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DIGEST

The pu~ & of this study was to review the theory and experimental
data on ball iigntning, to compare the exlsting theory and experimsntal
data to determine whether ball lightning i1s a high or lov energy phenomenon,
and 1f it is a high energy phenomanon define an effective thecretlcal and
axperimental program required to clevelop a potential incendlary weapon.

The results of an extensive literature survey on the subject of
Kugelblitz (Ball Lightning) are reviewsd in detail, including the designa-

tion of infematlon sources, the content of bibliographles, and a summary

of thomse reports specifically related to the subject,

Three major categories were established for the purpode of grouping
the numerous *heories on the subject. These categorlies ars the clasgsical
plagma theories, the quantum plasma theories, and the non-plasma theories,
Each theory in the three major divisions is analyzed relative to snergy

econtent., The Kugelblltz is presented as both a low energy and a high energy

pheanomenon, and approximate calculations are performed to determine the
magnitude of the energy lnvolvad. The reasults of the energy andlysis are
summarlzed and relative ratings are given to the more promising theories,
and overall sonclusions are presented,

A theoretical and experimental Kugelblitz program is recommended by
which the most promising high energy theories could he developed so that
a weapons application could be reallzed.

Appendices are presented whilch include: a coverage of basio plasma
physice concepts; the de*ails of the development of the Melpar low density
Kugelblitz theory; guidance and feeding of Kugelblitz by laser beams; and
a complote bilbliography of reports directly relating to Kugelblitz.
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1. INTRODUCTION

This Final Comprehensive Report summarizes the work performed on
Contraot DAIB8-035-AMC=386(A) entitled "Survey of Xugelblitz Theorles for
Electromagnetic Incendiaries.” The study conduoted on this contract is
divided into three tasks, as follows: A review of the theory and experi-
mantal ddta that have been published on ball lightning; comparison of the
existing theory s.d experimental data to determine whether ball lightning
is a high or low energy phenomenon. If it is a high ensrgy phenomenon,
define an effective theoretical and experimental program required to develop
a potential incendiary weapon &pplication.

The literature survey revealed that there are numerous reports extend-
ing baok more than half a ceniury (with unverified reporta going back
centuries), of observations of ball lightning (commonly referred to by its
German name of Kugelblitz). The Germans, until recently, have collected
moat of the data and have proposed a number of explanations, culminating
in the rather advanced theory of Neugebauer in 1937. However, the English
were also active in thia field, the most notable example of their interest
being the Ozone theory proposed by W. M. Thornton in 1911, The Russians,
Italians and Amerdicans became really active in this field during the 1950's,
most of the work being a varlation of the standing wave theory usually
credited to the Russian Kapitza. The most recent work known ia that of
Dr. Finkleateln of Yeshiva University and Dr. R. Jones formerly of Melpar.
These two theorles are really low enexrgy tieories, with the Melpar theory
being, in addition, a low electron energy theory (the oleitron energy range
of the Finklestein theory iz a rather fantastic 109 to 107 ev).

The desoriptions of bali lightning contained in the literature suggest
the possibllity that both low and high energy modes occur in the natural
eleotromagnetic disturbances of nature. Diameters have bean observed in
the range of S to 75 em with 1lifetime durations varying from tenths to
ten seconda. In addltion, reports vary on destructive versus non deatructive
characteristics of the ball lightning. Some ball lightring has bean observed
to move slowly wilthout any visible relationship to its lmmediate enviromment,
and to decay or dissipate quietly. In contrast, some hall lightning has
been observed to diacharge exploasively with a lnrgg exchange of energy
involved, probably in the order of magnitude of 10° joules. If the discharge
mechanism was of the millisecond miorosecord type, then the power level
- would be in the range of 107 to 1012 yatts.

In the section of thils report which is concerned with energy consider«
ations, an attempt is made 10 approximate, within the soope of the study,
the energy assoclated with both the low and high energy Kugelblitz relative
to the varlous mechanisms. Saveral theories exist which have been developad
to explain either the high or low energy phenomenon; however most of these
theoriea can be pluced in one of three major categories, Theas categoriea
ara: The Classical Plasma Theories§ The Quantum Plasma Theorles; The Non-
Plasma Theories,

UNCLASSIFIED

i A R R g -

e B O T

I




2,1 Bibliographies and Information Sources

Upon receiving the comtract for the Kugelblits Study, a literaturs
survey way initiated to meet the requirement of A-l of the Statement of
Work, Three bibllographies on this subject were requeeted, from the Defanse
Documentation Center for Scientific and Technical Information, Camercn Stae
tion, Alexandria, Virginia; The Librar- of Congress, Washington, D.C., and
the Melpar Research Library, Falls Chv.ch, Virginia,

The Defense Documen’ ntion Center supplled a compuisr mm bibliography,
dated 22 July 1965, and titled Ball Lightning and Fireballs ARB - No,
A37133, The bibliograph, consisted of 33 listings of reports complete with
descriptions, identiflers, and abstracts, The ma:]ori’by of the reports con~-
cerned airoraft protections from thunder storm eff'ects; howave.r, only three
reports were selected as being related to the study topic and those three .
reports were ordersd, The Defense Documentation Center was visited, to
raview certain revorts referred to in the bivliography, and to explore the
possibtility of finding related information in other categories as identi-
fiers. -

The most worthwhile bibliography received wis the one supplied by the
Libtrary of Congress. This bibliography contained 38 listings, of which 37
were selected as directly related to the subject of the study, The text of
a majority of the reports in this bibliography were in a foreign language;
the bresrdown is as follows: 22 Oerman, 7 Russian, 2 Dutch, 1 Czeck,

1 Rumanian, and 2. French., Approximately 75% of the listings in the bibliog-
raphy were ordered for study, Most of the Qerman reports were translated

at Mslpar; however, all reports were not formally reproducsd in English
gsince persons working on the Kugelblits study were abls.to read German, A
summary tranelation was avallable on the Russian reportas,

The remaindsar of the reports and bibliographies were supplied by the
Molpar Technical Information Center. The reproduction facilities of the TIC
wars maie avallable to provide copies of reports which were made available
on short-time loan basls, This Center also submitted the requests for all
reporta ordersd on the study program.

