al+5 ions are shown in Figure 46, Figure 47
and Figure 48.

In all of the curves presented here, the first 10-15 microseconds
is masked by noise and no interpretation was attempted for this
region. The noise probably originated from the breakdown of the spark
gap itself, which was used as the triggering source. .The major peak
for all the ions, except the Al+1 ions, is approximately centered
about the arrival time of 20 microseconds. With the drift space
given as 46 centimeters, this time corresponds to a velocity of the
order of 2.3 X 106 cm/ sec.

The curves for the aluminum ionic specie presented in Figure 34
through 48 may be interpreted as ion velocity distributions. The
distribution is in the reverse order from conventional velocity dis=

tribution curves, since the velocities are shown in decreasing order,
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from left to right on the graphs. The lower velocities appear at the
extreme right of the curves and increase back toward the origin. The
range of velocities which are shown, correspond to the flight times
of 10-80 microseconds. The velocity corresponding fo 80 microseconds
is of the order of 0.58 X 106 cm/sec. The velocity corresponding to
10 microseconds is of the order of 4.6 X 106 cm/ sec.

One of the assumptions which is made, in the theoretical work
with plasma creation and evolution, is that the plasma exists in a
state of local thermodynamic equilibrium. The thermal equilibrium -
state of a plasma is described in kinetic theory.terms by stating -
that each single particle velocity distribution function has a Mag-
well-Boltzmanﬁ form. The validity of the assumption of local thermo=~
dynamic equilibrium may then be checked by observing the velocity
distributions of the ions which escape the plasma which is under
study. The classical theory of the Maxwellian distribution is well
known and may be reviewed in most any elementary text on thermo~
dynaﬁics. The shépe of the Maxwellian curve is shown in Figure 49.
The experimeﬁtal curves for the ionic specie may be compared with
the Maxwellian curve for a qualitative insight as to their relative
form. In making these comparisons, it must be femembered that the
experimental curves are velocity distributions in reverse. It is
also important to note that the curves originate from approximately
a bne microsecond pulse of ions, which are ejected from the collimated
beam of ions, metastable atoms and u.v. photons, which is émitted
from the plasma.

The initial results presented here give an indication of the

form of the distribution of ion velocities. These results must be
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viewed qualitatively because of the many.variables yet to be deter-
mined. The amplitudes of curves should not be compared from one
ionic specie to another. The output current frbm the detector is not
necessarily a linear response to ion charge. The output current of -
the detector depends, not only on the number and charge of the ions
reaching the cathode of the detector, but also it depends on the
velocity of the individual ions. However, the amplitudes of ;he-
curves for aﬁy single specie may be compared.

The velocities of a Maxwellian distribution are randomized, i.e.,
they are isotrobic. The most probable speed of this distribution
will then yield a value for the temperature through the relation:
vp = 1.4 (kT/m)%. 1f the assumption is made that the ion velocities,
shown in the data curves present here, are random, i.e., they are
thermal velocities, then a most probable speed of 2.3 X 106 cm/sec
corresponds to a plasma temperature of the order of 8.7 X 105 K.
This qualitative determination of the temperature of the plasma is
valid, only to the extent that only thermal ions reach the detector.
For a quantitative determination, additional data will be necessary.

The multiple, velocity peaks, which are present in several of
the curveé, which were presented in this section, may be attributed
to the same mechanism, that was discussed in the previous section
on the quadrupole data. This mechanism of spark migration at the
spark gap.electrodes, in the first half-cycle of the capacitor dis=-
charge, could be responsible for the variation in the amplitudes of
the time-of«flight curves, which were presented ;bove for the elec-
trostatic lens.

The major advantage, that the lens system contains over the
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original QUadrupole data, is that no neutral, aluminum atoms, meta=-
stable atoms or light are present in the beam, which reaches the

detector. These initial results serve to illustrate the effective-
ness, of the electrostatic lens system, for analyzing the individual

ionic specie, which escape from a plasma.
Laser Impact Plasma Data

The computer model for a plasma, produced by the incidence of a
glant laser pulse onto an aluminum plate, was discussed in Chapter
V. A production run was made on the Univac 1108 computer and the
evolution of the plasma was followed for a period of 2.6 nanoseconds.
This run required approximately one hpur of timé in the computer
central processing unit. For this run, a gaussian laser pulse with
an energy of 20 jourles was assumed. The duration of the pulse was
taken to be 20 nanoseconds. An initial time increment of 1.0 X 10"12
seconds was chosen. A total of 180 time cycles were produced.

In this section, several of the flow variables are shown, at the
beginning and end of the production run, to illustrate the type of
solution which may be achieved with this model.

- The evolution in time of the plasma mass density, internal
energy density, temperature and pressure are presented. It must be
noted that the plasma is in a creation state for all of the curves
presented here, i.e., the laser pulse continues to be incident on
the alﬁminum target for 20 nanoseconds. The first set of curves
show the variation of the plasma mass density and the internal energy
density at a time, 0.50207 nanoseconds, after the incidence of the

laser pulse. These are presented in Figure 50. The absissca for
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this figure represents the Z-direction, along which the laser pulse
travels. The laser pulse is incident from right to left. The point,
0, on the graph, along Z, represents the aluminum target-vacuum in=-
terface. The normal, solid density of 2.7 gm/cm is shown at the left
of the figure.

The plasma temperature and pressure are presented in Figure 51,
for the same point in time. The laser pulse is incident from the
right, along the Z-direction. These graphs were produced:by a
separate computer program, which was used to reduce the data from
the laser program. Graphs for each cycle were produced, but are not
presented here because of their large number. The two figures: above
were extracted from the 37th cycle of the run.

The next two sets of curves are presented to illustrate the
evolution of the plasma towards the end of the rﬁn. These curves
were extracted from cycle 173, at a time 2.4821 nanoseconds from
zero time.

The mass density and internal energy density are presented in
Figure 52. The plasma temperature and pressure are presented in
Figure 53, for this later time. 1In both of these [ligures, the in-
terface iS:ShOWn shifted back to the origin. As in the previous,
figures, the laser beam is still incident from the right.

Figure 54 is presented to illustrate the fluctations of the
laser beam reflection over several time intervals, at the beginning
and at the end of the computer run. The significant factor to note
from this figure is the rate at which the laser beam is being absorbed
by the plasma. The intervals, shown in Figure 54, are divided into

equal parts, covering the entire run from 1.0 X 10-12 seconds to 2.6
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nanoscconds.
One of the interesting features of the curves, shown in Figure
- 50 and Figure 52, is seen in the behavior of the mass density. As
the laser beam is absorbed by the aluminum target material, the
mass begins to vaporize from the target surface. The mass density,
rather than decreasing continuously to a gaseous state, indicates
that the aluminum atoms and ions leave the surfacé in fairly dense
pulses. The breaks in the mass density curve indicate that the
particles are ejected from the surface in groups ofAvarying density.
This phenomenon has been observed in the laboratory experiments.
Several of the data taken with the quadrupole mass filter on the laser
induced plasmas exhibit this same type of mass density variation. The
twin ruby laser was employed to produce an aluminum plasma, in the
configuration shown in Figure 55. The aluminum ions, metastable atoms
and u.v. photons were monitored with the mass filter, as shown. An
example of the data produced by this system is presented in Figure 56.
The curve in this figure represents the electron multiplier detector
output signal in response to Al+3 ions, metastable atoms and light.
The dotted curve represents the trace which was photograﬁhed directly
from the oscilloscope screen. The solid curves represenf the resolved
peaks of the original curve. The relatively steep decreaée in amp=
litude at the extreme left of Figure 56 is interpreted to be the decay
of the u.v. light emission from the laser impact plasma. For this
data, the détector response to the u.v. light was taken to establish
zero time. From the resolved peaks of Figure 56, it is evident that
the Al+3 ions and metastable atoms reach the detector in discrete

velocity groups. It is interesting to consider the mechanism respons=
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ible for this phenomenon. One tentétive explanation for the discrete
nature of the velocity distributions is now offered.

Consider the following possibility when the‘incident laser pulse
first reaches the target interface, sufficient.energy is absorbed by
the surface layer atoms to escape in the form of a gaseous shock
front. This phenoménon must occur in the first few nandseconds. Much
of the subsequent laser radiation is absorbed exponentially by the
expanding plésma. In this manner, additional encrgy is gained by the
vanguard of the shock front which is propagating into vacuum. This'
would result in some of the ions moving ahead of the initial shock
front, depending on the energy increase due to absorption. This pro=-
cess, of course, must conform with momentum conservation, so that the
group of ions which move out with additional velocity, must nec-
eésarily.be less massive than the group that remains behind in the
break up. This means that there are fewer ions in the leading group.
I1f the laser radiation continues to be incident on the target area,
it might be assumed that it is not unfeasible for the faster velocity
group to absorb more energy and break up into still smaller groups.
Here again the forefront group of ions, having gained additional
velocity, 1s less massive, i.e., there are fewer ions in the group.

The resolved peaks presented in Figure 56 illustrate the faster,
smaller peaks and the slower, larger peaks. While several of the
data seems to bear out the hypothesis discussed above, other data
shows irregularities which need to be investigated further, in light
of target geometry, turbulence and the possible cffects of material
defects in the aluminum target plate.

The encouraging similarity between the theoretical predictions
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and the experimental data illustrates the effectiveness of the com-

puter model for this one case.
Expanding Plasma Sphere Data

The computer model for an expanding plasma sphere was discussed
in Chapter VI. The flow equations and the basic computer techniques,
which are employed to solve these equations, were presented. A
description of the program elements is provided in Appendix C, along
with a machine listing of a typical program. The data which is pre-~
sented in this section were obtained from a very short, trial computer
run. Although a production run has not yet been made with this model,
the results of the trial runs will serve to illustrate the type of
solutions which can be expected from the model. |

For the trial run, which is discussed in this section, the in-
itial condifions of the model are now given. A total of 50 radial
mesh cells was chosen, with 25 of the cells filled with aluminum at
solid density. The remaining 25 cells were assigned vacuum values.
The initial size of each cell was chosen to be l.d X 10-4 centimeters.
This corresponds to an initial volume of 6.54 X 1’()-'8 cubic centi-
meters and a total mass of 1.77 X 10-7 grams. The initial, internal
energy density was chosen to be 1.81 X 1011 ergs/ gram, which is
equivalent to an energy of 5.07 eV. per atom. The total initial,
internal energy of the aluminum sphere is then, 3.20 X 104 ergs.

This corresponds to an initial temperature of 2.0 eV.

From the equation of state for aluminum, the initial relative

ionization Qas determined to be 3 electrons per atom and the initial

pressure was given, 2.57 X 1012 dynes per cubic centimeter. An



147

initial time increment of 1.0 X 10-10 seconds was chosen to begin the
plasma evolution.

The curves which are presented here illustrate the variation with
time of the mass density, as the plasma expands. Although, all of
the flow variables are monitored each cycle, the mass density varia-
tion gives a good indication of whether or not the program is pro-
ceeding correctly.

This variable may be compared with the evolution of the other
plasma variables to give an indication that their values are reason-
able and that they do not violate thé conservation laws. For example,
a high value for the temperature at a point in the grid where the
mass 1s known to be zero, would indicate that the calculations for
the temperature need revisions. There are, of course, many other
comparisons with the other flow variables which provide a check on
the feasibility of the computer solution.

A special subroutine was designed and incorporated into the
program to provide a real-time check on all the variables. This
check=-out routine not only monitors the variables to note any im=~
proper values, but is programmed to actually reset a variable value
which has reached an unreasonable limit. An ekample of the function
of this routine is given. Suppose the flow velocity is calculated
at a point in time, to be a value which exceeds the speed of light.
The checke~out routine will notice this unreasonable value, and re-
set it to a value which is consistent with the values of the other
variables at that point. Provision is also made in this routine to
monitor the values of such variables as the temperature, pressure,

internal energy, etc. to insure that they are maintained at values
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which are consistent with the equation of state.

The model may be programmed to abort, if unfeaéible limits are
reached for which no real-time correction can be ﬁade.

With the above discussion in mind, the first 15 cycles of a
trial run are presented. The curves in Figure 37 show the evolution
of the plasma mass density for the first 3 time increments. 'The |
initial time increment was given above as 1.0 X 10-10 seconds. The
subsequent time intervals, which are shown on each‘graph, were cal-
culated by the computer to be consistent with the Courant condition.

The curves in Figure 58 and Figure 59 represent the variation
in mass density for the next six time cycles. The curves in Figure
60 through Figure 62 show the remaining time cycles of the total of
15 presented here. The significant feature of this trial run, as
depicted by the curves which have been presented, is that the com«
puter model "flows" in a manner which is expected. The nature of
the density variations at the interface is in good agreement with
the previous work on this type of model.

Since no production run has yet been attempted with the model,
no quantitative conclusions are presented at this time. However,
the qualité;ive agreement, of the preliminary computer solutions for
this model, with solutions from previous models, and with experiment,
- indicate that the basic framework of the model is sound. This model
is presented here as a basic theoretical tool, and not an end result,
in itself. 1It provides a boundary value program which, with some |
modification and implementations, may be employed to investigate a
large variety of plasma expansion problems. The equation of state

for the model was developed for aluminum, but the model is suf-
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ficiently flexible to accommodate equations of state for other mate-
rials._.The variety of initial conditions, which may be set for the
boundary values of the computer model, are limited only by the re-

striction that they be consistent with the equation of state for the

model.



CHAPTER VIII
SUMMARY AND CONCLUSIONS
Introduction

The purpose of this chapter 1is to briefly summarize the areas of
research, which wére presented in the previous chapters. The results
of the four major areas of study were presented in Chapter VII. A
general summary of the overall program of research.is presented be-

low.
General Summary

For the study of dense, transient aluminum plasmas, two experi=-
mental devices were developed. These are the quadrupole mass filter
and the electrostatic lens. The quadrupole mass filter was employed
to monitor the emission of aluminum ions, metastable atoms and u.v.
light from the plasma, which is produced by the vacuum spark. The
quadrupole data, which was presented in the prévious chapter, was
obtained with an improved quadrupole system. The major modifica-~
tions, which were discussed in Chapter III, include the addition of
a regulated power supply and a crystal to control the frequcncy'of
the r.f. voltage, which is applied to the quadrupole rods.

The electrostatic lens was designed and constructed to eliminate

the neutral atoms and u.v. light from the beam of particles, which
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emanates from the vacuum spark plasma, and is detected by the elec-
tron multiplier of the quadrupole system. One of the most signif-
icant resﬁlts of the experiments with the electrostatic lens is the
indication of individual ionic velocity distributions. From an anal-
ysis of the data, obtained with both the quadrupole and the electro-
static lens; a better understanding, of the method in which the vac-
uum spark plasma 1s produced, was achieved.

The initial results of a trial production rﬁn’were presented, in
Chapter VII, for the laser impact plasma model. Typical examples of -
the data were presented to illustrate the evolution of the plasma var-
iables. The plasma, which is produced by the incidence of a giant
laser pulse, 1s simulated by the computer model. The creation and
subseduent expansion of the laser induced plasma were illustrated by
the curves, which were presented for two different times in the pro-
duction run.

The expanding plasma sphere model, which was discussed in Chap-
ter VI, was developed as a boundary value model. This theoretical
approach to the problem of transient plasmas was employed by pre-
vious members of this research group. The present model, which is
described in this thesis, was developed to include an improved equa-
tion of state for aluminum. Other basic advantages, which the pre-~
sent model contains over the previous models, include the addition
of program elements, such as the check-out routine, and the incor-
poration of a computerized method of data output and reduction. The
oscillational energy, which was neglected in the previous spherical
model, was included in the present model. 1In addition, a provision

was included, in the present computer model, for the calculation of
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pressure induced currents in the plasma. These calculations are

based on plasmon theory and are discussed in Appendix B. One of the
most interesting research areas, in which the spherical plasma model
should prove to be useful, 1s the experimental work with the explad-

ing wire.
Recommendations for future Improvements

This section is divided into two parts. 1In the first part of
this section suggestions are offered for improvements which could be
made in the experimental research. The second part is devoted to

possible improvements in the theoretical research.
Experimental Research

One improvement to the quadrupole mass filter experiment would
be the calibration of the electron multiplier detector. Avprere-
quisite to such a calibration, is the availability of a reproducible,
ion source. With a calibrated detector, a quantitative analysis
could be made for the relative abundance of each ionic specie. The
multiple veloctly peaks, which were shown in both the quadrupole
data and electrostatic lens data, were attributed to a possible
mechanism by which the breakdown of tte spark gap occurs. Briefly,
it is thought that the multiple peaks result from spark migration,
when the electrodes have become worn. An experiment could be made
to determine 1f multiple velocity peaks still exist in the data,
immediately after the aluminum electrodes have been ground to a point,
and polished.