Altogether, some 150 reports, letters, and other articles were reviewed,
0f this number, 97 were smelected as being dircctly related to the Rugelblits
Study and were compiled to form the bibliography presented in Appemdix A,
Each related raport was read for theoretical approach, energy magnitude, and
any unique concepts., A summary of the more worthwhile reports 1is given in
the following section.
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" 8.2 Sumary of Itarature Reviewed

2.2.1 Literaturs Summary

Several theories have besen proposed to expla:\.n the naturs of ball
lightning. The theories of Kapitza, Finkelatein, Johnson and Pedersen have
besn based on the assumpticn that the contents of the ball is made up of a
plasma, a theory assumed separately by H1ill and Neugebauer, the muclear
theory by Deuvillier and the combustion theory by Nauer,

The plasma theory of Kapitza 1s based on the hypothesis that the ensrgy
required for lonization 1s contlnuously supplied by an outside source.
Kapitza postulates the creation of elsctiromagnetic waves bty bolts of light-
ning. These waves are then refleoted by conducting surfaces creating stand-
ing waves, Energy from the waves ionize a region of ailr at am antinede, the
point of greatast field strength, The lwminous ball created at the antinude
moves t0 a nods where radiation pressure holds it and energy is continmuously
supplied, The ultimate size of a ball hased on the Kapitsa iheory would be

- direotly related to the frequency of the radiation of the source furnishing
the energy. Ball sises which have been repsrted place the radiation fre-
quency in the neighborhood of 107 cycles per second.

The major difficulties to the Kapitza theory are:

8y The large amount of ultrahigh-frequency radiation roquirod has
never besn detected during a tnunderstorm.

bs The prasence of any resonance effests for apecifio dimsiﬁna of
balls implies that radio waves must be concentrated at discrste frequencies,
and Kapitza gives no indication of how this can occur,

A regurgence of interest in hall lightning has been stimlated by the
proposed theory of Kapitsa., Seversl persons have supported the theory of
Kapitza and some have proposed models for ball lightning based on this thecry.

None of the work performed to date has been able to relate Classical
Flasma Theordes to the high energy phenomenon. It is concluded that the low
energy Kugelblits decays quietly and has no relative destructive capability.

Most of the effort in this study has been devoted to the energy con-
sideration of Kugelblitz and the literature survey, However, some previous

thought was directed toward the feeding and guiding of Kugelblitn by use of
laser boams as stated in Apperdix D.

A program is developed by which it is believed that Kugelblita cun be
properly Investigated and removed from a semispeculative basis., This pro-
gram contains sufficlent experimental and thooretical effort to adequately

advance the high energy non-plasma theorlies to the extent that a weapon
applicaticns can be realised,
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Watson has presented a qualitative explanation of Kapitsa's theery in
tarms of resonance absorption of standing waves due to conducting lonized
plasma spheres occurring when the wavelength of radiation is approximately
L times the ball diameter, Watson proposes that the atmosphere is weakly
jonized becauss of a storm and the regions around the nodes of a polarized
electromagnetic wave ars ionized by electron collisions bullding up in am -
avelanche fashion due to focusing of the slactromagnetic fileld till the
plasma frequency is greater than the fraquency of the applied field. At
this point, further field penetration is impossible so surface absorption of
enargy becomes responsible for maintaining the ball in a manner similar to
Kapitza's.

The ball lightning theory of Xapitza has been summarized by Silberg,
and a modsl based on this theory has been proposed by Silberg. The model
requires an external source of r-f snargy with mechanisms for fon!i.ng a

apnericai plasmoid which grows in size w a final diameter or

The plasmoid, while being supplied with energy of wavelength,

A = 3,654, grows until it becomes stabilized. Only low-density, spherical
plammoids, at low preesures, have been produced and sustained with r-f
Mergy.

Andersen has attempted to overcome one of the shortcomings of Kapitza's
theory -~ that of not bsing able to account for the large amount of ultra-
high-frequency radiajpion required to sustaln the ball. Anderson attempts to
show that these frequencies ore emitted during the collision of charged
water drops. An estimate wss made of the volume of charged water drops
necessary to produce the energy of a lightning ball if all the electrostatio
energy of the charged drops are converted to usable electromagnetic energy.
1t is galculated that 2.5 x 101%y3 of rain cloud is required to supply
S x 10° joules, the estimated energy of a typical lightning ball,

Tonks points out that a sericus problem regarding Kapitza‘'s theory lies
in the magnitude of the power required to sustain the ball, A calculation
was made which showed that 18 kw of radiated power at a 4O cm waveiength is
necessary toc maintain a fireball having a diameter of 10 cm.

The work of Plerce, as does that of Xapltza, points out that the energy
stored in a lightning ball at its creation is insufficient to maintain the
ball in existence for periods ot the order of a second, Conclusion is made
that an extermal source must supply thle energy in the form of electromag-
netic radiation. A study shows that poassible external sources are the points
in negative corona. This places the source in close proximity to the
phenomenon. The results of an experimental study do not indicale any con=
tinued discreteness at a frequency of the order of 300 mc/s, but the
possibility remains th7t. the spectrum may have line charactar transiently
even as high as 300 ™
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- The requirement of Kapitza's theory for an ultrahigh-frequesncy radia-
tion source has prompted Finkelstein and Rubinstein to propose a new ball
lightning theory, Although the Kapitza and Finkelstein theoriss are similar
in that both are based on the assumption of a plasma mass being supplied
energy by an external soyrce, the two differ in the type of external source
supplying energy for sustaining the fire ball, The Finkelstein theory
desoribes ball lightning as a dc nonlinear phenomenon. The elsctric field
lines of force tend to concentrate within a possible existing dielectric
inhomogenliety located in the region between a thundercloud and ground. If
the field strength and focusing effect are great enough, breakdown may occur
producing a localized cischarge of plasma, A further focusing of the lines
of force occurs tending to increase the volume of the pldama. This con- : .
tinues until a atable size is reachad, Tha various ways in which bhalls have _ L
btesn reported to disappear have been considered snd accounted for by the S
theory.

Dewvan ooncludes that the Finkeletein and Rubinsteln theory ia the only
promising one of all that hava been proposed, but that even this theory
noeds modificdtion,. Objeotlions to the theory are:

S e S e L

a. The lightning balls which have been reported to have exiated in g
houses cannot be accounted for by a do theory. §

be The theory does not explain the aupﬁreuion of corona point dis-
charges in the neighhorhood of the plasma,

Cc+ Such a corona discharge, as the ball lightning desoribed in this
theary, should propagate along the eleotric field lines of force and quickly
turn into a lightning stroke.

Modifioation to the theory is suggestsd by Dewan which should remove
these objectiona. Replacing the dc fleld with an ac field would permit the
axistence of balls in houses or other nonconducting enclosures, Also, an : “oom
as field would tend to cancel the avalanching effects since the partioles
in the plasma would rnot be continuously accelerated in one dirsotion.

A theory has been propossd by Johnson for a plasma ball lightning model
in which moet of its energy is accounted for by a toroidal magnetic field
within the ball. It is assumed that ball lightning 1s a discharge contained
by a magnetio fleld with a total magnetio energy given by

B Juﬂ"‘dv
Where i is the permeabllity of free space, H 1s the magnetioc field intensity
and V 1s the volume of the ball. It is concluded that a shortcoming of thie
theory is that the magnitudea of the currents and electromagnetio intensity
in the ball do not fall in the range encountered in plasma physics, In fact,
the current la larger than that recorded in lightning by one or twe orders of
magnitude, but it ls pointed out that this may be a result of repeated surges
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of current in a lightning bolt or the absorption of energy from an elevtry. -
etiec field outsaide the ball,

Work performed by Pedersen and Davis has led to a ball lightning model
which differs from Kapitza's model in that 1t does not behave as a resonant
cavity, but is similar in that its contents are a plasmy and it requires
energy from an outside source. If electromagneti: energy is incident on the
sphere, some of it is absorbed and serves to offset any thermal energy
losses, Calculations are performed which show that 10 MW/om? must be incie
dent on the sphere in a frequency range above 1010 rad/seo, If it is
assumad that the ambient atmosphere arcund the ball is composed of pure
gases (oxygen, nitrogen, etc.), it is concluded that it is unlikely that any
electromagnetic resonance absorption phenomenon could sustain the lightning
ball.

A theory differing from those mentioned above is one proposed by Hill,
which is based on the assumption that the contents of ball lightning is a
molacular plasma gensrated by direct lightning strokes. A condition of the
atmosphers in which there exists a substantlial concentration of negative
ions and ionic clusters is referred to as a molecular plasma, The gas in
the interior of an active lightning channel is in a state of strong iloniza-
tion ond high temperature (20,000°C). As soon as the main return stroke is
over the process of negative ion formation sets in and within about 10=
seconds, the air in the channel is in a state of a very energy-rich molec-
ular-plasma, It has been well established that the occurrence of suceessive
lightning strokes along a diacharge channel is connected with the fact that
in such a molecular plasma, slectrons can he detached relatively sasily frem
the negative ions by eleotric fields, and an oan be made available for the
production of fresh ionization. This means the original discharge along the
channel preconditions the air in the channel by converting it to a molecular
plasma gtate, Successive strokes find it much easier to develop along thias
preconditioned chamnel than to eatablish a new path in the un-ionised air,
The preconditioning 1s one of ths most lmmediate and aignificant effects of
the molecular plasma.

The major part of the energy content of hall lightning is in the form
of stored onergy of ilonization, the lonisation existing largely in the form
of molecular ions, ionic clusters, eto.