Improvements, which may be made to the electrostatic lens
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system, include the use of a calibrated detector, a modified spacing
arrangement for the lens electrodes, and a more reliable time delay.
The need for a calibrated detector was discussed above. The Qer-
tical separation, between tﬁe positive lens electrodes and the ground
plate, is 4.0 cm. 1If this Separation were decreased to 2.0 cm, for
example, then the voltages, required for the lens electrodes to main-
tain the same electric field strength, would be decreased by a fac-
tor of tow; This would decrease the problem with electric field
fringing, and would possibly eliminate the need for a pulse ampli-
fier, which contributes several nénoseconds to the rise time of the
"pulse,

Theoretical Research

The number of refinements which could be made to most any theo-
retical research 1s practically unlimitéd. The computervmodels for
both the laser impact plasma and the expanding plasma sphere are in
a constant state of revision. As additional experimental evidence
is obtained for the properties of the plasmas, which are produced in
the 1ab6ratory, the computer models are revised t§ be consistent with
the experimental data.

There are a few general areas in which basic improvements could
be made to the existing models. These are briefly discussed below.
The mechanism of radiative transfer has been neglected and should be
included in both models. A better technique could possibly be de-
veloped to overcome the difficulty involved Qith the small mesh size
and the Courant condition. For'very small cell dimensions, the time

intervals which satisfy the Courant condition, are too small to be



160

practical. One final improvement is suggested. There should be.a
provision in the computer programs to check the conservation of.mass.
The procedure for redoubling the mesh for bothvof tﬁe-modeis céuld
be modified ﬁo provide this check. With the current redouble pro-
cedure, it is possible that additional mass is introduced into the
problem, each time the redouble procedure is used. .A subroutine
could be written which will monitor the mass density in each mesh

cell, so that no violation of the conservation of mass can occur.



SELECTED BIBLIOGRAPHY

Ables, J. G. '"A computer Solution for a Spherically Exploding
Plasma." (unpublished M. S. thesis, Oklahoma State University,
1963).

Allen, James S. "The Detection of Single Positive Ions, Electrons
and Photons by a Secondary Electron Multiplier." Physical
Review, Vol. 55 (1939) pp. 966-971.

Basov, N. G. et. al. '"Heating and Decay of Plasma Produced by a
Giant Laser Pulse Focused on a Solid Target.' Soviet Physics
JETP, Vol. 24, No. 4 (1967) p. 659.

Brown, Vernon D. and F. C. Todd. "Use of a Pulsed Photomultiplier to
Measure the Light Intensity versus Time for a Spark Discharge
Between Aluminum Electrodes.!" (unpublished Ph.D. dissertation,
Oklahoma State University, 1968).

Brubaker, W. M. and J. Tuul. "Performance Studies of a Quadrupole
Mass Filter." Rev. Sci. Inst., Vol. 35 (1964) pp. 1007-1010.

Bruce, R. E. "A Model and Calculations for the Properties of an
Exploding Plasma Sphere.!" (unpublished Ph.D. dissertation,
Oklahoma State University, 1966).

Bykovski, Y. A. et. al. 'Mass Spectrometer Investigation of Ions
Formed by Interaction Between Laser Radiation and Matter."
Soviet Physics - Technical Physics, Vol. 13, No. 7 (1969)

p. 986.

Carpenter, T. M. "Calibration of a Far Ultraviolet Spectrograph
and a Study of Vacuum Spark Breakdown.!" (unpublished M. S.
report, Oklahoma State University, 1970). '

Compton, K. T. and Irving Langmuir. "Electrical Discharges in
Gases." Review of Modern Physics, Vol. IT (April, 1930).

David, C. et. al. "7A9-Density and Temperature of a Laser Induced
Plasma.!" IEEE Journal of Quantum Electronics, Vol. qe-2, No. 9
(1966) p. 493.

Dawson, P. H. and N. R. Whetten. '"Quadrupoles, Monopoles and Ion
Traps." Research and Development, (February, 1968) pp. 46-50.

161



162

Ehler, A. W. "Plasma formed by a Laser Pulse on a Tungsten Target."
Journal of Applied Physics, Vol. 37, No. 13 (1966) p. 4962.

Fenner, N. C. '"Ion Energies in the Plasma Produced by a High Power
Laser." Physics Letters, Vol. 22, No. 4 (1966) p. 421.

Fisher, H. "Erosion Jets: Newly Observed Phenomenon.™ Research"
Review, Vol IV, No. 11 (1966) p. 7.

Gartenhaus, Solomon. Elements of Plasma Physics. New York: Holt,
Rinehart and Winston, 1964.

Gunther, Karl-Georg. "A Partial Pressure Vacuum Gauge Working
According to the Principle of the Electrical Mass Filter."
Vacuum, Vol. 10 (1960) pp. 293-308.

Hamby, H. G. (Private Communication, 1970).

Hardage, B. A. 'Hypervelocity Impact with Flow and Shock Penetration’
Through Fluid, Plastic and Elastic Zones." (unpublished Ph.D.
dissertation, Oklahoma State University, 1967). '

Hastie, J. W. and D. L. Swingler. "Use of the Quadrupole Mass Filter
for High Temperature Studies.!" High Temperature Science, Vol. 1
(1969) p. 46.

Hellund, E. J. The Plasma State. New York: Reinhold Publishing
Corporation, 1961.

Holt, E. H. and R. E. Haskell. Foundations of Plasma Dynamics.
New York: The Macmillan Company, 1965.

Honig, R. E. and J. R. Woolston. '"Laser-Induced Emission of Elec-
trons, Ions, and Neutral Atoms from Solid Surfaces." Applied
Physics Letters, Vol. 2, No. 7 (1963) p. 138.

Jackson, J. D. Classical Electrodynamics. New York: John Wiley
and Sons, Inc., 1962,

Jones, D." S. The Theory of Electromagnetism. New York: Pergamon
Press, 1964.

Kittel, C. Introduction to Solid State Physics. New York: John
Wiley and Sons, Inc., 1968.

Kramer, N. D. and H. J. King. "Extraction of Dense Ion Beams from
~Plasmas." Journal of Applied Physics, Vol. 38, No. 10 (1967)
p. 4019.

Langer, P. et. al. "Laser Induced Emission of Electrons, Ions, and
X-Rays from Solid Targets." IEEE Journal of Quantum Electronics,
Vol. qe~2, No. 9 (1966) p. 499.




163

Langmuir, I. and L. Tonks. Physical Review, Vol. 33 (1929) pp. 195,
990. .

Linlor, W. I. "Some Properties of Plasma Produced by Laser Giant
Pulse." Physics Review Letters, Vol. 12 No. 14 (1964) p. 383.

Linlor, W. I. "Ton Energies Produced by Laser Giant Pulse." Applied
Physics Letters, Vol. 3, No. 11 (1963) p. 210.

" Lubin, M. J. '"Laser-Induced Plasmas for Power Generation and Space
Propulsion.'" Astronautics and Aeronautics, Vol. 8, No. 11
(1970) pp. 42-48.

McCormick, J. M. and M. G. Salvadori. Numerical Meﬁhods in Fortran.
New Jersey: Prentice-Hall, Inc., 1965,

McCracken, D. D. and W. S. Dorn. Numerical Methods and Fortran
Programming. New York: John Wiley and Sons, Inc., 1964.

McLachlan, N. W. Theory and Application of Mathieu Functions. New
York: Dover Publications, Lnc., 1964.

Malmstadt, H. V. and C. G. Enke. Electronics for Scientist. New
York: W. A. Benjamin, Inc., 1962.

Mosharrafa, M. and H. J. Oskam. "Design and Construction of a Mass-
Spectrometer for the Study of Basic Processes in Plasma Physics.”
(Tech. Rep. No. 2, AD-274249, University of Minnesota, 1961).

Mulser, P. and S. Witkowski. '"Numerical Computation of the Produc-
tion of a Dense Plasma by Irradiation of a Solid by a Laser.™
(Report IPP 3/74, Institut fur Plasmaphysik, 1968).

Norgren, Carl T. et. al. Colloid Thrustor Beam Analysis; Design
and Operation of a Suitable Quadrupole Mass Filter. Lewis Re-
search Center, “NASA TN D-3036, Cleveland, Ohio, 1965.

.,Paul, W. and M. Raether. "Das Electrische Massenfllter." Zeit. fur
Phys., Vol. 140 (1955) pp. 262-273. '

Paul, W. and H. Steinwendel. "Ein Neues Massenspektrometer ohne
Magnetfeld." Zeit. Naturforschg, Vol. 82 (1953).

Payne, R. D. and F. C. Todd. '"A Spectrograph for the Far Ultravio-
let," Proc. Okla. Acad. Sci., Vol. 46 (1966) pp. 115-121.

Peery, L. J. "A Model and Calculations for Laser Induced Plasmas."
(unpublished Ph.D. dissertation, Oklahoma State University,
1970).

Peery, L. J. "Design and Construction of a Twin Ruby Laser."
(unpublished M. S. thesis, Oklahoma State University, 1967).



Ready, J. F. "Development of a Plume of Material Vaporized by a
Giant Pulse Laser.!" Applied Physics Letters, Vol. 3, No. 1
(1963) p. 1l1.

Ready, J. F. "Effects Due to Absorption of Laser Radiation,"
Journal of Applied Physics, Vol. 36, No. 2 (1965) p. 462.

Robinson, W. G. "Modification and Design of a Twin Ruby, Q-
switched Laser for Plasma Production.'" (unpublished M. S.
thesis, Oklahoma State University, 1970). '

Sauter, G. F., R. A. Gerber and H. J. Oskam. "Technique for
Simultaneously Measuring Ion Densities, Metastable Atom
Densities, and Light Emission in Decaying Gaseous Plasmas."
Rev. of Sci. Instr., Vol. 37, No. 5 (1966) p 572.

Schmidt, C. "A Quadrupole Energy Filter." Rev. of Sci. Instr.,
Vol. 41 (1970) p. 117.

Shriver, E. L. (Private Communication, 1970).
Sodek, B. A. "A Hydrodynamic Model of Micrometeroid Impact.'

(unpublished Ph.D. dissertation, Oklahoma State University,
1965). '

Willis, H. W. "Quadrupole Mass Filter Design and Construction for

Plasma Ion Analysis." (unpublished M. S. thesis, Oklahoma
State University, 1969).

Woodward, C. E. and C. K. Crawford. 'Design of a Quadrupole Mass

Spectrometer.!" (Tech. Rep. No. 176, NP-12543, Mass. Inst. of

Tech., 1963).

164

Yoder, J. A. "Theory, Design and Performance of a Coaxial, Exploding

Wire System." (unpublished M. S. thesis, Oklahoma State
University, 1970).



APPENDIX A
DERIVATION OF VISCOUS TERMS

In this section, the viscous terms for the flow equations are
deriyed. These terms were included in the conservation of moméntum
and energy equations for the expanding plasma sphere model .in Chapter
VI. The viscous effects are defined in cartesian coordinates and
are then transformed to the spherical geometry rgquired by the model.
The derivation begins with the viscous stress tensor which was de-

fined in Equation (5.4) and is employed in Equations (6.7) and (6.8).

i k
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23 = (?iz + il.l_z. » ) (A 7)
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T = u(g;* t 5z ) (A-9)
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The equations above must now be transformed to spherical co=-

ordinates. The components of the flow velocity,vul, are given below.

u =u_ sin 8 cos ©
uy =u_ sin 0 sin ¢ (A-11)
u = u_ cos 8

z T

The differential operators for spherical coordinates are given.

d _d& 3 ., 2303 3

X xar T x0T 3x (a-12)

o %3 L L0023

dy  dy or + oy 08 + Ay (A-13)
and

0 _dr o 06 d 3 0 _

= e 5z 38 3y o (A-14)

These operators are simplified to the following forms because

of the assumption of spherical symmetry.

o} _ o] . . | ) Sinsg 19
5% = sin O cos 5o + cos 8 cos ©= 56" 56 = 5o (A-15)
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Conservation of Momentum

The relation expressing momentum conservation is the equation of
motion. The terms of this equation are vector quantities. The com-
ponents of the viscous force vector which appear in this equation

are now given.

Fi _ anfj (A-19)
: ax?

Rk L R a0
Ve v
F = agil + araiz + 5523 (A=22)

Now consider Equation (A-22). This equation expresses the z-com~
ponent of the viscous force. The radial viscous force term may be

rewritten in the following form.
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F? = F' cos (A=23)
With the appropriate differentiation, Equation (A-22) is written

in terms of the radial flow velocity.

z 2 aur EH

1 3
F =u§2[—f'a?<r ) - 72
r r
- % Vr(vr . u) % cos B (A-24)

Then from Equation (A-23),

- azur 9 dur 2ur
F=2ul—ti5g -]
or

r

9 aur 2ur
-3 el G+l (A-25)

The second bracket term of Equation (A-25) is expanded to the

following  form.

2 o) u. o, Gur 2ur‘
e (a-26)
or r
The radial viscous force term is then given.
2
- J u. Bur u
Fegul—gtryn - 27 (A-27)
or r :

Energy Equation

The viscous term which appears in the ecnergy equation is a scalar

quantity and may be written in the following f[orm.
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iij .. oo i
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where Fro= aﬂ. (A-29)
ax?

Equation (A-29) and the other terms which appear in Equation
(A-28) were derived in the previous section.

Therefore,
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APPENDIX B
PLASMA OSCILLATIONS

In the discussion of the expanding plasma sphere model of Chapter
VI, an expression was given for the generalized Ohm's law. This ex-
pression for the current density included a term for the pressure in-
duced current. The purpose of this section is to show the origin of
this term from a microscopic point of view.

The very large pressure gradients which exist in a sphere of
plasma expanding into vacuum give rise to a charge separation of the
ions and electrons. In the single fluid model a distinction is pro-
vided for ion from electron through the generalized Ohm's law. This

expression may be given by the following:

J=c[E+p(uxi)]+pu-2-vp +L Vp, (B-1)
o] q pe C pi i

The terms of this equation are well known, but for emphasis the -

following terms are again defined.

pq = total free charge density
Po = electron density

Py T ion density

PC = electron pressure

Pi = jion pressure

The last two terms in the equation above describe the behavior
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of the electrons and ions in a pressure gradient. The electron pres-

sure given is determined by the law of partial pressures.

p =<

e T @+ T CroT (B-2)

I

where: o degree of ionization

PTOT = total pressure

Consider the contribution to the current density by the‘ions.
It must be kept in mind that to fo;low the individual naturc of the
ions and electrons directly in the single fluid model is impossible.
However, these properties may be implied by the macroscopic para-
meters such as the degree of ionization, charge density, etc. A
qualitative insight may be gained by comparing the displacement
currents arising from the ions and electrons under the influence of
a pressure gradient.

Let the current density contributions be deflined as follows,

Jion TN eYy , (B-3)
Jelectron ~ T e : (B-4)
where: ‘n = number density

v = velocity
e = electronic charge
Now consider the motion of the ion and electrons in the pres-
surce gradient. A simplified diagram is given in Figure 63 showing
the relative displacements of the particles under the influence of
an external force. Trom the theory of plasma oscillations the elec;

trons, so displaced by an external force, will experience a restoring
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force because of the charge separation and will thérefore begin to
oscilléte. If an arbitrary time, At, is defined as one-half the
period of oscillation, then the displacements of the particles shown
to arbitrary scale in Figure 63 will allow the qualitative deter-
mination of their relative contributions to the total current density.
For the time interval chosen, Equations (B-3) aﬁd (B-4) may be

rewritten to obtain,

Jion ~Mi® & (B=5)
and
Ar _ : _
Jelectron ~ = NG (B-6)

Now in the most general case of multi-ionized plasmas, the number
density (ni) of the ions will be less than or equal to that of the

electrons (ne).
n, £n (B-7)

Also the displacement of the electrons, due to their small mass

compared with the ion, will be much larger than that of the ions.

Ar >> MR (B-8)
A comparsion of the magnitudes of these two current density com-
ponents yields the following result.

n, <n
1= e

ol

ion (B-9)

J
l electron AR << Ar

1t should be noted that for aluminum plasmas, the relative

number density of the ions and electrons is given by,

(ne/ni)max =13 (B~10)
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Equation (B-9) suggests that especially for plasmas with a rel-
atively high degree of ionization, the ionic contribution to the
current density may be neglected.

For the spherical plasma model, Equation (B-1) is then reduced

to the following.

J=coF+pu- Y7’Pe © (B=11)

q

'olq

e

Consider now the restoring forces which are a collective phenom-
ena in a dense plasma, since the coulombic attraction is more com-
plicated than that associated merely with individual ion-electron
paris. The justification for the pressure induced component of the
current density will now be presented with a discussion of plasmon
theory.