22,2 Kugelblits Theories With Originators and Supporters

After reviewing the numercus reporis and papers related to Kugelblits,
it was asoertained that only a small rumber of different theories exist, and
that mich of the wriling on the subject har besn dons by persons other than
the originator in attempts to either prove or disprove the theories by
theoretical cr experimental efforts. Following is a listing of the more
acceptable thecries together with definitions, originators, and supporters:

10
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a. Theories that Contents of Ball is a Plaema.
(1) Plasma created by a lightning stroke and maintained by olec-
tremagnetic standing wavas, N i
Originator - Kapitsa -
Supporters - Watson, Silberg, Plerce, Anderscn, i
Kogan-Beletskii, Tonka : ’
]
(2) Plasma created by lightning strokes and maintained by the
high dc electric fields associated with lightning storma, L
Originator - Finkelstain and Rubinstein .
i
Supporter -~ Dewan % A
(3) A plasma model for ball lightning with most of its energy ; Ve
accounted for by a torcidal magnetic field, The magnetic field is main- % T
tained Ly the poloidal moticn of its slectrona. B
Originater - Johneon
(4) Plasma created by a lightning stroke and maintained by
slectromagnetic waves.
Originator - Ped..,sen i
b Combustion Theory.
The lightning ball is a region of burning gas moving along a
gradient of a commstible gas-air mixtvre. A lightning stroke serves to
ignite this mixturs, :

Originator - Nauer

¢e Theories Based on Assumption That Contents of Ball ism a
Non~-plasma Phentomenon .

(1) The molecular-plasma thecry based on the idea that the region '
of the ball contains a strongly « lnhomogeneous distribution of space charge
in the form of a highly lonised gas, the ionisaticn being primarily in the
molecular form, with few elsctrona,
Originator - Hill

(2) A theory based on the assumption that ball lightning consists
of a collection of electrons together with positive charges spread throughout.

11
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its volums, and that the energy of the syatem is to be determined in
accordance with quantum mechanical theory of a cloud desoribed as an elaectron :
gan, .

R R RN e
1
1

Originator - Neugebauer .
Supporter - Flint
de Nuclear Theory.

Theory based on the assumption that the contents of the ball is
radicactive carbon-1l created from atmospheric nitrogen by the action of .-
thermal neutrons liberated by a lightning atroke, e

Originator = Dauvillier

2.2.3 Bnergy Bstimations and Calculations from the Literature

One of the primsry purposes for conducting thes literature survey was
to determine the magnitudes of engrgy releases on content of Kugelblitn, As
reports were received rates on erjergy measurements, estimates on calcula-
tions were made and later compiled as an alphabetic listing based on the

wame of the author. :

Andersen - mentions energy dalculation by Hill (1960) based on water T
butt coservation,

Bruce, C.B,R, - assumes a particle energy of 2 to 12 ov giving a 10 cm

aIiiiier ball energy of at least 1010 4o 1011 ergs (103 to 1oﬂ Joules), !

Dauvillier - makes no calculation of energy.

Dewvan - in swemarizing characteristice based on observations, energy
Ts placed at 10° joules based on water-butt observation,

it s

Finkelstein ~ also menticns 10° joules needed to account for water-
butt observation,

Uses a virial theorem to show that the total energy density of an
aire-confined plasmoid cannct exceed a small multiple of the internal

energy density of, the ambient air. This allows maximum energy of
approximately 10~ joules, Shows this figure may be exceseded for time

given by T V 210 where I, 19 maxisum value of I and E_ is maximum

value of B=3p V. 2o

12
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Conoludes large reported energles stores in kinstic, thermal or elec-
tromagnetic form, and externally supplied by dec field,

Goodlst {1937) - mentiens water-butt ocbservation,

H11l « mentions his awareness of only ons serious attempt at estimating
energy - this is based on water-butt observation (100 to 107 joules),
discounts plasma concept for explaining phenomsnon due te¢ magnitude,
reported durations of luminosity of balls,

States that Neugebaner made theoretical estinate of 50 ;]o'l.til.ea/clll3 R
mton estimated %U foules/cm3, These figures give ensrgies of
102 joules and 3,2 x 105 joules, '

States that czgpleto disasoclation of all mclisoculss in air requires
about 30 joules/cm’ and complete dissociation and single ionization
requires about 150 joules/cm’,

Johnson, P.0. = for a 5 cm diameter plasma ball, calculates a ?agnet:lc
ensrgy, electrostatic energy and total ionization energy of 10 Joulss,
2.8 x 102 joules and 2.2 x 101 joules, respectively.

Kapitza - makes no calculation of energy, Main contribution is sug-
gesting externsl agency supplies energy for sustaining ball,

Lewis = states that an upper limit to the stored energy 1s set if
agsumed that air at atmospheric pressure is at most singly lonized

{ fully ioni::g‘ plasma), This upper limit gives an energy density of
100 joules/cm’, This gives an energy of 109 joules for a singly
lonised 25 cm diameter fi.eball at atmospheric pressure, Mentions 10°
Joules as= energy of ball based on water-butt cbservation,

Nauer - No energy calculatirns or statements are made as suchj however,
mentlon is mede of the modisled Hertz experimental apparatus and indi-
cates temperature increases in a thermometer of the order of 10¢ to 15°C,
The only other statement referring to energy concerns the largs amounts
of energy available in noture to produce natural Kugelblits,

N baver - He compares the Kugelblits energy with the linlen-blits
snergy. suming an ionization energy of 1l ev, an electron density of
27T x » and a 10 cn diameter, the Kugelblitz ensrgy is found to be
3x 10l o5es- The ensrgy of a lightning discharge is about 2 x 1015
to 2 x 10'° ergs. The Kugelblitz ensrgy is only a small fraction of
that of the initial dlscharge 1 Converting the Kugelblits energy fyom
ergs to joules we have 2 x 1015 (107) or?oule-l!ﬂtrga) 2 x 10
joules as a total energy whioh is 362 x 103 joules/cm3.
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Pedaysen = no energy calculation,
Petrzilka = restates work of Neugebauer. Makes no energy calculation,
Prochnow = makes no energy calculation,
Silberg (1962) ~ calculates initial energy of plasmoids given off
Yeverse current relay contacts as being between 0,04 and O.L M joules
for a conversion efficilency of 10% and between 0,002 and 0,2 M joules
for conversion efficilency of S%.