As was indicated by the argument above, the ions may be cone-
sidered stationary, compared with the electrons, for any arbitrary
time interval. This is consistent with the theory of plasmoné. A
plasmon may be defined as a quantized plasma oséiilation. Kittel
(1968) describes a plasma oscillation as a collective loﬁgitudinal
excitation of an electron gas. This excitation is most simply de-
scribed by considering an electron gas which uﬁdergoes a unilorm
displacement with respect to a stationary, positive ion background.
The amplitude of this displacement which is shown in IFigure 64 gives

rise to an induced electric field,

[El =47 n e (B-12)
where: - n = electron concentration
e = electronic charge

ﬂ' = amplitude of electron displacement
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g, = 0 e T = surface charge density

The cequation of motion for a unit volume of the electron gas

176

is given.
d2 2 2 .2
nm ——g = a~nekE=~41n e 1 (B~-13)
dt
or
2
2 .
51———2 +w N=0 (B-14)
dt P
4
where: w2 =2 0e (B-15)
P m
wp = plasma frequency
m = electronic mass

Consider now the external force on the electron gas which is
the consequence of the pressure gradient across the unit electron

volume. The force exerted on an electron is given.

1 A Pe
Fe - ;( A r) (B-16)
where: P = electron pressure

A r = dimension of electron volume

The net force on an electron in the plasma clement is then given.

2 AP
2
m d—%l - %(Z—;-E) - 4T n e T] (B—]_7)
dt

The solution of this equation assumes the oscillatory form,

,, AP, o AP,

E(- Ar ) E(- AT )

= - cos w t (B-18)
Ll > b

4TTmn e 4T mn e
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or
N = ﬂo + ﬂo cos wpt (B-19)
and
1 A Pe
E<- r )
1, = (-20)
m w
p

The oscillation described by Equation (B-19) then occurs about
ﬂo with amplitude ﬂo. The frequency of this oscillation is the
characteristic plasma frequency e

Now consider the net charge which is displaced per oscillation.
Let the cross-sectional area of the plasma element be given, A, so
that the volume of the displaced electrons is Aﬂo. The net displaced

charge is then given.
AQ = n e(AT]O) (B-21)

The current density is then written for time interval, At.

Then using the expression for the displacement given by Equa-

tion (B-20), the pressure induced current term becomes.

e Vv pe

@l
i
|

) (B-23)
m w_ At
p
This term takes into account the oscillations which are known
to exist in the expanding plasma. It has bcen used to replace the

last term of Equation (B-11). The generalized Ohm's law then assumes

the following form.
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- - . e VP
J = ok +pu - —_— (B-24)
m wp At :

In deriving the pressure induced current density, the time de-
pendent part of the solution given in Equation (B-19) was neglected
because of its high frequency, in favor of the displacemcﬁt component.
It then becomes necessary to separately formulate the cnergy contenf
of fhese oscillations. The oscillatory component is of such high
frequency that it cannot be followed by the computer program, i.e.,
the period of oscillation is much smaller than any practical computer
timebstep interval. The oscillational energy is not neglected, héw-
ever.

The energy per particle of the oscillating electron gas may be

written,

B 202 1 2.2
E, =5(4mn e”) N+ 5 m oy T, (B-25)

N —

where the {irst term on the right is due to the electron gas displace-
ment and the second term expresses the oscillational cnergy of the
gas about the equilibrium position.

The oscillational energy per electron is then given,

1 2 \Y% Pe . V Pe
Bee =3 ™ W [——-—-—2-———2—] (B-26)
p (m wp n)

£ = = (B=27)
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This term was coded for the computer and has been included in

the expression for the total energy given in Chapter VI.



APPENDIX C
PROGRAM CONSTRUCTION FOR SPHERICAL MODEL

The computer model for an cxpanding plasma sphere, which was pre-
sented in Chapter VI, reprcsents a one~dimensional approach to the
solution of the varied problems encountered in the complex study of
plasma creation and evolution. The present work is a culmination of
several years of research in both the experimental and theoretical
areas of plaéma physics. While the program to be presented here must
certainly not be considered the last word in mathematical modeling,
it does represent a substantial step forward in the continual research
to ascertain the mechanisms attributed to plasma expansion.

The trial program listing which appears bn the next several pages
is only typical, since the model is in a constant state of up-dating
and revision. It should, however, provide an indication of the work
that has been done and the general state of the present research.

The aqtual computer program given here is a composite of fifteen
elements, which includes a main program body, nine subprograms (or
subroutines) and four statement functions. These elements areigiven
below:

I. MAIN PROGRAM
- IT. SUBROUTINES
1. CKOT

2, HYDRO1

180
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3. 1ICOND
4. OPTR
5. PRTOT1
6. QUAT
7. REDBL

. 8. REMSH
9. Xov

I1IT. STATEMENT FUNCTIONS

1. FED

2. REEDG
3. RESET
4, XKAP

A brief description of the role of each of the program elements
is now given.

I. MAIN - The general "flow" of the program is deter-
mined by MAIN. The data is read into the computer
via the main program. This data includes the tab-
ular equation of state and states the initial mesh
size for the model. Also included in MAIN are the
flow equations, which inélude the gas dynamic equa-
tions and the Maxwell electromagnetic equations. The
gas dynamic equations include the conservation laws.
Other calculations which are included in the.main
pfogram are for the viscous force term and the vis-
cous energy term, the electrical conductivity, the
oscillational energy and the Courant condition. Iix-

ecution, program progress and termination are, for
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the most part, controlled by the main program.

SUBROUTINES - The subprograms are called by the

MAIN program to provide some specific information for

calculation or to provide a check on the orderly prog-

ress of the program as a whole.

1.

CKOT =~ The ChecKOuT routine was constructed

to monitor -all the flow variables to insure that
feasible limits are not violated.

HYDRO1l . - Higher Derivatives of certain flow
variables are calculated via finite difference
techniques in this subroutine. Specifically,
the second partial derivatives which‘are en-
countered in the flow equations are dealt with
in this routine.

ICOND - The Initial CONDitions are specified
for the program model in this routine. The
initial values for all the flow variables are
given for the mesh points and cell centers in
the model at t = 0.

OPTR - OPTical pRopertics arc provided for the
calculations with this subroutine. The electron
and ion cellision times and the screening length
are also calculated and conveyed to the main
program.

PRTOT1 - PRinTOuT #1 is one ol several sub-
routines which may be used to display the pro-

gram description and data in such a manner that
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it may be efficiently reduced. This routine
has the capability to read out the data to mag-
netic tape, as well as the conventional paper
print out. This data tape may then be used to
obtain computer-drawn graphs of the data for a
more convenient analysis.

QUAT - The eggézion of state'subroutine pro-
vides, in matrix format, the thcrmodynémic vari-
able values over the range covered by the model.
This equation was developed previously in tab-
ular form and has been incorporated into the
present model. The thermodynamic range extends
from several times solid density to ~ 10_6 solid
density, with the accompanying, consistent val=
ues for temperature and pressure. The general
form of this equation was given in Chapter VI.
REDBL - The REDouBLe rougine provides addi-
tional computer '"space" into which the plasma
may expand when the initial mesh is about to be
overrun.

REMSH « The REMeSH routine is used cach time
cycle to reposition the variable values in the
mesh as they evolve in time.

XOV - The calculation (E) Of the coefflicient

of Viscosity is provided in this routine.

STATEMENT FUNCTIONS
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1. FED

2.. REEDG

3. RESET These functions provide a routine
4, XKAP calculation that is not provided

by the computer system library. For
example, SIN(X) is provided for in
the computer, but an arbitrary func-
tion such as RESET (c.f. Equation
(6.31)) may be temporarily added to
the system library of available
functions, if many repeated calcula-
tions so warrant.

A machine listing of the spherical model program used for the

initial trial computer runs is presented in the following tables.



.TABLE VII

MACHINE LISTING OF MAIN PROGRAM

RFORY IS MALINI/MAIN

Cxxx

eNeoNoNoNoNeNaNaNoNoReNoRe e N NaNeNe)

uIMENSION ATE(15)

COMMUN ALP(10+12) 2 AQSC(51) oDELT UENCLID) »DENRL(51),DENQR2(SY1)
1UENGH(51) yDELRsDRIEANDMvEDE(10012) vEGPRM1(51) v EGRM2(51) ¢FGRM3(S1)»
2EO+EUSCL(51) vEOSC2(S1) vEOSCI(S1) v I o iNTS ITOTeITOTIeNCYLIPOSC(KR1)
3PCALL1 sPCAL2 vPCALIYPRESLI(S1)PRESZ(51)»PRES3(51)PRS{100,12)
4R (51) yRELCI(51)yRELC2(51) +RELC3(51) ¢»kHOM1(51) ,RHOM2(51) yRHOM3(51),
SKJUEL(51) v RJIBE2(S1) v RJIDEI(51) yRVELLI(51) »RVEL2(51) RVEL3(51) .
6SDELTeTCALYL »TCAL2» TCALZ»TEM(12) v TEMFL(51) o TEMP2(51) o TFVP3(51)
TVES1eTI»TICoTIVeXIONL(S3) s XION2(51) ¢ XICN3{51)+X0rPO
DEFINLTION OF VARTARLES b a3k ok %ok ok ok o % 3 % 3 ok o 3K o o 3ok 3k ok ok 3K o K K o 3K o o 3k 3k o ok o ok o o o ok ok kok Kok

Fvi(i1) = VALUE OF FLOw VARIABLES AT MESH POINTS AT TIME T

Fvell) = VALUE OF FLOw VARIABLES AT CFLL CENTERS AT TINE T+DT

FV3(1) = TIME RATE CF CHANGE OF FLOw VARIABLES AT CELL CENTERS

ALaM = DEBYE LENGTH ‘

ALF(10012) = AVERAGE ICGMIZATION AT (RHCM»T) FOR EQUATICN OF STATE TABLE

AOSC = AMPLITUDE OF OSCILLATIONS (Cm)

ATE(15) = FUNCTION VALLES FOR X*EXP(X) XZ0rleeerlts (CPTK ROUTINE)

ol = PLANCK'S CONSTANT. / 2 Pl _ '

CELN = CELL NUMBER WHERF THE INITIAL INTERFACF LIFS,

CHo = TOTAL ELECTRCHNIC CRARGE DENSITY

(LT = SPEEC GF LIGHT ((6S)

COUK = COURANT COEFFICIENT

ELR = DELTA K (CM)

UELT = DELTA T (SEC)

CERCLI0) = RELATIVE DENSITY FOF EFGUATION UF STATFE TARLF

UENG = NET CHARGE DENSITY (COUL/MI) (MKSA)

UPER = PRESSUFF GRADIENT

uR = INITIAL SEPARATICN BETWEFN LINEAR MESH POINTS

681
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TABLE VII (Continued)

EANDM = CONTRCL FOR tLECTROMAGNETIC EQUATTONS. IF EANCMCTIL00.0MIT £ AND M
CHARACTER CF THE PROBLEM (GASDYNAMIC APPROXIMATIOM).
eDE(10012) = ENERGY DENSITY AT (RHOMeT) FOR EQUAT,OF STATFE TARLF (ERG/CM3)

EFLOX = INTERMEDIATE ENERGY TERM

EFLUX = INTERMEDIATE ENERGY TERM

EGRM = INTERNAL ENERGY PER UNIT MASS (EPG/GP)

0 = INITIAL INTERNAL ENERGY PER UNIT MASS

£0SC = OSCILLATIONAL ENERGY PER UMIT MASS (ERG/GM)

£EPSIv = PERMITIVITY CCNSTANT (MKS)

EQN1 = MASS DENSITY OF ALUMINUM FOR USE IM EGUATION OF STATE
tAN2 = INTERNAL ENERGY FOR USE It EwUATIGM OF STATE
FED STATEMENT FUNCTICM USED FOR CALCULATING PRESSURE GRACIEMT

FEL = ELECTRIC FORCE TEFM

FV1S = VISCOUS FORCE TEFRM

ITNS = NUMRER OF CELLS INSIDE OF TARGET SPHERE

ITUT = THE TOTAL MUMBER OF CELLS

1T0T1 = 170T+1

nCU = CONTROL PARAMETEK TO EXIT SUBROUTINE OPTR

NCYL = NO. COMPLETE CYCLES OF THE PRUGRAM FOR A GIVEN TINE T+D7

PCALL = CALCULATES 2ND DERIVATIVES GF RVEL WeR.T, R(VISC. FORCESyMCGM,CALC)
PCaLe = DUMMY VARTARLE In COMMON PACKAGE

PCALS = DUMMY VARIAEBLE IN COMNONM PACKAGE

I = 3414

rQ = INITIAL PRESSURE IMSIUE SPHEPE (DYWFS/Cmg)

POSC = PERIOD CF CSCILLATIONS (1/Stl)

+#ReS = PRESSUFE (DYMNE/CM2) NOTEee 1 ATMS= 1.0UF=N6& DYNF/CWVD

PRS(10012) = PRESSURE AT (RHOMeT) FUKR EQUAT. OF STATE TARLE (NYMF/CMZ2)
wE = ELECTRONIC CHARGE (4.8 £=-10 FSuU)

k(1) = RADIUS (CWV)

rCeh = CELL CENTER RARIAL CC=0OrDINAIE
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TABLE VII (Continued)

RELC = RACIAL ELECTRIC FIELD (VOLT/m = NT/COUL) (MKSA)
REX = NON=SUBSCRIPTED VARIABLE FOR MASS DENSITY

RHUM = MASS DENSITY (GM/CM3)

RJUE = RADIAL CURRENT DENSITY (AMPS/M2) NOTE.s (MKSA)
ROVEL = RADIAL MOMENTUM

RP = RADIAL CC=ORDINATE FOR PEAK PRESSURE

RR RADIAL CC-ORDINATE FOR PEAK MASS DENSITY

RT RADIAL CC=ORDINATE FOR PEAK TEMFERATURE

KV = RADIAL CC=-ORDINATE FOR PEAK RAUIAL VELOCITY

RVel = FLOW VELOCITY (Cwm/S)

SAT = LOWER LIMIT FOR RADIAL VELCCITY (=1.1E+09)

SDELT = TINE INTERVAL FOR PREVIOUS CYCLE

Sle2 ELECTRICAL CONDUCTIVITY (MKS)

SORJ SOURCE TER™ FOR CURRENT DENSITY

TAU = RELAXATION OR COLLISION TIMF

TCALL1 = D2T/DK2 (CALCULATED IN HYDURU1)

TCaLe = DUMMY VARIABLE IN COMMON PACLKAGE

TCAL3 = DUMMY VARIAKLE IN COMMON PACKAGE

1COU = COURANT TIME INTFRVAL

TEM(12) = TEMPERATURES FOR EGUATION OF STATE TARLF (EV)
TEMP = TEMPERATURE (EV)

TES1 = CONTRCL FOR MESH -« QVER=RUN

TEXx = NON=SUBSCRIPTED VARIABLE FOR TEMPERATURE
11 = INITIAL TEMPERATURE

TIC INITIAL vACUULM TEMPEKATURE

n o

1 I TOTAL ELAPSFD TINE
VELCK = ABRSCOLUTE VALUE OF THE RACTAL VELOCITY
wP = PLASMA ANGULAR FREGUENCY

wPe = SQUARF CGF PLASMA FREGWUEMNCY

XA = NON=SURSCRIPTED IGMIZATION USEL IN EQUATION OF STATE
XEX = NON=SUBSCRIPTEU VARIABLE FUR {UNIZATION

XTUN = DEGREE COF IOMIZATION (MNO. FREE ELECTRONS/ATOM)
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TABLE VII (Continued)

XKAP = STATEMENT FUNCTION FOR CALCULATING HEAT CAPACITY
XKPC = THERMAL CAPACITY TERWV

XKP1l = THERMAL CAPACITY TERM

XKP2 = THERMAL CAPACITY TERMW

XLAM = DEBYE LENGTH

XME = MASS OF ELECTRON (CGS)

xMy = VISCCSITY CO=EFFICIENT

XMwPs = (MASS OF ELECTRON) * (SQUARE OF PLASMA FREQUEMCY)
ANE = TOTAL ELECTRCN NUMBER DENSITY

X0 = INITIAL RELATIVE IONIZATIOM

XP = NON=SURSCRIPTED PRESSURE USED IN EQUATIOM OF STATE
APRM = PERMEAEBILITY CONSTANT (MKS)

XT = NON-SURSCRIPTED TEMPERATUHRE USEC IN FQUATION OF STATE
ZAb = CONTROL VARIABLE FOR IDENTIFICATION AND TRANMSFER

%k FORMAT STATENENTS *x%xx%

5 FORMAT(BEG.3)
6 FORMAT(10F7.1)
7 FCrMAT (50Xe26HAN EXPANDING PLASMA SPHEREY///)

8

9
10

11
12

13
14
15
21
22

FORNMAT (22X, 70KTHE EQUATION OF STATe TABLES USED FOR THIS CALCULAT

X10iv ARE GIVEN RBELOWe////)

FORMAT(///7/7+40X e 2I3HINTERNAL ENERGY ULENSITY (ERGS/GM)e//)
FORMAT(UX » 1AHRELATIVE CENSITY 2 3X0oFlUe202XoEL10,3e2X 0 E1NaTr2X0EL1C3

XeXrE1Oe3e2XsE10.302X2E104302X0EL1GL.3)

FOKMAT (1X»16HTEMPERATURE (EV.))
FORMAT(UX EL10 B rOXeEL10e302X0E104302XeF10.202X0E10,392X0eF10.292X0

XC1U03'2X'E1003'2x'EIU-:‘})

FCRMAT(//7 /084S X0 20FPRESSURE (DYNES/CNMD2) 0 //)
FORMAT(///704G6X 0 19ERELATIVE ICNTIZATiION//)

FCRMAT(1E10.3)

FORMAT (/980X e 21Hkxxx*PEFAK VALUES**x*%x%)

FORMAT (10X o 14HCYCLE NUMBEK= v 100 10XoSHTIMEZIELI2.5010X e 36HTINME TNC

XKEMENT USED FCR THIS CYCLE =sF10.3)
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TABLE VIT (Continued)

23 FORKMAT(1X»12HNASS DENSITY #2X 1 8HPOSITION 10X 13FFLOW VELQCITY »2X»RE
XPOSITION 10X » EHPRESSURE 12X BHPOSITION»10Xr 11HTEMPERATURE 22X 8HPOST
XTION) '

24 FORMAT(3XPEQ 392X 0ECe3012X0EQ.312X 0 G, 318X rEG,3rUYPEG,3+1NXsEQ,T
XqX-E9.3)

25 FORKMATISX)RH(GM/CNR) puX e 4H(CM) 214X »bHICM/SEC) 96X e uUH{(CM) 10Xy 1 NHIDY
XiNE/Z7CM2) v SX 4 (CM) s 16X v 4B (EV ) sOXoyH(CM))

26 FORMAT (//015X»39HCQURANT TIME INCReMENT FOR MEXT CYCLE= »r£10.302X
XoIYHNOTE ! COURANT COLFFICIENT FOR ThIS RUMZFSe10//)

27 FORMAT (5X » 11 0HNXkkk ks ok ok ok ¥k ok ok ok 3K ok % % o ok 3K ok Kok 303k ok o o o K ok ok ok sk o ok ok ok ok X
X3 % e ok 3k ok K o ok ok K K ok oK ok B g K 3k K % ok K K Kk 3 3K ok 3K o R R ok o oKk K ok K 3K ok oK ok ok % o K Kok KOk kK ok )

28 FORMAT (/777 95X 013 QH ok xk ok 3 ok dk ok ok ok ok ok K sk 3 K % 3% 3 o 3 o oK o ok 3 ok ok K o % ok ok ok ok o % o 3 okoke ko ok
X2k K o 2k ok ok A ok ok ok ok ok ok ok K ok K ok ko ok o ok ok oK ok 3K K K Kk ok ok 3K ok 3k 3k koK ok K o B3 ok Kk ok K ok K % ok ok ok ok K o dokok ok )
29 FORMAT (30X»71HTHIS PRCGRAM CALCULLATES THE EXPANSTON PROPERTIFS OF

X AN ALUMINUM SPHERE,)

30 FORMAT (20X ,QuHTHE INITIAL BOUNDARY CONDITIONS ARF CONSISTEMT wITH
X THE EQUATION OF STATE AND ARF GIVEN RELOW:»//)

31 rORMAT (30X 92-1.02X20lRTHE INITIAL SO ID SPHERE FILLS 2% RPANTIAL MF
XSH CelLLS WHICH ARF(ELIN.Z2r2Xe20HCENTIMETERS IN STZ2F40/)

32 FORMAT (30X s2H2 402X s 36HTHE INITIAL vOLUME CF THE SPHERE ISeE1N.Xy»2
XX01B8HCURIC CEMTIMETERS.0/) :

33 FORMAT (30X s2H3.92X»39RTHE INITIAL 1UTAL MASS CF THFE SFHERE IS»F10

Xe3p2Xe6HORAMS 0 /)

34 FCRMAT (30X e2F8 402X o 40RTHE INITIAL TEMPERATURE OF THE SPHERE IS,F1
XUeBrzXr3HEV .0 /)

38 FORMAT (30X rekHS 22X v 2GHTHE INITTAL FRFSSURE IS GIVEMeFIN.3e2X»10HD
XINES/CVM2e0/)

36 FORMAT (30X 92t 6 er2X e 34rTHE INITIAL Rl ATLIVE IONTIZATIOM TSyE10.392%
Xel9HELECTROMS PER ATUGMer/)

37 FORNMAT (30X 12H7 42X 0 9RTHE INITIAL eENERGY DENSITY ISeF1N.Z2e2Xe 1NHF
XRGS/ORAMy p2X 9 22HWHICH IS EGWUIVALENT TOrELIN 392X 9 BHEV/ATNON,, /)
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TABLE VII- (Continued)

38 FORMAT (30X s2HR,2Xs45HTHIS CORRESPONDS TO A TOTAL INITTAL ENFRGY
XUFrEL1D e3¢ 2X2SHERGCS /)
39 FORMAT (30X e2+Q 402X e 29+THE INITIAL TIME INCREMENT ISeE10, o?XoBHSF
XCOnNDSer/7/777)
40 FORMAT (22X229+-THE ORIGINAL INMNTERFACE WAS ATIE10.392X 4NHCENTIMETF
XRSe wHICH IS NOW AT CELL NUMBER(!F7.207/)
CxxxDATA DEFINITION *x%xx
PI=3.,141
170T=50
ITOT1=ITOT+}
TIm=u.0
C01=1.0
TIC=u.0235% ROC T
XMt:901E-29
LPSIv=8.85E=-12
XPRMZ1.256E=0¢&
EANDM=S,. 0
SCebl1=0.0
PCALL1I=0.0
FCALZ=0.,0-
PCAL3=0,0
TCALLI=0,0
TCALc=0,0U
TCALS3=0.0
CELN = 25,0
CCLK = (.©
C*x**xTC SUFFRESS EF&M¢  EANDMZUC0 *%*x% .
pH=1.061E=-27
CLT=Zs.,U0E+106
Cx*x*x THt FULLOWING INITIAL VALUES ARE CONSLISTERT vITH THE EOUATICN NF STATE x*x%
Cxxx JnIVIAL ENERGY INSIDE SPHERE (HOT SPHERE) *xkkkkkk¥xkkk*
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TABLE VITI (Continued)

t0 = 1.81E+11
Cxxx INITIAL RELATIVE ICNIZATION INSIDE SFHFERE **%
X0 = 3.0
Cxxx INITIAL PRESSURE INSIDE SPHERE *%%
PO = 2.57E+1¢2
Cxxx INITIAL TEMPERATURE INSIDE SPHERE *x*
TI = 2.0
NCYL=D
Cxxx TIME ANCREMENT DEFINITICHK ok ko okok ok ¥ ok 3k ok ok ok ok 33k % K ok ok ook % ok Kokok K ok ok Kokok R okok o
DELT = 1.0E-10C
Cxxxx GENERATION OF NxEXP{1) FOR X0V AND OPTR skkacksokx ko kkokkkkkakkkkkkk
u0 1ul1 N=1e15
Y=iN=1
ATE(N)SY*EXP(Y)
101 CONTINUE
Cxxx FQUATLION OF STATE IMNPUT *x%x
READ(5¢8) (DEN(K) $KZ198)
READ(Sr6) (TEM(K)sK=1,11)
uC 111 K=1».11
READ{SeS) (EDE(JeK)y J=198)
p0 1us I=1,8
EDE (LI v K)IZEDE (1 9K) /(2. 70%0EN(TI))
105 CONTANUE
111 CONTINUE
UC 121 K=1011
KEAD(SrS) (ALP(JeK) vu=1e8)
121 CONTINUE
uC 131 K=1e11
READ(SeH) (PRS({JeK)ruz=1,8)
131 CONTIMUE
Cxxx IyPUT OF MESH STZE FCOR 1CCNU %% %ok o dok of %ok X 3k ok ok ok ok K o K % 0k 3k ok K o Kok ok ok ok okok
READ(S0189) DK
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TABLE VII (Continued)

Cxxx CALCULATE IMITIAL VOLUME OF SPHERE ***

KRk = 25.0%DR '
VOL = (4,0%F1*RRR*RRK*RRR) /3.0

Cxx*x CALCULATE TOTAL INITIAL MASS OF SPHERE *#*x

XMAS = 2.7 * VOL

Cxxx CALCULATE EQUIVALENT ENERGY PER ATOM #*%x%

e NoNeNe!

O

AVUN = 6.,02F+23

GRAM MOLECULAR WEIGHT FOR ALUMINUM = 27 GM/MOLE **xx*
THeFe ARE 10 CC/MOLE FCR SOLID ALUMINUM

THERE ARE 2.23E+22 ATOMS/GRAM FOR SOLID ALUMINUM
ENERGY PER ATOM - ( FPA ) IS THEN CALCULATED

tPA = EQ/2.23E+22

THERE ARE 1.,602E-12 tRGS PER Ev

t.PA = EPA/1.0062E=12

THE TOTAL INITIAL ENERGY

TIe = XMAS * EQ

WRiTe(6,7)

WR1TE (6029)

aR1Te (6930)

wRITE(6,31) DF

-wRITE(5932) vCL

#R1TE(6+33) xMAS
WwRITE(E,»34) T1
wRITE(6,35) PC
wR1Te (6e36) X0
WRITE(6e37) ECWEPRPA
WRITeE(6+38) TIE
whiTe(6939) DELT

Cxxx TU QUIPUT EQUATION CF STATE TAFLES **x%

wR1Te(608)
whlTe(6,9)
wR1TE(O6r10) (LDEN(K) e k=1,8)
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TABLE VII (Continued)

wRiTe (6,11)
u0 141 J=1r11 :
WRITE(6,12) TEM(J)WEDE(L v U} vEDE(2rU) vEDE(3eJ)1ERE (Lo J) vEPE(Sed) s
XEDE (o2 J) vECE(T72J) 2»EDE(B Y J)
141 CONTINUE
WHITE(6,13) _
WRITE(6010) (DEN(K)sK=1,8)
wWRITE(6,11)
uC 1ol J=1reii
WRLITE(69012) TENV(U) e PRS(19J) 2PRS(20U) vPRS(39J) oPRS(U»J) 2PRS (S0 J) e
XPERS (oo Jd) v PRS(79J) e PRS (80 J)
151 CONTINUE
wR1Te(6r14)
wRITE(6010) (DEN(K) sK=1,8)
wRITE(6,11)
Ul lol J=1r11
wRITE(6012) TEMIJYrALP(L1eJ) s ALP(2¢Jd) v ALP(3¢J) vALP (4 s U) 2 ALP(SeJ) e
XALP (oed) e ALP(70J) s ALP (8 J)
161 CONTINUE
Crxx INITIAL CONDITIOMS sk skokokok ox 3ok % d & o o ok 3 ok 3 o o o ok K o %Ok ok ol o 0ok 30k ok ok ok Ok 0k Xk koK
CALL ICOND
TIvz=u.0
Cxxx RRANCH POINT FOR TIME CYCLES #x**
251 £AG=1.,0 '
Cxxx SrT PrAK VALIUES BEFCRE ENTERING TIME CYCLE #%kxkkkk¥xkxkkdkkpkkkk¥Ex
PRHCOM=0,0
FRVEL=0.0
S PTehpP=0,0
FPKES=0,0
TESI=0.0
IF(NCYLL.LTWY) GC TC £71 :
Cxx* TSl = OVERUN CONTRCL. IF MESH OVFRUN» TES]1 = 1.00 IF NOTe Z0e0 *¥xkkskdkkdk
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TABLE VII (Continued)

Cxxx THE CENSITY TEST FOR CVER RUN IS MADE AT £ND OF RENMSH *%x

CALL RENSH _
IF(TES1.LT.0.5) GO Tu 271
CALL REDBL

271 2A6=1,0

CALL CKcT

C*xxxGENERATE TEMPORARY SPARE FV2 VALUE SET IN FV3 LOCATIONS kskakxkxskkkdhrkkksk

vl 2ol I=1.1ITCT

UENGA(L)=DEMG2(])
EGRMI(I)=ZEGRM2(])
cOSCA(I)zECSC2 (1)
PRESAI(I)=PRES2(I)
KELCA3(I)}=RELC2(1])
KHOMJ (I)=RHOMZ (1)
RJGES(I)=RUDEZ2(])
KVeELI(T)=RVEL2(1)
TEMPA(I)=TEMP2 ()
ATONZ(I)=XICN2 ()

281 CONTINUE .
Cxaxx FLOW EOUATIOMS s akok %o ko ok ok sk ¥ 3k 3 3ok 3k d ok 3 o % 3k ok ok F ok ok v ok ok ok ok ko ok Kok oK ok ook o %ok K ok kR Kook

Cxxx
Crxx
Carxx%

c
Cx*x

Cxx*xx

L0 8603 I=1,1T707
CelL CENTER CO-ORDINATES **x

RCENZ(R(I)+R(I+1)) /2.0
DELTA R *x%% '

UELRZR(I+1)~R(I)
Fv2 VALUES RESERVED FUR OLD VALUES AT CelLL CENTER. ARE LATFR USEN 8S TIME
DERIVATIVES OF CELL CEMTERS 3k % %ok o & % ok ok o & s % ok ok ok ok ok Kok 0K ok ok ok ok ok 3 o Kok 30K oF sk ook kR ok ok kK
CUNSERVATION OF MASS *x%

KHOMZ (1) Z=1 J0*NELT*( (0 e SkRVELI(I) *RknUMB(1) /RCENI+C(RROMT (T+1 ) *KVEL
X1OI+1)=RHOMI (I *RVELL(I))}/DELR)) + rHOM2(T)

IF(RHOM2 (1) JLE«00) KHONM2(1)ZRHOM3 (L)

CUNSERVATIOM OF RADIAL NMOMENTUN *x%xx%
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Cxxx*
Crxx

Chxx

TABLE VII (Continued)

VISCOUS TERM *x%x
CALL HYDRO1 TO RETURN DeV/UR2=PCAL]1 **%
CALL HYDROI1
CALL XOV TO RETURN MU *xx*

nCozyY

REXZKHOM3(I) -

TEXSTEMP3(I)

XEX=XxION3(I)

IF(XeX.LE.C0.1) GC TC 1001

CALL OPTR (REX s XNEsBhe TEX e XEXsPI¢QE/ATE2»RCOsCLT»TAU» XLAM)
ALAMZXLAM

CALL XOV(GE »XEX+ALAMPTEX»ATE » XNMU)

60 Tu 1001

1001 xMU=U.U
1011 ROVEL=(=1,0%RHCOMI(I)*RVELI(I)*(RVFLL(T+1)=RVEL1(I))/DELR)=((PRES](

Cxxx

Cxxx

CHrr

Cxax

Cx*xx
Cxxx

Xi+1)=-PRES1(1))/DELR)

ELECTKIC FORCE TERM CONVERTED TO C b0 S *x%
FELSUENG3(T) %FELC3 (1) *1,0E=~01

VISLOUS FORCE TERM #*x%x

FVISS1433xXMUx (PCAL1+42,0% ((RVELL1(TI+1)=RVEL1(1))/DFLR)=2.0%RVEL3(T)

X/RCEN)
CuMPLETION OF ROVEL #*xx

HKOVEL=ROVEL+FVIS+FEL

RVELc (D) ZERVELI(I)+DELT* (ROVEL/RHOM3 (1))
CHELK T0 SFE R\/EL.LTOU.llC * Xk %

IF(RVEL2(I) . GT,1.1E+402) RVELZ(I)=1.,1E+09

SAT==1.1E+0G

IF(KVELZ(I) LT SAT) RVEL2(L)ZSAT
ENERGY DENSITY CALCULATION *%x% :
WilTHOuT ELECTRICAL TERM (COMPUTED AFTER J=CALC) **xx
EFLUAZ=1 0% (RHOMB(T) *EGRM3(I) *RVEL 2 (1) /RCFN)=(((RHOMYI (I+1) xEGRMY
X(I+1)*RVEL1(I+1))=(RHONI (T ) 2L GRMLI (1) *xPVFEL1(T)))/PFLR)
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TABLE VII (Continued)