Calculates an energy of 3.L4 x 10“ Joules for a completely ionized
10 cm diameter nitrogen ball at standard atmospheric conditiona, Note
that this lies between 0,02 < 0,034 < 0,04 M joules,
Singer - makes no calculation of energy content,

Tonka = calculates power of 18 kw is required of a 4O cm wavelangth
Kapltza wave to maintain a fireball 10 c¢m in diameter.

Watson - malkes no energy calcuwlation,
Wooding -« states that plesma possesses thermal and ionigation energies
amoun%i'ng to several megajoules, Energy is mainly lost by radiation

at a rate in the order of 107 watts., This gives a lifetime of a few
seconds or less,

1k
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3. EVALUATION OF KUGELBLITZ THECRIES
3.1 Introduction

Due to the rather rare nature of the Kugelblitz pherniomenon, as well as
the inability (up to the present) to produce true Kugelblitz in the labora-
tory, the data collected, even though quite voluminoua, is not the result of
dispassionate sclentific measurement. As a result, there exists a large o
amount of skepticiam, ranging from a denial of the existence of Kugelblitz ——
to a disbelief in reported details (such as color, size, apparent mass, life- -
time, etc.). However, it 1s unreasonable to discount all of the recorded ———
observations as mere optical illusiona or fabrications, and the reports of ey
actual damage {to airplanes, etc.) leads quite reasonably to a belief in the
reslity of Kugelblitz. et

It 18 the purpose of thia section of the report to dimousa the most
promieing theories, the "Kugelblitz-like" experiments and studies which have
been performed and to present our viewpoints concerning the moat likely

approach.

The analyses of Kugelblitz theorles concern the major works of impor~
tance,. The Kugelblitz theories can be categorized in several ways, but 1t
may be convenlent to consider three diviasiona:

a, Classical Flasma Theories
b. Quantum Plasma Theories
Ce Non?plaama Theorles

There are several classical plasma theories, but each of the other
categories has only one outstanding representative theory.

342 low Energy Considerations - Classical Flasma Analysis

No clapsical plasma theory, nor any classical plasma theory presently
concelvable, can account for appreclable energy storage without a continuous s
power flow of very large magnitude intn the Kugelblitz. This ia not so with
the quantum plaama theory or with the ozone theory {the major non-plasma
theory)}. Why, then s do so many investigators continue to attack the problem
from the standpoint of classical plasma theory? Melpar, which has proposed
one classical plasma theory, believea that the reasons may be atated as '
followa:

a. Most electrical engineers and physicists acquainted with lightning
phenomena are loath to belisve that a closely allied occurence such as
Kugelblitz could possibly be non-electrical in nature. Oranting this, it is
a short astep to sssume that 1t 1a a collection of positive and negative
charges of no special significance - that is, a classical plasma.

15
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be Due to a complete absence of experimental contact with quantum gas
plasmas, it is difficult to accept the fact that a quantum plasma may be
created in such a classical situation as Linienblitz even though thue energles
involved are tremendous.

ce There is no reliable evidence to indicate that combustibles of any
sort are necessarily involved in Kugelblitz which detract from the probabile
ity that a "dirty, noneplasma, ionized ball* hypothesis is valid. For this
reason, the non=plagma theories of category C will not be given detalled
treatment relative to energy storsge,in this report. Even though classical
plasma theories are not very satisfactory (particularly for high energy
implicaticn), it is worthwhile to discuss the principles due to their
frequency of usage in past studies. It is of Interest to examine the followe
ing five cases:

(1) The unfed Kugelblitz

(2) The standing wave model

(3) The non-linear glow diascharge model

(4) The low density streamer model (Melpar)
(5) The ion~ion theory

The unfed Kugelblitz would be extremely attractive from a weapon
standpoint, but it is easy to show, using classical plasma relations, that
the 1life time would be exceedingly small. Suppose that the fireball con-
aists molely of Nz with the Oxygen and other gases being expelled from this
region, Thie unlikely situation would eliminate attachment loasses, leaving
diffusion and especially recombination to oconsider. One should now be able
to determine an upper limit for the lifetime of the unfod Kugelblitz,

In this case the expression for density is

dn 2 _¢a_Da 2 2
“'D.V%I-ﬂ‘l or“--r‘- ?1(1'%) -an

for a spherically symmetrical Kugelblits with ambipolar diffusion, First
neglecting diffusion

dn 2 o
“-ﬂl oy n .I‘;—E;{
16
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Assuming radiative recombination (which implies a rather high electron tem=
perature) with an « of 10722

i

1+107 ¢

Now the usual agsump* on is that a fully ionized gas at nearly atmospheric
pressure exists on n = 10” ™, In such a situation, n would decrease
about one order of magnitude in one microsscond. In the other extreme
(although the stored energy now becomes very amall) n, = 10 o3 ; this n

would decrease one order of magnitude in approximately one~tenth of a second.
However, in thls low density extreme it ia to noted that even a lapse of
several seconds would leave a visible fireball. Of course, we have assumed
a completely unreasonable case, as there is no known way of preventing the 02
from existing within the Kugelblitz; hence, there is no way of preventing
huge attachment losaes.