EFLUXSEFLUX=(PRES3(1)*RVELI(I)/RCEN)I={ ((PRESL1(I+1)*RVFLI(T+1))
X=(PRESI(I)*RVEL1(I)))/0CELR)
Cxxx VISCOUS TERM x*x
cFLUXZEFLUX+ (1, 33*XFU*(PVEL2(I)/RCtN)*(RVFLZ(I)/PCEN))+(1 33 xXMiUI%x
X((KVELI(I+1)=RVELL(I))/CELR)*((RVFLI(I+1)~=RVELL(I))/DELR))I+(FVIS*
XRVEL3(I))
Cxxx CALLING THERMAL CONDUCTIVITIES NEEDEU IN THERMAL TERM %x*xx
KRCU=3
TEXSTEMP1(I+1)
XEX=XION1(I+1)
REX=kHOM1(I+1)
CALL OPTRI(PEX e XME sPHeTEX o XEX PLoGFsATFIKCO»CLT» TAU» XLAM)
XKPI=XKAP(TENEFL1(I41) » TAUXIONTI (I+1) RHCM1(I+1))
TEX=TEMPL(T)
XEX=ATION1(I)
REAZRHOMI(T)
CALL OPTR(REX s XME sEHITEX s XEXoFPIrGF o ATFoKCO»CLT» TAU W XLAM)
XKP2=XKAP(TENPI(I) o TAL P XTIONTI(T) o RKEOML1(I))
1EXSTEVRE3(I)
XEX=XION3(T)
RE X=KHOM3I(T1)
CALL OPTR(PEX o XMEsERe TEX o XEX PRI 2GFE s ATFIKCO)CLT» TALIWXLAN)
XKPC=XKAFP(TFMPR(I) p TAU P XIONI(I) o+ RROME (1))
Cxxx THERNMAL TERMS IN ENEPGY EGQUATION *%x%
EFLUX=EFLUY+( (XKPC/RCEN)* ((TEMPI (T+1)=TENMP1(1))/DFLR))
tFLUAZEFLUX+ ( ((XKP1=XKF2) /UELF)* ((TemP1(i+1)=TEMPI(I))/PELR))
Cxxx TCall = Q2T/0UFK2 (CALCULLATED FREVICUSLY BY HYDRO1) *x*xx*
cFLUXZEFLUX+(XXKPC*TCALL)
Cxxx CUNSERKVATION OF CHARGE #*x*xx%
bEuQ:(I):DEVGE(I)f(CtLT*((HJDFE(l)/HLFN)+((QJHE](I+1)-RJDF1(I))/nC
XLk)))
C*#x% CHELKk FREE CHAKRGE DELSITY oLT. Use TUTAL ELECTRCM CHARGE **x
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TABLE VII (Continued)

CROZ1.,6E=-1CG*6, 0E+?2*XILP3(1)*PHON1(I)/2 70
CHG=CHG*1 ,GE+0A%0,2
IF(DENG2(]I) ,GT.CHG) DENG2(I)=CHG
CHiez==CHG
IF(DENG2(I) LT CHG) UENG2(]I)=CHG
Cx** E{ ECTRICAL TERM =*xxx
cFLUASEFLUX+(RELCA(T ) *kJDEI(I)%10,0)
cFLOXZEFLUX=(EGRM2(1)* (RHOM2(1)=RHOM3I(1))/DELT)
Cxx%x NeWw ENERGY TERM *xx
tGRM2 (I)-EGPM%(I)+(D&LT*EFLOX/RHU~¢(1))
Cxxx ELECTRIC FIELD »*x
HELCZ(I)ZRELCA(I)+((DELTxRJUDE2(T)) /EPSIV)
Cx** CURREnNT DENSITY CALCULATION *x%xx*
C*x*xx ELECTRICAL CONCUCTIVITY = M K S =USIinG wWIENERMANN=FRANZ RATIO *x%x*
Cxxx CUNDUCTIVITY = CGS xx*x
SIN2=(XKPC*x2.75E+04/TENP3(1))
Cxxx CUNDUCTIVITY = MKS = %xxx*
$Io2=S1G2/9,UEF +0S
Cxxx CaALCULATION CF SOURCE TEFM **%x%
ClI=ZFED(XICMI(T+1) »PRESZ(I+1))
ClestED(XICM3(T)Y P PRESI(I))
UPER=(C11-C12) /DELR
Cx%xx CaLCULLATION OF TOTAL ELECTRON MNUMBFR LGENSITY *%xx
XNEZRHOM3 (1) %6 ,02FE+22%XION3 (1) /2470
LFIXnELELQL.0) GC TO 1560
wWPZ2=4 0PI xXNE *QE *CE
wPezZwpP2/XNE
Cxx%x VeCTOK DISPLACEVERT *xx*x%
WPk 2%%(, 5%
ANMwP2=XME kW g
ACSC(I)=DPER/ (XMNEXXMAPZ)
Cxxx PrRICU OF GSCILLATICKN *%xx
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TABLE VIT (Continued)

POSC(I)=2.0%PI /WP
Cx%xx SQURCE TERM **x%
SORJ=AOSC(I) *1.6E~19*XNE/DELT
Cxxx AMPLITUDE OF OQOSCILLATION *xx»
ACSC(I)=ARS(AQSC(I))
Cxex CURRENT DENRSITY *>xx
KJUE2 (I)=(STIG2«RELCZ(I))+(DENQ3 (1) *RVFL3(T)*x1,0F=02) +
X(SORuUx*1.UE-04) :
Cxxx OSCILLATIONAL ENERGY (ERG/GM) xxx
ECSCz2(I)=0.5%xA0SC(I)*2ACSC{ L) xwpP2
c0SCZ(I)=ZEOSC2(I) xXMEXXNE/RHOM3Z (1)
0 Tu 1600
1500 AQsSC(I)=0,0
POSC(1)=0.0
SORJ=0+0
RJUE(I)= (S1G2*RELC3A(1I)) + (DENGI(I1)*RVeL3(1)*1.0E=(C2)
eQ0SCe(I)=0.0
C*x*xx CALCULATION OF PRESSURE» ICNIZATICN AKND TEMPERATURE **x*
1600 tQinl = RHCM2(]1)
EQONZZEGRMZ2 (T)=(0+5%x (RKVEL2 (1) *PYEL2 (1)) ) =£0SC2(])
Cexx Call EQUATION OF STATE ROUTINE sxxkakrdkkxkkkkkrdkkkdokkkkxXpkpdkkd kg kkkxkkX
CALL QUAT(EON1EGN2¢rXPeXTrXA)
EGRM(I)YZEQNZ
rHONZ(T)ZEGML%2,.70
AIUN(I)=XxA
PRES«(I)=XP
TEMFP(I)=XT
IF(RAOM2 (1) (LE LPRECM) GC Tu ¢6ul
PRAQOMZ=RIFONM2 (1)
RRZKCEN
2001 VELCRZAKRS(RVEL2(I))
IF(VelLCK.LELPFVEL) GU TO 2010
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TABLE VII (Continued)

PRVEL=ZVELCK
KV=RCEN

2010 1F(PRES2(1).LEPPRES) GC TC 2020
PPRES=PRES2 (1)
RP=RCEN

2020 IF(TEMP2(1).LE.PTEMP) GC TO 5003
PTEMPZTEMP2 (1)
RT=RCEN

5003 CONTINUE

Cxxx SET Fv3'S TO DERIVATIVES s¥xskxdkkgkkpkrkkkpkpkrkrkrdhkhbkkhkhrkrxkrkhdhrnkrk
v0 Sus0 J=1,17C7
DENGI(J)S(DENG2(J)=CENG3(J)) /DELT
EGRVMA(J)IZ(EGRNMN2 (JU) =EGRMA(J) ) /DELT
cOSCHI(J)I=(EQSC2(J)=EQSC2(U) ) /DELT
PRESH(J)IZ(PRES2(J)=PRESZ(J)) /DELT
RELCA(J)I=(RELC2(U)=RELC2(J))/CELT
REOMS(J)=S(RHOM2(J) =FRHONMA(JDI)I/DELT
KJUES(J)=(RJIDE2 (J)=RUDE2(J) ) /70ELT
ARVELI(J)I=(RVEL2(J)=RVEL3(J))/DELT
TEMFA(JI)IS(TEMP2(U)=TEMFR(J))/DELT
XIONS(JY=(XTIOP2(U)=XICH3(J))/DELT

5050 CCNTINUE
TIMZTIMHDELY

Cxx% ThHE FOLLOWING CARC LIMITS THE OUTPHT oY NMUMBER CF CYCLF S*kkxkkkkxkxk
IF(NCYL.GEL100) GO TO e001
NCYL=NCYL +1
aRITL (6928)
WRITE(6,22) NCYL TINMIDELT
wRiTE(69s27)
aR1TE(6921)
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TABLE VII (Continued)

" wRLITE (623)
WRITE(6e24) PRRONMIPRIPRVEL»RVIPPRES'KP PTFMP'RT
wR1ITE(6,25)
Cx% COURANT CONDITION *kmkddadakmkkkhdhk sk kg ko kkk ok Rk Rk kb kk gk ko hokk ¥
Cxxx L INEAR MESH ONLY *xx*x
TCouu=
IF(PRVELJLE.0.N) GC TO %070
TCOU=DELR/PRVEL
Cxxx CHOICE OF TIME INCRENMENT FOR NEXT CYULE sk s ok okokkokkokok Kok ok g okok ok
S070 SDELT=DELT
DELT = COUK * TCCU
Cx**x NOTE CLOQURANT CGEFFICIENTY = 0 9 ************************************
IF(ELT6GT+1.GFE=029) DELT = 1.0PE=(QO
wR1ITE(6,26) TCOUPCCUK
IF(TES1.6T.0458) CFLM = CELN/2.0
wRiITe(B6e40) RKR,CFLN
Cxxx CONDITIONS FOR CALLING FPRTOT CAN BF AUDED HERE LATFR *%x
CALL PRTOTI
Cxxx APDITIONAL CONLCITIONS FOR TERMINATION CAN RE AnDFn HERF LATER #x%xx
IF(TiMeGT 1. UE=0€) GO TC 6001
_ 0 Tu 251
6001 £Aub=1,0
STuk
£ ND

00¢



TABLE VITI

SUBROUTINE CKOT

BFOR»IS CKUTCKQOT
SUBRUUTINE CKCT

DIMENSION MC(15)eNC(15)
COMMUN ALP(10,12)A0SC(R1)DELT, DFN(ln)-uEN@l(“l)-DENOZ(SI)o
10ENGS(S1) yDELRYDRI/EANDMIEDE(10012) v GRM1(51) 1 EGRM2(51)vEGRM3I (51 )
20 EUSC1(51) vENSC2(51) vEOSCI(51) v ToINTS»ITOT»ITOT1¢NCYLPOSC(S1)»
3PCALL+PCAL2)PCALIIPRES1(51) +PRES2(51)yPRES3I(51)+PRS(10212)
U (51) RELC1(51)RELC2(S1)sRELC3I(51) +KHCM1(51) »RHOM2(51) +RHOM3(51),
SKRJUEL1(51) »RUDE2(51) s RJUDEI(51) o RVELL1(51) »RVELZ2(51)»RVEL3(51),
65CELT v TCALLI »TCAL2»TCALI»TEM(L2) v TEMFLI(S1) o TEMP2(S1) »TENP3I(51)
TTESLeTIeTICeTIMyXICMNI(51) e XION2(51) e XICN3I(51)sX0rPO
Cxxx JSN lo = 67 *x%xx%
1 FORMAT (30Xe1H1,10Xe41KEMASS DERNSITY I€ LESS THAN 2,7 F=07 GM/CMR)
2 FORMAT (30Xe1H2/,10Xs40-NMASS DENSITY IS GRFATER THAN 5.40 GM/CM3)
3 FORMAT (30X e1K3o10X»3I0HOSCILLATION £NERGY 1S NEGATIVE)
4 FORMAT (30X »1HU,,10XoS54RINTERNAL ENERGY IS INCONSISTENT WITH EQUATI
XUN OF STATE)
FORMAT (30X»1HES,10Xe31HPRESSURE LESS THAN 2.25E-=04 RAR)
FORMAT (30XelkAe10X»33HPRESSURE GREATER THAM 10 MFGABARS)
FORMAT (30Xe1H7010Xe3SHRELATIVE IONLZATION GKEATER THAN 13)
FORNAT (30X»1HR»10Xs31RFRELATIVE 10ONIZATION IS NEGATIVE)
FORMAT (30X +»1H09, 10X 3SHTEMPERATURF IS LESS THAN 00,0235 FV.)
FORMAT(29Xe2H10¢ 10X ¢ 33RTEMPERATURE 1S GREATER THAM 8§ KEV)
FORMAT(29X»2H11» 10X 43HPADIAL FLOW VELOCITY EXCEENS 1.,0F+09 CM/SEC
X)
12 FORMAT (10X eSTHOPERATICHAL CORRECTIONS HAVE BEEN MADE BECAUSE OF PR
XeAsGiv rl2eUH AT »I4y17¢H MESH POINTS AND oI4e13K CFLL CEMNTFRS)
14 FORMAT (///910Xe108HCURING THE COURSE CF THE PRORLEM TIT MAY RFE NFEC
XESSAKY TO PERFORM THe CPERATIONAL CURPECTIUONS ENUMERATED RELOW)
15 FORMAT (/23X 13HREASOIN NUMBER)

OO~

1
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TABLE VIII (Continued)

16 FORMAT (29X s2H13010X¢v64HFREE CHARGE ULUENSITY EXCFENS 10% OF TOTAL F
XLECTRON CHARGE DENSITY) .
17 FORMAT (29X ,2H1U4s10Xr69HRADIAL CURRENT DEMSITY EXCEEDS (10% RHO TO
XTAL ELECTRON)*(10% C=LIGKHT))
LF(NCYL,.G6T.0) GO TC 19
wRITe(6e14)
WRITE(D6:15)
wWR1ITc(6+1)
wR1TE(602)
AR1TC(603)
wR1TE(6ey)
wRk1Te(6¢5)
wRITe (6+6)
WRITE(6,7)
wR1TE(6.8)
WRITE(6,9)
wRITe(6.10)
aRITe(60911)
wR1ITE (6er16)
wRITE(6¢17)
19 U0 20 I=1,158
wC(I)=0
NC(I) =0
26 CCONT INUE
SAT=1.0E+0QQ
SIT==1.0%SAT
uC 1uldl U=1.170T71
mC(1)=MC(1)+]

¢0¢



290

300

310

340

350

360

370

380

"TABLE VIII

 RHOM1 (J)=2.70E=-07

IF(RHOM1(J) JLE.S5+4) 60O TC 300
MC(2)=MC(2)+1

RHOMI(J)=S.4

IF(EGSCL(J) ,GE.D0.0) GO TO 310
MC(3)=MC(3)+1

£05C1(J)=0.0

EGN1=RHOM1 (J)

EQON2=EGRM1 (J)

CALL QUAT(EGN1EGQGN2 ¢ XPeXT ¢ XA)
SK=0,1*EQN2

LF(SK.LTe0e0D) SK==1,0%SkK
TISK=ZEQMN2+4 5K

TASKZEQN2=~SK

IF(EGRM1(U) .LT.TASK) GO TO 340
IF(EGRM1(J) .,6T.TISK) GO TO 340
60 Tu 350

WC(4)=MC(4)+1

cGRM1 (J)ZEQM2Z

PRES1(J)=XP
LF(XP+GT+2.24E+02) GU TO 360
MC(5)=MC(5)+1 '
PRES1(J)=2,25E402

FPZ=2 o SE+15%RHOML (J)
LF(XF.,LE.FPZ) GO TC 370
mCi6)=MC(H)+1

PRES1(J)=FP2

XxIUNL(J)=XA

IF (XA.LE.13.0) GC TO 380

mMC(T)I=MC(T7)+1
xION1(J)=13,0
IF(Xa.GE.0.0) GO TC 39¢

(Continued)
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390

400

410

420

430

TABLE VIIT (Continued)

MC(B)=MC(8)+1

XION1(J)=0.0

TEMPL(J)=XT

IF(XT.6Te0.0234) GC TO 400
MC(9)=MC(9) +]

TEMPL(J)Z0.0235
IF(XT.LE+S.0E+03) GO TO u41¢
mC(10)=MC(10)+1
TEMP1(J)=5.0E+03
CHIG=XION1(J)*RHOMI(U)%6.02E+22/72,. TV
CH1IG=1+.6E=-19%CHIG*1 ,UE+06%(G.1
CHAG==1,0%CHIG

IF(DENGLJ) JLELCHIG) GC TO 42t
MC(1a)=MC(13)+1

UENGL (J)=CHIG

00 TU 430

IF(DENQL1(J) sGE.CHAG) GC TC 430
MC(13)=MC(13)+1

DENG1L (J)=CHAG

CURSCHAG*3,0E+07

CAR==CUR

- 1F(RUDE1(J) ,LE.CAR)GU TC 440

440

450

wMC(la)=mMC(1u)+1

RJUE L (J)=CUPR

00 TO 450

IF(RUDELI(U) GE.CLUR)GO TO 450 .
mC(1g)=mMC(14)+1

RJUE 1 (J)=CAFR

LF(RVELL1(J) .LE.SAT) GO TO 46U
MC(11)=MC(11)+1

RVEL1(J)=SAT

w0 Tu 470

%02



460

470

490

600

010

640

650

060

TABLE VIII (Continued)

IF(RVELLI(JU) s6E.SIT) 6C TC 470
MCIL1L)=MC(11)+1

Kvel 1 (J)=SIT

iF(J.GT.ITCT) GO 7O 1001
LF(RHOM2(J) 46T .2.67E=07) GO TO 490
NC(1)=NC(1)+1
REOM2(J)=Z2.70E=07

IF{(RHOM2(J) JLE.S5el4) GC TO 600
NC(2)=NC(2)+1

RHOMZ (J)=5.u4

IF(EUSC2(J) .6EL,040) GO TO 610
NC(3)=NC(3)+1

£0SCe(J)=0.0

EONIZRHOM2 (J)

tON2=EGRM2 (J)

CALL QUAT(EGN1I EGN29XP9XTsXA)
SK=Z0 .1 ¥EGN2

IF(SK.LTOOOO) ng-loU*SK
TISKZEGN2+SK

TASK=EGQr2=SK
LF(EGRM2(U).LT.TASK) GC TO eu0
LF(EURM2(J) 0T TISK) GG TO 64(C
oC Tu 650

NCLU)=NC(u)+1

cGRMg (J) ZEONg

PRESc (J)=XP
IF{XP,GT2.24E+02) CU TC 680
WCIB)=NC(S)+])

PRS2 (J)=2.25E+02

FPZZ¢ o SE+18%RHOM2 (U)
IF(Xr.LE+FFZ) GO TC o070
NC(H)NC () +]

602



670

680

690

800

810

820

830

840

TABLE VIIT (Continued)

PRESZ(J)=FFZ

XIOhz (J)=XA

IF(XA.LE«13.0) GC TO &80
NC(T)=SNC(7)+1 o
XIUuN2(J)=13,0

IF(XA.GE«0.0) GO TO 090
NC(8)=NC(R)+1

XIONz(J)=0.0

TEMP2 (J) =XT

IF(XT.GT.0.0234) GO TO 800
NC(9)=NC(S) +1

TEMPZ(J)Z0.0225
IF(XT.LE+S.0£+03) GC TO 810
NCCIUIENC(10)+1
TEMPZ(J) =5, 0E403
CHIG=XION2(J)*RHOM2(U) *x6.02E+22/2,7U
CHIG=1.6E~19%CHIG*1 ,UE+Qb*0U. 1
CHAG==1,0%CKIC

IF(DENQ2(J) JLE.CHIG) GG TO A2C
WC13)=hC(13)+1

LERG2(J)I=CHIG

oC Tu 830
IF(CENR2(J) «GE CHAG) GG TO 830
NC(1A)SNC(13)+1

UEINGe (J)=CHAG
CUK=(HAG*3.,0L+N7

CAr==CUK
LF(RUDEZ2 (J) oLE CAR)IGU TO #40
nClg)=pC 1)+

KJUE ¢ (J)=CUR

wC Tu 850

iF(RUNE2(J) .GE.CUR)GO TO 850

902



850

860

870

1001

1009
1011

TABLE VIII

NC(14)=NC(IU)+1

RJLUEZ (J) =CAP _
IF(RVEL2(J) LE.SAT) oC TO 86U
NC(11)=NC(11)+

RVeELz (J)=SAT

LF(RVEL2(J) .0E.SIT) G0 TO 870
NC(11)=SNC(11)+1

RVEL2(J)=SIT

ZAG=1,0

CONT INUE

U0 1lull Iz=1,1%

IF(MC(I)WGE.1) GC TC 1uCeQ
IF(NC(I)WGEL1) GC TO 100CS

60 Tu 1011

aRLTE(6013) 1e¥C(T) nC(]I)
CONT INUE

KETUKN

cNu

(Continued)
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TABLE IX

SUBROUTINE HYDRO1

KFOR*IS HYURO1,HYDROL
SUBRUUTINE HYLROL
COMMCN ALF(10/+12)0A0SC(S1)oDELTPUFN(LIN) »yDENQL(SY) »DENGZ2(S51)
TUENGS3(51) »DELKRIDRIEANDVMPEDE(10012) »EGPM1 (K1) vEGRM2(51) vEGRM3 (K1)
CEQIECUSCL1(51)+EO0SC2(51) vEOSC3(S1) v T o INTS»1ITOTeITOTI P NCYLIPOSC(K1)
3PCAL1,PCAL2/PCAL3IVYPRES1I(81)+PRES2(51) +PRES3I(51)PRS(10¢12)
UR(51) yRELC1(51)+/RELC2(51)vRELCI(51)yRHCM1(51) ¢RHCOM2(51) yRHOMI(51),
S5SRJVEL(51) ¢ RUDE2(51) yRJIDEI(51) »RVELL1(51) »RVEL2(51)»RVEL3(51),
65SDELT e TCALY » TCAL2yTCAL3»TEM(L12) v TEMPL(S1) v TEMP2(51) o TEMP3I(51)
TTESYIyTI»TIC»TIVeXIONLI(51) e XIOMN2(51)rXICN3I(51)¢X0OrPO
Cxx% THIS SUBROUTINE CALCULATES p2v/0R2 AU D2T/0R2 FOR VISCCHS AMD THERMAL
C CONUUCTION TERMS IN ENERGY AND MOMENTUM EQUATIONS dokkkk kK kkkkkxk
IF(I.GE.ITOT) GO TC 501
IF(I.LT.2) GO TO 301
Cxxx CALCULATION FOFR INTERIOR CELLS ok kK okok ook % o X 3K ok o ok o % ok 3 ok ok ok ok 0K o ok % ok ook ke k
LIF1=(R(I+2)=K(1)) /2.0
Ir2=(R(I+1)=K(I=1))/2.0
TERMIZS(RVEL3A(I+1)=RVELZ(I ))/(DELR*UIF1)
TERME=(RVEL2(I)=RVEL3(1=1))/(DELR*ULF2)
PCALI=TERVM1=-TERM2 _
TERMIZ(TENPI(I+1)=TEMPI(I) ) /(DELR*ULFT)
TERMc=(TEMPR(1)=TENMP3(1=1) )/ (DELK*DiF?)
TCALL=TERM1=TERM2
0 Tu 510
Cxxx CALCULATION FUKR THE FIRST CELL ok kox ok % 3ok ok ok ok %k ook ook % ok K ok o o ok o 3ok K ok %ok ok ok
301 DIF1=(R(B)=R(2))/2.0
pIF2z(R(4)=R(2))/2.0
TERMIO=(RVELA3(4)=RVEL3I(2) )/ (DFLR*DIF1)
TERNZOS(TEMPI(4)=TEMP3I(2)) /(NELR*D1F2)

80¢



TABLE IX (Continued)

TERMLIIZ(RVEL3(3)=RVEL3I(2))/(DELR*DIFZ2)
TERMZ1= (TEMP3(3)=TEMP2(2))/(DELR*DIF?2)

Cx*x%x 2nD DERIVATIVES AT CENTER OF CELL NOe 3 sd¥sdokdkdokdkkkiokdkkkpikkkkkk
TERM1S= TERMI(G-TERMI11
TERMZS=STERM20-TERM21
ulF1=(R(4)=R(2))/2.0
DIF2=(R(3)=R(1))/2.0
TERMIO=(RVEL3(A)=RVELI(2))/ (DELR%DIF1)
TERNMZOS(TEMP3(2)=TEMP3(2) )/ (DELR*NIF1)
TERMILI=(RVEL3(2)=RVEL3(1))/(DELR*DIFZ)
TERMZIZ(TEMPI(2)=-TEMP3(1)) / (DELR*DIF2)

Cx*%x 2ND DERIVATIVES AT CENTER OF CELL NCOe 2 edkkrkdokkdkkdrkkkokkpkokkkkxk
TERM1I6= TERM1I0=TERMI1
TERMZ6= TERMZ20O=-TERMNZ21

Cxxx USING 2ND DERIVATIVES FROM 2ND AND 3RO CELLS 70 CALCULATE VALUE IN 16T CELL
UEF=(R(4)=R(3))/2.0
UIF=(R(3)=R(1))/2.0
RAT=UIF/DEF
PCALI=TERM16=(RAT*(TERNM15~TERM16))
o0 Ty 510 :

Cxxx CALCULATION FUR FINAL CELL ok okor ok ok ok dok ok o ok ok K ok %OK ok ok ok %ok Kok o 3 ok ok K Kok ok kokok

501 DIFIS(RIITCT+1)=RIITGT=1))/240

UIF2=(RUITOT)=R(ITCT=2))/2.0 _
TERMIO=(RVEL3(ITCT)=RVELI(ITOT=1))/(UELR%NIF])
TERMZOS(TEMPI(ITOT)-TENMPI(ITOT=1)) /(LFLR%xDIF1)
TERMLIIZS(RVELZ(ITOT=1)=RVEL3(ITOT=2))/ (DELRxNIFZ)
TERMIZS(TEMPAILITOT=1)=TEMPI(LTOT=2) )/ (DELR*DIF2)

Cxxx 25D DeRIVATIVES AT CELL ITOT-1 RAK KRR kKo Rk kR Rk Rk kR ok k kR k¥
TERMISZTERMIO=TERM1
TERNESTETERNMN20-TERMZ21
UIF1=(ROITOT)-R(ITOT=2))/2.0
VIF2Z(RIITOT=1)=R{ITOT=3))/2.0

60¢



TABLE IX (Continued)

TERMIOS (KVEL3(ITCT=1)=RkVEL3(ITOT=2))/(CELR*DIF1)
TERMZOZS(TENPI(ITOT=1)=TENMPI(ITOT=2) )/ (CELR*DIF1)
TERMILIZS(RVFLI(ITOT=2)«~RVELI(ITOT=-2))/ (CELRxDIF2)
TERMZIS(TEMPI(ITCT=2)=-TEMPI(ITOT=3) )/ (DELR*DIF2)

Cxxx 2D DERIVATIVES AT CENTER OF CELL TTOT-2 *xxxkrkrkpdirkkrkkkkionkik
TERM1I6=TERMIU~-TERMI]
TERMZ6=TERM20-TERM21

Cxxx USING 2ND DERIVATIVES AT CELLS ITOT=z AND ITOT-1 TO FINC 2ND DERIV, AT ITOT
VEFS(RIITOT)=R(ITOT=1))/2.0 CHECK
UIFZS(RIITCT+1)=R(ITOT=1))/2.0
RAT=DIF/DEF
PCALLI=TERNMN15+ RAT*(TEeRNVM15=TERM16)
TCALLI=TERNZS+RAT*x (TERV2E=TERM28)

510 £AG=1.0

KETUKN
ey

01¢



TABLE X

SUBROUTINE ICOND

GFOR» IS ICONDeICOMD
SUBRUUTINE TICOND
Cxxx THIS KOUTINE PROVIDES THE INITIAL CCKNUITICONMS FOR THE PROPLEM skk¥xds¥kikkdkkk
COMMON ALP(10,12)»A0SC(S1) +DELT DEN(10) »GENRLI(51),DENGR2(51),
I1UENG3(S1) /DELR/IDRIYEANDMIEDE(1N112) »EGRNL1(51) v EGRM2 (51) 1EGRMI(51)
2EO(EQSCL1(51)vEQSC2(51) vEOSC3(S1) v T+ INTSeITOT ITOTI NCYL I POSC(81)
IPCALLPCAL2 PCALI W PRESLI(51)yPRES2(51) ¢FRESI(51),PRS(10r12),
UR(H1))RELCI1(51))RELCZ(51) /RELCI(51) yrHCM1(51),RHCMZ2(5]1) »RHOM3(51),
SRJUDEL(S1) »RPUDE2(S1) v kJOEZ(51) yRVELL1(51) »RVEL2(51) »RVEL3(51) .
ESDELT e TCALL»TCAL2» TCALZ»TEM(12) 2 TFNFL1(51),TEMP2(51) f TENMPI(51),
TTES1»TIeTIC TIMeXICMI(51) »XION2(51) ¢ XICNI(51) X0rPO
C FOR THE INITIAL PHASE COF THIS PROBLEM THERE ARE 50 CFLLSe. ITPAT = 50,
C THERE ARE 25 CELLS INITIALLY FILLED wITH SOLIN MATERIAL AND 25 CELLS «“HICH
C ARt EMPTY (FILLED WITH MATERIAL CF ARRITRARILY LOWw DEMSITY»VACUUM VALUES).
C THeRE APE ITCOT+1 OR 51 MESH POINTS. INTERFACE IS AT MESH POINT # 26.
Cx GcNERATE MESH *x%
k(1) = 0.0
uC 5 I=Z1»IT7TCT
k{i+1)=R(I)+DK
5 CCnTINUE
Cxxx FILL mESH PCINTS wITk FLOVAR INMITIAL vALULS **x
uC 27 IZ1,1ITCTY ' ‘
IF(1.GT.2¢6) GC TC 2¢ .
C INITIAL COMDITIONS INSICE TAKGET SPheRE
ubinG1(I)=0.0
EGRVMI(I)ZEC
£CsCi(I)=0.0
PRESI(I) = PO
RELCL(I)=0.n
REOMI(I)=2,70

112



TABLE X (Continued)

RJDEL(I)=0.0
RVEL1(I)=0.0
TEMPL(I)=TT
XION1(I)=X0
00 Tu 27 :

C INITIAL CONDITIONS OUTSICE OF TARGET SPHERE. VACUUM

26 VENGL(I)=0.0
EGRM1(I)=1.27E+409
£0SC1(I)=0.Nn
PRES1(I)=2.25E+02
RELC1(I)=0.0
RHOM1(I)=2.7E=07
KJUEL(I)=0.0
RVELLI(I)=D.D
TEMPL(I)=TIC
XION1I(I)=0.0
27 CONTINUE

CrxxxfFILL CrlL CENTERS #xx
u0 30 I=1,17T07
IF(1.G6T.25%) G6C TO 28

C INLTIAL CONPITIONS AT CEFLL CeEMTERS IN SPHFERFE
UENCz(I)=0.0
eGrM2 (I)ZEC
c0SCe(1)Z=0.0
PRES(I) = PO
RELCe (I)Z0,.0
RHOMc(I)=2.70
RJDE(L)=D.0
KVeELg (1)=0.0
TEMFS(IIZTT
AIUhe (D) =X0
GC Tu 30

rAYA



C
28

30

TABLE X (Continued)

INIT1AL CONDITIONS AT CELL CENTERS CGUTSIUE OF SPHERE

UENGL(I)=0.0
EGRrMe(I)=1.37E+09
£0sCe(I)=0.0
PRESZ(1)=2.25E+02
KELCz(I)=0.0
RHOM2 (1) =2 .70E=07
RJubEe (I)=g.n
rkvVeLz(I)=0.0
TEMF2(I)=TIC
xIong(I)=0.0

CONT INUE

Cxxx SPECIrY INITIAL TIME KRATE OF CHANGE OF THE

31

U0 31 I=1,I70T7
UENG3(I)=0.0
tGHNb(I):DQO
£ECSCa(I)=p,n
PReS3(I)=0.0
RELCA(I)=0.0
REOM3(I)=0.0
HJUEQ(I)=O-O
KVeLs(I)=0.0
TEMFI(I)=0.0
XIONS(I)=0.0
CONT ANUE
RETURN

ehy

FLOW VARIABLES #**x%

€1¢



TABLE XI

SUBROUTINE OPTR

KFORs IS OPTRYOPTR

C

45

SUBROUTINE OPTR(BRHEC e XNE »BHITEE v ZPR s FI1oQE+ATE»KCO»CLT» TAU» XLAM)
DIMENSION ATE(1S)
wLASZ2.72E+15

UNUSZ=0.0

IF(UNUS.GT.0.0)6C TO 168
LF(BERHO.LT+1.0E=-09)G0O TO 90
cFRZpH/ (2. 02 XNE)

cFR=pH*EFR

XNelL=ZB¥BREO*¢ ,023E+22/2.7U
WETIZ(XNEL*3.G*PI*PI)*%x0,667
EFKSEFR*WET!

XTIZTEE*]1 ,602E=12

WO=4 o, D XNEL*PI+QE*QE/ XNME
IF(XNELJLESOLC) GO TO G¢
WFPZWoXx%x(.50
XNAZERHO*6 . 023F+22
ANAZXNA/2,.7

IF{(XT1.LT.EFR) GO TO &5

CALCULATION OF THE CERYE LENGTH KT.O0T.thHFR

47
49

n1=0

UC U9 NZ1,13 |
IF(MNLGT1)6G0 TO 47
GWE =
LF{Zb.LE.CEZ)M 122
CIL=u.0

CONT INUE

Ww3=GeZ=1.0
KNEZ2R=Q3

r(l\‘l:l . D"RN?