However, before going to a more realistic situation, let us caleunlate
the lifetime duve to ambipolar diffusion, In this case

%_Da{a% 5?3

or (letting n = TR)

R 27, 3R IR

bl Al A - X
Clearly, then,

7= 'Kzntand R = RV, (i)
when p o« 2,405 15 the first root of the zero order Bessel function, Thus

2 .
-0, T t .2
T= T ) _—T—’ ylelding a time constant of T = T a With usual ambi-
po a |

polar diffusion coefficients and Kugelblitz diameters, it is seen that T ia
of the order of a second« Hence, in thls unrealistic case; recombination is
by far the deminant losa,

Unfortunately, if we go to the realistic case whersin 02 axists in the
fireball, attachment losses produce an exceedingly short lifetime, When
attachment dominates, n = rl",’e"hllc ' where h is the attachment coefficient

17
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(«'10'll for 0,) and Y, 1s the elastic collision frequemcy (- 10’ Jtorr [aec'l] de | ] ’
Consider an aunospheric pressure Kugelblitz, with the usual O, percentage. "
Then, h Uﬁlo s 80n@ne 10 jn one microsecond. For a low pressure fire=
ball (if one can be creatsd), h U = .'I.O5 for one torr pressure. Here,

n=ne -10 in about one=tenth of a millisecond. It should be clear by now
that the unfed Kugelblitz is an impossible model, -

3.2.2 The Standing Wave Model

Kapitza (and others) realized, of course, that the unfed Kugelblitz
could not exiat, so he postulated a methed of feeding power Into the length.
However, it is easy to show that tremendous fleld stremgths are required for
*the standing wave model." Consider only replacing the decrease of ioniza=~
tiony this will require a power denaity

"31'

- neUiV = nehfévi (see attachment dominance ).

Thus, —— dEl” 107x20"19x107x10%% 108 watts/em® for a fully ionized, atmospheric
preaa‘ure fireballe For a volume of 10° cm3 which is reascnable, the total
power flow into this Kugelblitz would have to be lou watts, For a projected

area of roughly 100 cm‘?, the electromagnetic flux would have to be of the

order of 10? !%t—’, ylelding e fantastio field atrength of over six million

volta/cm. Obvioualy, nothing Iike this exists in the a.ftermath of a thunder=
storm (nor during a thunderstorm),

Now, even decreasing the density five orders of magnitude and the prea-
sure more than two orders of magnitude will require a power density

;Eé - 101th0'19110st01 5- 10 ma\’c.'l.'.e/t'::fn3 A

or about 100 watte/cme elestromagnetic flux for the same projected area as

previcusly assumed, Then the field strength would have wo be nearly 200 »
volte/oms this ia still very large (oné is almoat certa: - that no such high

frequency field strengths ever exist in the earthts atmosphere, wnless

generated by man) but it is admittedly possible. We have neglicted many

lossey, however, such as radiation, recombinaticn, conmvection, eto, At eny

rate, the stored energy would now be very small, and the Kugelblitsz could

not exhibit some of its reportec destructive effecta.

Although the above were only crude estimates, a precise elactromagnetic'-
boundary value solution will yield the same order of magnitude results. The

18
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standing wave model is therefore not feasible, an answer which Melpar is’
prepared to substantiate by more thorcugh caleculations in an agtual program,
The fact that Kapitza was wrong on the stable point for a Kugelblitz (it is
actually at & node, not an antinode) in rather immaterialy the power flow

considerations eliminale the standing wave model as a ressonable hypothesis.

A number of other investigator: (Cerrillo, Silberg, etc.) have con-
‘gldered the standing wave model with more refinements. However, it is con-
¢luded in this report that the stunding wave model (or any other electro-
magnetic wave feed methed) is unrealistic,

3e2.3 The NoneLinear Glow Dlascharge Model

David Finkelstein and Julius Rubenstein (referred to hereafter as F-R)
have recently proposed a classical plasma theory which is at lesst worthy
of discuseion. It should be mentioned that FeR are implicitly considering
a fully (or strongly) ionized medium, whereas the Melpar model to be disw
cussed later makes the opposite agsumption (a moderately ionized medium).
Making a log~log plot of density vs. temperature (figure 1) it ia shown

that the plasma must "1ie under® the line log 10712 * 3/2 logy T (for a

Kugelblitz lifetime of one second ), Further, to avoid a radiation time of
less than one gecond, the plasma must 1ie "to the left" of the vertical

1ine loglor-eh + 103100.21; + logy R, yielding a value for T of about 107,
Finally, the plasma rmst "lie betwsen" two curves loglon-loglor-logloe'r'
with P1 = P, *+ 4P, P, being 1 atmosphere pressure and AP being a small
pressure differential, This reesoning yields plasma electron energies of

105 to 207 ev, which, in our opinion, is entirely unreasonahle for any
finite plasma,

Next, F=R show, by straightforward methods, that any effort: '» explain
isclation of the Kugelblitz from the surrounding cool air by means of fields
ylelds a thin, intolerably lossy skin. So far, then, the attack on the probe
lem by F=R was not very profitable, '

F-R then discuss s so=-called virial theorem (given in a number of other
places in somewhat different form) to relate intemal energy and external
pressure (although this can be done very satiasfactorily by less sophisticated
methods), Nevertheless, they show that the energy is related to the prea=-

gure and the volume by § < 3 pV %10 Joules,

Finally, F-R disovss their "onlinear conductivity model®, which, like
Melparts model, ia an extrnally powered de model. Although this is the
only result of real vaiue (oulside of energy storage answers from the virial
theorem)}, it 18 a very crude analysis, to say the least, Not only ia it
crude (and trivial), but powsr flow conaiderations, which are really fundaw
mental to the question, are not given., Further, their model (as we see it)

19
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tR - RADIATION-LOSS TIME
T - COULOMB.COLLISION TIME

e

TR * 1SEC
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10° 102 .04 108 108 1010

TEMPERATURE (IN EV}

Figure 1., Bounds of Temperaturs and Density for Model
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implies currents of & magnitude everywhere between earth and cloud which are
known not to exist. For thls reason, Melpar 1s forced to reject the Faft.