712



W2TWH JOXPI*CE*xQF *XNAX (ZB+(RN1%Q3*G3) +(RN2%QEZ*QEZ))

XLAMZ (XT1/W2)*%x0.5
00 Ju 69

TABLE XI

(Continued)

CALCULATION OF THE DEBYe LENGTH KT.LT.tFR

65

66
67

W2=XT1*EFR

W3TH JOXPI*GF*GEXXNEL
wWIZWix((ZB*xXT1)+EFR)
ARNMZW2/W3
IF(ARMJLE.N,0)GO TC o6
XLAMZ (W2 /W3 ) %x*0,5

00 Tu 67

xLAMZ1.0E=-08

ZAG=1.0

RELAXATLION TIMNE

69
70
71

72

73

Bl2zo/R*QE*GE
B8l3=c.0xXLAMXEFR
ple4=p12/613

clozu.0

w0 Tu 71

t3le=R*QE*QF
Bl3=3.,0%xXT1xXL AV
Blezp12/B812

LAGZU .0

IF(KCOLWLT, TYGC TC 72
~ETURN

mM3=0

515Zu.0

uC 73 N=1,1u

IF(EI4 6T ATE(N)YINVRZNF]
vl5zw3

CCnT LNUE
LF(FE15«LT,0.5)G0 TC 197

61z -



74

77

79

BE

TABLE XI

IF(B15.6T.14,1)6GC TO 203
MUZM3-1 '
IF(M3,GT.2)YC0 TO 77
pl17=1.0+(Rluxy,0)
Bl7=B17%x%0.%
XT3=(B17/2.0})=0.50

o0 Tu 79
sle=p14/ATE (MG)
ol17=ALOG(R1¢e)
Bl18=ATE(M3) /ATE (M4)
8l19=ALOG(R1R)
XT3zpl5-2.0+4(R217/8B19)
xT4=1,0/XT2
IF(XT1.GT.EFR)GO TC b8
Blu=2.0xXMEXEFR
B8l0Zn10%x%0,5
BlloPI*XNA*ZB*7B*QE *GE
Bl2zi.0+XT4L
611=B11%ALCG(R12)
slusblU*EXP (2, N*XT3)
sAul1=K10/7R11

slU=uE*QE

pALIZBAUL/B10

BAUEZ0 FO*EFK

TAU=pAUL

IF(XT1eLT ,RAUEIGO TC S5
pluzaMEXXT1
DlU:[;‘lo**UoE
510=p10%4 ., 0*%EXF(2,0%XT3)
PES(ce0¥PTI)*%x(,5
clizoFI*XMNAXxZu*7RxQE *GExFE
ble=1.0+XTh

(Continued)

91¢



89

93

86
385

196

197

IF(B12.LE,C0.0)50 TO 19¢
B81i=011*ALOG(R12)
bAU2=R10G/E11
ol0=GE*QE/XTL
BAU2=BAU2/R10U v
IF(XT1.6TEFR)IGO TC 63

TABLE XI (Continued)

IF(BAU2.6T.BALL)TAUZBAL2

60 Tu 95
TAUSBAU2

o0 Tu 9%
TAUZU. O
ZAGZ1,0

o0 Tu 210
pla=le.l

vC TU 89
Bl4=0.5

1713:2

w0 Tu 74
TAuUzU.0
ALANZN.0
cl4z12.8%EXP(12,8)
oG Tu 7u :
ZAo=1.0
KETUKRN

ehu
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TABLE XII

SUBROUTINE PRTOT1

KFOR» IS PRTOT1.PRTOTI

SUBROUTINE PRTOT1

UATA IPLT/11/

UIMENSION PCEM(50)

CCMMON ALP(10,12)0A0SC(S1)+DELTPDENLLD) fDENQL(51) 2DENG2(51)
ILUENQA(51) yPELR/DRIEANDMIEDE(10012) +£EGPMI(S1)2EGRM2(51) 1 EGRMI(B1)
SE0 EUSCL1(51)2EQSC2(51) vFOSC3(51) e ToINTS ITOTITOT1eNCYL I POSC(R1)
3PCAL1PCAL2,PCAL3/PRES1(51)/PRESZ2(51) +PRESI(51)+PRS(10,12),
UR(S51)+RELCL(51) RELCZ(51) v RELCI(51) rRHOM1(51) yRHOM2(51) ¢+ RHCMI(51)
SkJDEL(S51) v RUDE2(91) v RUCEI (51 ) v RVELLI(S1) pRVELZ2(51) RVEL3I(R1), '
6SDEL 1o TCALLI»TCAL2 TCALZ»TEM(12) » TEMF1(51) s TEMP2(51) ,TENP3(51)
TTESIyTI»TIC,TIVMeXICNLI(S1) o XION2(51) e XION3(51)9X0ePO

Cxxx THIS SUBROUTINE PRINTS OUT VALUES OF THE FLOW VARIABLES kx¥skakkkkk

1 FORMAT (20X +52-THE FLOW VARIARLES HAVF THE FOLLOWING VALUFS wHEN T
X=otlueJ3e2Xe15HAT CELL CENTERS)

2 FORMATUX pUHCELL o 4X s 0MHRADIUS P SX 0 12HMACSS LENSITY »3X v 1SHIMNTFRNAL FNF
XKCY » X0 EHPRESSURE ¢ 2X 0 1GHRELATIVE TONIZATION»1I1Xe1IHTENMPERATURE 22Y
X13HFLOW VELCCITY)

3 FORNAT(OX pZHNC o e SXoUH(CM) v EX e BHIGM/UME) 29X s RHIERG/GM) o SX 2 1OH(NDYMNE/
XCM2) s 3X o 1SH(ELECTRONZATOM) o X2 4H(FV) 07X e 6H(CM/SFC) 0 /)

4 FORMAT (/212X e6HRADIUS»SX 0 LUHCHARGE DENSITY »1Xe 1U4HELECTRIC FIFLDY
XX9r 1SHCURRENT DENSITY 14X e 6HPERIOD 1 OX e 6HENERGY » 7X e 9HAMPL ITURE)

7 FORMAT(RX s I2 o X eE1Ca3rEXrEL10 e3¢ SXeELlT 30X ELING2rEXrE10e308X 51N
Xe5aec10,.3) ’

8 FORMAT (//073X»3SHPLASNON OSCILLATIUN CHARACTERISTICS)

G OKNMAT (12X 24F(CM) pCXeGH(COUL/MR) v EX e BHIVOLT/M) v €Y 2 RE(ANP/N2) 98X
XoH(SEC) e OX e BH(ERG/GM) o 10X e 4H(CW) 0/ /)

wRiTe(601) TINM

wR1Te(6e2)

wR1Te (60 3)
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TABLE XITI (Continued)

U0 1ul J=1IT7CT

KCENIUIZ(RIJI+R(J+1)) /2.0 _
WRITE(H»7) JrRCEN{(J) »RHEOM2(J) yEGRM2(UJ) +PRES2(J) 1 XTONZ2 (L) »TEMP2(J)
XKVELe (J) '

101 CONTINUE

wRITE(6,8)

WRITE(6,7)

wRITE (6&r4)

wRITE(6,9)

U0 151 J21»ITCT

WRITE(8»7) JrRCENTU) v GENGe(U) »RPELCZ2(J) v RJICE2(J) v POSCIU)WFCSC2(J)
XACSC(J)

151 COnTINUE
Cxxx TU MARE DATA TAPE» REMOVE CONMMENT ON NEXT THREE WRITE CARDSx*xkkkkkk¥kdkk¥kk¥

«RITE CIPLT) TIMINCYL» (RCEN(J) yRHOMZ(U) vEGRM2(J) yPPRES2 (U)o XION2(J)
XTEMPZ (J) »RVFLZ (U 'DENG2(J) v RELC2(J) v kJDEZ (W) 9 PCSC(U) WFCSC2(J) » ANSC
X{J)r J = 1»1IT0T)

ZAGZ1 .0

RETUKN

e NU

61¢



KFOR»

210

TABLE XIII

SUBROUTINE QUAT

IS GUAT»QUAT

SUBROUTINE QUAT(EQN1I+EGN2 e XPeXTeXA)

DIMERSION RKT(12)

COMMOGN ALP(10,12)0A0SC(S1)+vDELTYDENL10) fLENGL(51),DENR2(S1)
1DENG3(51) yDELRIDRIEANDMIEDE(1D012) vy GRMI(S1)2FGRM2(51) vEGRMA(51)»
2EC EOSCI(51)+ECSC2(51) vEOSCI(S1) 210 INTSeITOTH»ITOTIWNCYL/POSC(R1)
3PCALLIPCAL2»PCALI»PRES1(51) »PRES2(51)PRES3I(51)+PRS(1Ne12),
4r(51) »RELC1(51)+RELC2(51)»RELC3(51) »KHOM1(51) ,RHOM2(51) »RHOMZ(51),
SRJDEL1(51) v RJDE2(51) v RJDEI(51) yRVEL1(H1) v RVELZ2(51)yRVEL3(51)
6SDELT»TCALYL»TCAL2»TCALIYTEM(12) 2 TENMFL(B1) »TEMP2(51) o TENMPI(51)
TTESIH»TIyTIC,TIMIXICONLI(51) s XIOM2(5E1) s XICNZ(51)sX0rPQ

EGN1=EQN1/2.70

PI=2.141

IFIEuNI.LE.240) GO TO 210

cQN1Z2.0

60 TU 230

LF(EUN1.,GT1.C0E=~CH)GO TO 230
EGN1Z1.0E-07
EQin2=1+37E+409

xT=0.0235

xXPz=2,.,25E+02

XAZ(i, 0

L0 Tu 20

IF(EGM2,LTe2.73E4158) GC TO 231 10=23=70
EQN2=273FE+15 10=23=70
XPZEQN1*6,7SE+15 , 10=23=-70
AT=8,0E+02 1N=23=70
KAZ15,0 1n=23=70
o0 Tu 290 ' 10=23=70

0¢z



TABLE XIII (Continued)

231 KAp=u
U0 235 K=28
LF(KAD+GT,2) GO TOQ 233
IF(OEN(K) L,GT.EQN1) KADZK

233 gARF=0.0

235 CONTINUE
JAD=KAD=1
slo=UuEN(KAD) /DEN(JAD)
sl 7=e@N1/DEN(JAD)
gl8=ALOG(R17) /ALOG(R16)
IF(EWNLLT+6.0E=01)G0 TC 237
CALCULATICON OF E GRCUNLC STATE (Z2=32)
XNAZpOE+22
ANAZXNAXEQN]
KS=U ,O*PIxXMNA/ 3,0
321=1.,0/3.0
RKSSRS*%xR2]
RS=1.0/(RS*5.2RE~(Q)
C2c=5.0%%R21
£G=3.915+(((1.98%1,95/(FS*KS*FS))=(5.0/RS))%*9,0)
ECSF G4+ ((2.21%2,0%R22%122) /(RS*¥RS) I +11,2%3.0%3,U/R<T)
cCIko=((0.910%2.0*%B22/RS))
B23=RrS/k22
G24=U«115=(0.0313%ALUG(R23))+0.00N5%:23
eG=(cG=(3,0*xB2u})*132,88
LO=Fo*3,55E+10
LF(EGMI.GT140) GC TO 241
lF(Eu.GT.D.ﬂ)EGzﬂ.O
wC Tu 241 '

237 A=y 0
LF(EWuN1 LTl 4GE=01)G0 TC 23@ )
CALCULATION OF E GRAND STATE (Z2=1)

10=23=70

3/6/70

12¢



239
241

245
247

TABLE XIII (Cont inued)

XNAZp.UE+22

ANAZXNAXEQNY

KS=U4,0*%P1%xXMA/R.0

821=1,0/3.0

RS=RS**R21

KS=1.,0/(RS*5,2RE~=06G)
EG=0.4404((1.,58%1.,98)/(RS*RS*¥RS) )=(3,0/RS)
EGSEG+(2.21/(RS*¥RS) I +(1.2/KS)=(0.916/FRS)
B24TUe115=(0.G313*xALUG(RS) ) +0,00US%xRS
LGS (EG=F2U)*13,58%3,55E+10
[FEG.GT«0+0)EG=0.0

w0 TU 241

£G=0.0

LAG=1,0

IF(EOUNZ2.LT.EG)EQGN2ZEG+1.0

ctCLlFSEQNZ=FEG

KRE=U

DO 247 K=2»11

LF(KpBE«GT L1160 TC 2ub5
g2o=tDE(KAD LK) ZJEDE(JAD 1K)
RKT(R)YZALOG(EDE (JAD»K) )+ (R18%AL0OG(BzY))
RKT(R)IZEXP(RRT(K))

RKT(RISPKT(K)=EG

LFAFART(K) oGTLENTIFIKEEZK
UARF:-QQG

CONT LMUF

LF(KRE.LT,1)Y6C TC 252
JEELTKRE=1

IF(KpE LT 2IRKT(URE)=0.N
B521=eDIF=RKT (JRE)
B522=rkKT(KRE) =FKT (JBE)

(444



250

252

TABLE XIII (Continued)

p2d=p2l/H22

XTSTeEMJHE) + (P23 % (TEM(KBRE)=TEM(JEF) ) ) =0.U006
IF(XTeLT.0.0235)XT=0.0235

B24=ALP(JUAD yJRE) +B1E&* (ALP(KAD» JBE)=ALP (JAD Y JEE) )
S29=ALP (JADIKFE)+R18% (ALP(KADWKRE)=ALP (JAD P KEBF) )
XACTFRcu+(B23%(F25=R24))
o2b=PRS(KAD » URE) /PRS{JAD » JBE)
C26=PRS(KADYKEE) /PRS (JADPKBE)
B27=ALOG(PRS(JADY'KBE) )+ (R18*ALCG(R20))

B26=ALOG (PRS(JAD»JBE) )+ (B18*xALOG(PR2D))
IF(KBE«GT.2)6C TC 250

p2b=TEM(KBE)=TEM(JRE)

p28=(XT=TEM(JULE) ) /R2b

p29=tXP(B27)

B30=£XP(B26)

XP=F30+(B2B8* (-29=R20))
lF(EUNI.GToDoég)XP=XP'4020E+U7
IF(XPLTe2425E402) XP=2.25E+02

00 Tu 290

ZRv=i.0

B2l ,OGIXT/TEM(UJRE))

B2S5=TEV(KRE) /TEM(JEE)

p26=028/AL0CG(F:25)

B2YZ 2B+ (R28% (RP2T=F2b) )

XPzExP(F2¢)

o0 Tu 290

pll=cPIF=-RKT(11)

p2=nKT111)=kkT(10)

p23=v2l/R22

AT=TeM{LI1) 4+ (23 (TEM(11)=TENVM(10)))

p24=ALP (JAD» 1C)+ (RI1EXx ((ALPU(KAD»1U)=ALF(JAD»10))
p29=alPJAD»11)Y+(R18% ((ALFP(KAD Y1) =ALP(JANY11))

)
))

€z2



290

TABLE XIII

XAZE S+ (B23* (E25-R24))
020=xT/TEM(11)

520=ALOG (R2¢F)
p25=TEM(11)/TEM(10)
B25=AL0G(R25)

pg26=u26/828
p22=FRS(KAC»10G)/PRS(UAL10)
p22=alL 06 (B22)
B27=ALOG(PRS(UAD»10) ) +(R1B*xRZ2)
p22=PRS(KAD»11)/PRS(JALC»11)
32¢=ALCG(R22)
S2b=ALCG(PRS(JAD»11) )+ (R18%R22)
p29=p28+ (B2Fx (R28=R27))
XPZEXP(B29)

BARF=0.0

IF(XT LT e0eN238)IXT=0.0225
IF(XA.,LT.0.0)XAZ0,0

LFIXP LT e2.25E+02)XP=225E+0E
IF(xA.GT.12,U)XAS12,0

KETUKRM

cNu

(Continued)

%72¢



TABLE XIV

SUBROUTINE REDBL

KFOR+ IS REURLREDFPL
SUBROUTINE PRECRL
COMMUN ALP(10+,12)oACSC(S1) oDELTIDFENCLIN) »UFNRL1(51),DERNZ2(RY),
TUENGA(51) o DELRIDRIEANDMPEDE (10012) v GRMI(S1) vEFGR¥2(51)vEGRPN3(S1)
2ECPEUSCI(51) sEQSC2(S1)vEOSC3(S1) v T INTS»1TOT»ITOTI P NCYL P POSC(S1)
3PCAL1+PCAL2PCAL3,FRESL1(51)PRES2(51) »PRES3(51)PRS(100,12),
Uk (51)»RELCI(51)/RELC2(E1)»RELCI(51)/)RHOML1(51),RHOM2(51) »RHOM3(51),
SRJUEL(51) yRIDE2(S1) yRJCEI(S1) »RVELLI(51) »RVEL2(51)»RVEL3(51),
6SPeEL ToTCALYLyTCAL2TCALZyTEM(12) v TEMFL(E1) » TEMP2(S1) 2 TEMP3(51)
TTESI»TIL,TICy»TIM,XICNLI(81)»XION2(51) 9 XICON3I(51) eX0»PO
Crxxx GENERATICON OF REw CC=CRCINATES FOR GRID #xkkkkrkkrkykkrkke¥rkkkkk ey
Cxxx*xkx*4THIS ROUTIME PRCVIDES ADRITIONAL SPACE INTO wWHICH THF PLASMA MAY

C cXPAND AFTER ALL EXISTIMNG CELLS HAVE REE(N FILLED ®xkskkkkkakkkkkrdx
C*xxx DOUBbLES LINEAR MESH ONLY %xx% ,

URZ2.0*DR

R(1)=0.0

Ut & I=Z1»ITCT
RII+1)ZR(I)+UkK

S CONTINUE

Cxx%x ASSIGH Fv1l VALUES IN THE KEw EXPANPEL MESN Xk %

uC 15 I=1,1I7071
IKZ2*1=1
IF(IRGTLITCT+1) GC T¢ 13
UENGL(T)Y=DENMNGT (IK)
cGrMI(I)IZFGRMI (IK)
cOSCL(I)zZEC<CI(IK)
PRESI(I)=PRFSI(IK)
RELCL(II=RELCI(IK)
KHUM1 (I)ZRHCME (IK)

XA A



TABLE XIV (Continued)

RJCELI(I)=RJPEL(IK)
RVEL1(I)ZRVFL1 (IK)
TEMPLI(I)=TEVMPL(IK)
XIONI(I)=XTIONT (IK)
IF(IKGTLITOT) GC TO 14
UENGe (I)ZDENGI (IK+1)
tORVZ(I)ZECGPML (IK+1)
ECSCe(I)ZECSCI (IK+1)
FRES< (I)=ZPRESI (IK+1)
RELCZ(I)ZRELC1(IK+1)
RHONZ (1) ZRECMI (TK+1)
RJUEZ (1) =RJUNEL (IK+1)
RVele (I)ZRVELI(IK+1)
TEMF(I)=TERPL (IK+]1)
KIONZ(I)SXTIONYI (IK+1)
eC Tu 15
Cxxx FLOwW VARIABLE FREE SPACE VALUES #**% (MFSH POINT VALUES) *x*

13 uENGL(I)=0.D
tGrM1(I)=1.376 406
eCo5C1(I)=0.0
PRES1(I)=2.,25E+02
<ELCLI(I)=0.0 :
KHEOML(I)=Z2,70E=07
RJUEL(T)=Z0.0
rRvVeli(1)=0.0
TEwPI(I)=TIC
alor1(l)=0.0
IF(I.GTLITCT) GQ TC 1% .

Cxxx F _Ow VARIARLE FREE SPACE VALULS *x*x ((FLL CENMNTFR VALUES) x*x%x

14 DERNGe(I)=0.0

ECGRM (1)1 ,37E+09

92¢



15

£05C(I)=0.0
PRESZz(I)Z=2,25FE+02
RELCz(I)=0.0 '
RHOMZ (1) Z2.70F =07
RJUDEc(L1)=0.0
RVeELZ(1)=D.0C
TEMFZ(I)=TIC
xIONz(I)=0.C

CONT IMUE

KETUKN

eENU

TABLE XIV (Continued)

Lee



TABLE XV

SUBROUTINE REMESH

GFORs IS KEMSHeREMSH
SUBROUTINE REMSH

COMMUN ALP(10012)ACSC(E1) vDELT DEN(LO) vDENGL(51) 2DENR2(5Y ),
TIVENG3E(S51) »DELF+DRI/EANDM P EDE(10012) v£GRM1(51) vEGRM2(S1) vEGPM3I(R1)
2e0,EUSCL(51) vEOSC2(51) vECSC3I(51) v To INTSeITOTH»ITOTI/NCYLIPOSC(51)
3PCALLPCAL2/PCALZ/PRESL1(51) /PRESZ(51)PRES3I(51)PRS(10+12),
4r(51) yRELCI(51)RELCZ(51) PRELCI(51) s RHCML(51) yRHOM2 (51) yRHOMZ(51)
SKJUEL1(S1) ¢RJDE2(51) yRJICEI(51) »RVELL(S51) »RVELZ2(51) yRVEL3(51)
ESOELT o TCALYL»TCAL2»TCALZP»TEM(12) s TEMPL(51) » TEMP2(S1) 2 TEMPA(S1)
TTESL1eTI»TIC,TIMeXIONLI(51) o XTOMN2(51) e XTONI(51)9eX0PO

Cx*xxREwMSH THE INTERICR MESH FOINTS *x**

Cxxx IMPURTANT NCTE.eeo THE AKGUMENTS MUST bF IN IDENTICAL CPCER wITH THF

C STATeMENT FUNCTION RESET *x%

Cx*xx ReCAULSE 1 SCREWED UP ( CELT SHOULL Bt SCELT)
ODIRT=DELT
UELT=SNELT

uCG 7 I=2,50

DEL=(R(I)=R(I=-1))/2.0

UELIZ(R(I+1)=F(I=-1)) /2.0
uEnCl(I)-HEQtT(thcl(I)v[ELT DEMGR(I=1)siFLo
eGRN¥1(I)ZRESET(EGRMI(I) +DELT FbPN’(x-l).'FL
cCSC1(I)=RESET(ECSCLI(I) +yLELTPFOSCR(LI=T) s LiF Ly
PRESI(TI)ZRFQET(PRESI(I) yLELT v PRESE(L=1) o FL
RKELCI(I)ZRECET(RELCI(I) hDELTPRELCX(I=1)UFL
fHUNL (D) SRESET(REOMI(I) yGELTyRHOMZI(1=1) 4 UEL
RJUE L) SRESET(RCDELI(I) v DELT»RUDEZ(I=-1) »UEL

2 ok ok koK K K kK K o K Ok K kK kK

DEL1PPENGR(T))
ODFL1,FGRMZ(T))
DEL1FCSCE(T))

PDEL1PPRESZ(T))
PDFLTPPELCA(T))
rDFLLPRHONZA(T))
P DEL1RPUDEZ(T))

KVeL 1 (T SRESET(RVELI(I) v CELT e FVELZ(I=1) »isFLoDEL1/PVELZ(T))

TEMPLII)ZRFSET(TEMPLI(T) »DELT» TEMP3I(I=1) P LFL
XIUMNI (D) ZRECSET(XIONI(I) v DELT v XIOKRI(I=1) »00FL

'DFLYIPTEMEZR(T))
dUFLTIeYIONZ(T))

8¢¢



TABLE XV (Continued)

7 CONTINUE
Cxxkx REMSH THE FIRST MESE FPOINT xx*xx ‘NOTEeee (NO DO LOOP)
Cx%%x NUTc THE DEFINITICN OF CEL =x%x
UEL=(R(1)=R(2))/2.0
DEL1I=(R(3)=R(1)) /2.0

DENQL(1)=REEDG(DENG1(1) +UELT DENGR(1) yDELDELYDENQI(2))
tGRMLI(1)=REEDG(EGRM1I(1) +DELT»EGRMI(1) +DELYDELYIPEGRM3I(2))
£O0SC1(1)=REFDG(ECSCI(1)+DELT»FOSC2(1) yCFLIDEL1FOSC3(P))
PRES1(1)=REFDG(PRESI(1)+DELTIPRESZ(1)CFL'DEL1PRFS3(2))
KELC1(1)=REEDG(RELC1(1) oDELTRELC2(1)CELDEL1RELC3(2))
KHOM1 (1) =ZREEDG(RHCOMI(1) yCELTyRFHCMZ (1) vDEL Y DEL 12 RHOMZ(2))
RJUEL1 (1) SREEDG(RUDEL (1) v DELTYRUDEZ (1) »DELPDELIPRUDPEI(?2))
RVEL1(1)=REEDG(RVEL1(1)oDELT+RVELX(1)OELDEL1»RVELZ(2))
TEMPL(1)=REEDG(TEMPI (1) vDELTTEMPR(L1) +DELCELI»TEMPI(2))
XIUN1(L)=REFDG(XIONI (1) »yDELToXIONZ(1)s»CELPYDELL,TENPZ(2))
Cxxx RrMeSH THE LAST MESH POINT **x MOTE e e (NO DO LCOP)
UDEL=(R(ITOT+1)=R(ITOT)) /2.0
DELIZ(R(IITOT+1)=-R(ITUT=1))/2.0
UENQL(ITOTH+1)=REEDNG(LENCL(ITOT+1) o LELTyDENGI(TITOT) 1 DEL oPEL LY
XUENG3(ITOT=1))
EGRMI(ITOT+1)=REEDG(EGRMI(ITOT+1 ) »CeLTrEGRMA(TITOT) »NREL oPEL L,
XEGRM3I(ITOT=1))
tObCL(ITOT+1)'REFPC(tOSCl(lTUT+1)oanToqucl(ITOT) NDEL »NEL Y
Xe0sCs(ITOT=1)) _
PRESI(ITOT+1)=REENG(PRESI(LITOT+1) yCuELT v PRESI(TITOT) W NEL 2 PEL L
XFReSs5(ITOT=-1))
KELCLOITOT4+1)=PEENG(RELCLOITOT+1)+0cLTo RtLC%(ITOT).ﬂ&lr"ELlo
XRELCHK(ITOT=1))
REUML(ITOT+1)=REENG(RHOML(ITOT+1) +LELT RHONK(ITOT)oﬁElvPELlo
XRHOMS(ITOT=1))

RJULEL(ITOT+1)=REEDG (RJLF1(ITOT+1) yCeLTeRUPEX(TTOT) pDEL #PNEL Ly

6¢¢



TABLE XV (Continued)

XRJUEJ(ITOT=-1))
RVELI(ITOT+1)=REENCG(RVELI(ITOT+1) »DELTeRVELI(ITOT)WDELPELL,
XRVelL3(ITOT=1)) : , ‘
TEMPL(ITOT+1 )=REEDG(TEMPL(ITOT+1) »DELT TEMPI(ITOT) +DEL #DNELL,
XTEMF2(ITOT=1))
ATOMLCITOTHL1)=2BEECG(XICHI(ITOT+1) »OLLT e XIONIC(ITOT) P DEL P NEL L
XXIGNA(ITOT=1))
Cxx*x CHECK FOR MESKH CVERUN % %ok dop ok i ok 2ok ok o o K 3 ok % ok o % ok % K % ok ok 0K 3 K 3 ok ok ok Kok K ok o 3K ok ok Ko 3 3 ok ok ok K

LF(RROM1(U5) . CT.1.0E-06) TES1=2.U

UELT=DIRT

RETURN

chNU

0€e



TABLE XVI

SUBROUTINE XOV

EFOR» IS XCVsXQV

71

77

SUBROUTINE XCV(QEZB2ALANM Y TEE,ATE » XivU)
VIMENSION ATE(15)

GUTS TC VISCCSITY

IF (ALAM LEL0.C)GC TO 199
IF (UNUS,GT.1.0)G0 TO 1g9
bl2=2ZB*GQE

vl2=p12»xB12

Bl3=5.0¥AL AV%TFE%*1 ,6E~12
pl4zs12/8132

ZAG=1.0
»Z220
ol5=y0,.0
U0 7458 Nz=1,14
LF(P1UGT,ATE(N) IVMIZN+]
5lbzmd
CONT LNUE
MUSMI-]
IF(P15GT.144,1)GC TC¢ 167
LF(B15.LT.0.,5)60 TC 159
IF{v3.GT.2)GO TO 77
pl7=1.0+(R1u*xl,0)
017‘—-@17**0.5
AT3=(R17/2.0)=0.5n

eC T¢ 79 :
nloss14/ATE (MU)
317=AL0G(R1F)
DlezATE(MI) /ATE (MU)
clyzalOG(R18)

[R%4



79

197

186

201

TABLE XVI' (Continued)

AT3=215=-2,.0+4(K17/819)
XT4=1.0/xT3
Cla2=xT3xALANM
plz2=b12%E312
AT4s1.04(1.0/%XT3)
Bl3zB12*xALOG(XTL)
Bly4=5,625E=-20/R13
XMUSZTEE**C.5
AMLZBL14xXMU

o0 TG 201
pluz12.8%xE¥YP(12.8)
ols=1i4.0

M4=15

M3l

e0 Tu 77

uhUSz=0.0

xMuz=u.0

ZAGZ1,0

RE TUKN

ehNu

[AXA



TABLE XVII

STATEMENT FUNCTIONS

WFORe IS FEULIFED
FUNCTIOMN FED(C1.,C2)
72=1.0+C1
FEU=C1xC2/77
RETURMN
ceND

GFORr IS RESET#RESET
FUNCTION RESET(AL,A2:AZ0ALIAS,AR)
RESETZAI+A2x (234 ((AL/8S)%x(AE=AR3)))
RETURN
cho

BFOR¢ IS5 KECLDGIREEDNG
FUNCTION REEDCG(AL,A29A30ALIADAB)
REEDO=AL+A2* (A4 { (AU/AS ) *x(A2=£5)))
RETURN
et

BFCOR» IS XKRAP»XKAF : :
FUNCTION XKAP(TAR»TAUZEsBRHO)
ANCL=RRHO/2,7C .
ahNeL=XNEL*ZFE*6 ,02E+422
AKAPSXNEL*TAR*TAUL*2,015E403
RE TURN
chu

£€T



TABLE XVIII

PROGRAM DATA

Chxx DATA k% ok ko K 3k ok ok Ok K o K K ok 3Kk ok B ok K K 3k 3 ok % o 3 2 ok o ok ok K K Kk e 3 o 3 3 ok 3 ok oK o Kok ke ok ok
+.,100E~05+,100E=04+.,100E=03+.100E~02+.100=N1+,100E+0n+,100F+01+.100NE+D2
0.0235u 1.0 20} 5.6 16.0 200 S50.0 1U0.0 200.0 500,00
1000.0 ' .

+.,000E+00+.000E+00+.000E+0CU+.000E+00+.000L+N0+,000E+00=,321E+12+.154E+15
+.866E+06+.732E4+07+.5S32E+08+ ., 480E4+094+,535E+10+U97E+11+.2A5F+11+.154UE+15
+e311E+07+235E+08+4,172E4+094+ . 14UE+10+,.125c+11+.,112E+12+.488F+12+,1R4E+15%
+oT796E+07+e 7TOE+08+  710E+09+ ,SEOE+1C+IRTE+11+.I4SE+12+,318F+13+.154E+15
+e252E+05+.180E+09+,130E+10+.109E+11+.997L+11+,002E+12+,790F+13+.,171L+15
+e1DUE+0G+ . 7T7OE+09+ . ST7TI1E+1U+ . U25E+11+.303L+12+,26UE+134+,192F+14+,242E+15
+e29G8E+0G+ ,30UE+10+,25UF411+,20LUE+124., 151t +153+.110E+14+ . 838F+14+,530E+15%
+.391E+09+.380E+10+.386F+11+.386E+12+,320c+13+.21hE+14+,1R5F+15+.12RE+1h
+117E+1U+.11UE+11+.982E+11+.609E+12+.700+13+.,520E+14+ ., 460E+15+,31NE+1A
+.178E+1U+176E+11+,178E+12+.178E+13+.,1556+14+,140E+15+,130F+16+,970E+16A
+o2B0E+10+.278E+11+,20UE+124+.2B0E+13+.263E+14+.260E+15+,260F+16+.22NE+17
+.000E+00U+.000E+00+ 4 ONOE+CU+.000E+00+GNDE+00+, NOOE+UN+ 300F+N1+.400E+NT
+.94UDE+0Ut . TOLE+QQ+.4T72E+00+,300E+UD+,250E+00+ . 145E+01+,300F+N1+.400E+NT
+,188E+01+,147E+01+.110E+01+.930E+00+,100+01+.165E+01+,300F+N1+.400E+N1
+e295E+01+,287E4+01+,261E+01+.215E+01+,225c+01+.205c+01+,.300F+N1+,.400E+N1
+403E+01+,35T7TE+01+,208F+01+.,295E+01+.271+01+.255E+01+,310F+01+.,0800E+N}
+eb69GE+01+,61T7E+014,.528E+01+,450E+01+,3650+01+,U400E+401+,3R1F+N1+,400E+N1
+e10GE+02+,106E+02+ . CCUE+01+.,87CE+01+,.730+01+.A07E+01+,530F+N1+,.400E+N]
+o111F 402+, 110E+02+,110FE402+,112E402+.108E4+02+,970E+01+,6R3IF+01+,.50NE+MT
+.120E+02+.,129E+4+02+. 1256402+ 117€+02+,112+02+.,110L+02+,104F+N2+,.70NE+NY

+e130E+02+,130E+4(124.130E+02+.130E+02+.130+N2+.120E+02+,121F+N2+,100E+N2

+.130E+02+.130E+02+.130E+4024.130E+402+.130+02+.120E+02+,121F+02+,120E+02
+.226E+035+.22RE+0U+,220E+05+.226E+06+4c26b+NT7+.226E+0R+,100F =10+ ,22UE+18
+.186E+0p+109E+0T7+.14EE+0b+153L+U9+.20GE+10+.045QE+11+,1A5F+13+.,22UE+15
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