Theory and present its own {derived long before the F-R theory wag published).

34244 The low Density Streamer Model (Melpar)

80 far we have presented sufficient reasons to reject the unfed
Kugelblitz theory, the standing wave theory and the F=R theory. We now
present our own theory which can be showm to he true for low energy Kugel=
blitz; we have no c¢lassical plasma theory to offer for extremely high energy
storage at the present time (and we do not feel that any such classical
plasma theory can be derived). There are hopes for composite theories,
however, which we shall mention later in this report.

The Melpar low density streamer theory which 1s developed in appendix
c emplpya the followings

8, A partially ionized low gea density plasma
be The Kugelblitz is fed by a dc streamer (which can fluctuate),
ce A quiet decay.

First, in general,what total power input, volume power density, field
strengths (de), and current densitiea (hence atresmer particle density) are
required. A more general approach is taken than with the unfed Kugelblitz
theory and several losses are included although diffusion is negligible. .
The particle density losa is

% Davzl'l o anﬂhucn,

and each particle represente an ionization energy of eVie In addition to
the input volume power density

2
Pym =eV, {Davzn-an -hlén} ,

there are radiation and convection heat loasses to consider, as well as line
radiation and more trivial thinge (for the present case) such as Lremsstreh=
lung. As we shall agsume a moderately ionized plasma, a rather severe non-
equilibrivm condition will prevall, with the electrona much hotter than the
molecules and ions. Hence, as an approximate calculation we neglect heat
losses. This argument does not permit us to neglect line radiation, but it
can be shown to-be smali. ‘

21
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The approximete (since recombination is not an exponential decay)
required power density input can be written as

1 1 1
Py meV + +
ons 3 8 5
with
| 'r and T, a..l_
"o " ZE ’ W R ~an,
letting n—n  (as we wish no decay)
Thie gives

P, & 10% x 20719 2 101 {1 x 102 + 10°] & 10 watts/m’

The density is not uniform (1t usually varies as

n L] noJ (T)
. for a aspherically symmetrical plasma with uniform excitation), but we shall
naglict thia in this order of magnitude treatment. A one 1:1.'_t.0r Kugelblita
is apparently of nommal size, ao a continuous power f£low of 10"t watts will

be required. With a streamer of 100 em? crogs-section (as a rough estimate)

the energy flnx will be J.O2 ﬁ-&';. In order to make the streamer fairly
on' .

invisivle {in daylight) we assume an ugper density of 109 /cn3, yielding
(for a normsl streamer velocity at~ 10 ) a current density of 1072 ﬂ'gi

For a power density of 10 watta/cm then a field strength in the Kuge]blitz
of shout 10° vg.ta is requireds this is a very reasonsble figure. Outside
the Kugelblitz the field strength will rise, but it muat remain way below
3x'l.0"l ﬂt’i (depending upon conditions)s Occasionally it might rise up to
uhis value, perhaps giving the "rays" emanating from the Kugelblitz which
have been reported (a drawing by V. Haidinger in 1868). Actually, of course,
the current density can increase in the Kugelblitz, allowing a smaller field
strength than hes been estimatede
The energy stored in the Kugelblitz will be

Ry¥3/2kT_ + neVyme(3/2 £luyy) 5 1031&10‘19 (3/2+10) % 10°%

Jouleu/cn3 or 207! Joules for a one liter ball. This energy can be stretched

ghout two orders of magnitude, but even this accounts for only a storsd
energy of 10 joules; thus, this classical plasma theory only explaina the
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existence of low energy Kugelblitz, " Upon ceasation of the atreamer, thia
model only shows a rapid quiet decay, It seems quite likely that XKugelblitz
such as has been discussed could (and may) exist, but it would be harmless
and useless for a weapon application, It is neceavary tu look at other
theories to explain the violent form of Kugelblitz.

23
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3.2,5 The Ion-Ion Theory

‘ If the Kugelblitz im ordinary plasmg, its lifetime must be exceed-
ingly short., However, when the initial plasma density (eleotrons and
positive ions) lies below some critical value the attachment losees pre-
dominate. In this case the lifetime of the electron-ion plasma is still
very short; however, the electrons are not "lost" but have merely become
atbached = largely io oxygen. Thus, the ordinary eleotron-ion plasma is
quickly converted into an ion-ion plasma, So, if we can explain adequate
life-time with an ion-ion plasma, we will possess an apparently realistic
theory of at least one type of Kugelblita.

If oonditions were really as optimistic am stated by Neugebauer
(Zeitsohrift fur Physik, p.p. L74~LBL, 106, 1937) we would (for a reason-
ably high temperature plasma) have little ion-ion recombination to worry
about (in aadition, we would have no need for Neugebauer's quantum plasma
theary). Unfortunately, one thing is sure - ion-ion recumbination is
finits and of conaiderable magnitude. '

If we acoept the temperature dependence given by Gardner {Physical
Review, p. 75, 53, 1938), we can determine the minimum Kugelblitz kinetic
temperature to glve a sufficiently low ion-iori recombination coefficient.

QGardner deduced a 717!- dependence, and it is well known (Sayers, Prooc.
o by . '
Roy, Soc., Al69, B3, 1938) that a ™ 2x10 6 ch/:lon-seo at 760 Torr and
1)051‘{. Since a drops about 3160 times for every order of magnitude increase
in temperature, &fairly moderste interior temperature of 30009K would
yield a = 6x10~10,

Even if a serc ordsr Beseel function (or something similar) type of
temperature distribution is ascribed, the group body heat radiation
(Pp = Acol‘b) would become prohibitively high for extremsly high tempera-
tures, Hfsoe, it would appear that recombination ccefficienta of at
least, 10~ om3/10n-uec. for pure recombination fall-off are required;

: n
- ° ) ve I -

this meens that n m;;, and only low density plasmas could have life

times of the order of seconds,.

We do not have to give up yet; however, thiogs are nol so simple as
they appear at first glance. In faot, it is not diffioult to write down
an involved set of non-linear equation -- the solution of whioh would be
more enlightening than our previous semi-quantitative discussion. Such
a set are the following:

dme
1. For electrons : == = - hi/n_ - 2, 1% * %10 <vZ.ngn,

n Y n
*+ BOOL P T Tk -

2

UNCLASSIFIED

. e e oncl i R




~ UNCLASSIFIED

2. For + iona, several apecies : -g%-t =-a ,nn =-g,  ,nn
4 »

+ °1,o‘vu"“a“1 + Bcoi’pnpn“ ;
3. For - ions, several species : g% - hvcun o = %y 4RD, - 6v_ A
] 1

i, Por excited states, several species : -“‘-ﬁ-_’st - H(E-E‘,:)o'x <Vg> n,n,

. Bz
T .
dne fix
5. For photons : = = =< - Bcoi,p"p"}. 1
' i
6., Phaee-space distributions : § il 31’1 R _a_"‘;i_ + 3 E_‘_i_ - ari !
for the N species INs® "5 ‘3P %
dEtotal dntotal dn+ dn=
7. For energy : -&-——--av(vx *Viar”’.ar* {
% -K—E'-;- gﬁ - MacT + terms of lese importance,
Subsidiary Conditions
8. The plasma condition : n,tn_=n,
9. Neutral condition + n, = n (1-n)
ne ionized species
neutrsl + iocnized s=pecies
10, n=ny<a
neo ; 3 a} tet,
11, n sn n =npn =n n =o} att = ¢
{ e e o’ + * eo’ - } o
n, = n“Q (mmall squilibrium density), n = neo, n_= n’o - neq

for t = to + At
At being the destruoction time of the electron-lon plasma,
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Suggested Approximetions (for a crude, but tractable, solution)

12, Phase-space Distributions: Maxwell-Boltzmann in velocity
space Homogeneous in coordinate

space

dn,

13, =0 for t > to + At, n, = n,

Q

\

1k, i:l“-nx 20 for t > to + At
d“e

15, 3c- =0 for t > to + 4t

A rather involved set of non-linear differential equations now exists
together with a suggested ™Oth order"™ approach to the solution of the sat,
Even the highly degenerated set will not be solved in a trivial menner,

However, when considering the approximafe nature of the expressiens, a crude
solution should be almost as good as a precise soluticn (were this possible)

in determining the value of ion=ion plasma Kugelblits theory.
Assuming that the solution indicates some appreciable lessening of the

recombination problem (due to photon flux, ete,), it may represent a reason-

able sclution of the low energy Kugelblitsa probleg1 That is, 1t may be

possible for plasmas of density of the order of 1
to exiat for some seconds without external power, There are so many inter-
actions, however, that pure mualitative reasoning can not be depended upon
much further = the answer lies in the indicated solution, :

Since the result remains inconsistent with cbservations (tlifetimm <l
second), reasonable feed mechanisms should be considered, It is fairly
obvious that unreasonable suggestions (such as the standing wave theory of
Kapitsa and othera) cannot be considered, There are other possibilities,-
however, which appear possible - or suggeot, at least, an sid in delaying
the plasma decsy, Conaiderations are listed as follows:

a, Direct streamer feed (with n < ﬁgj - to maintain invisible feed),
CA

b. Fluctuation (displacement) feed - due to rapidly changing fields
in the aftermath,

¢, Charged particle accumulation {diffusion).
Then we are at the virtual limit of the "straightforward" approach,

There can be 1little doubt but that this approach must be considered as a
"laat ditch" stand on normsl plasma calculstions, Additional calenlations
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based on the necessary assumptions relating to the above three considerations
will only provide the opportunity for mathematical gynmastics, unless a few
experimentally determined values are available to curb the selection process,

3.3 High Energy Considerations

3.3,1 Quantum Plasma Approach

We believe that Melpar's classical plasma theory is a possible
explanation of low energy, quiet decaying Kugelblitz, It may be unlikely
that a feeding astreamer such as we have postulated actually exists, but it
does not discbey known atreamer phenomenaj nevertheless, it is a weak point,
although it is a much more rational explanation than offered by the Kepitza
or P-R theories, However, all classical plasma theories are weak, and it ia
worthwhile to examine the guantum plasma theory of Neugebauer,

It ia somevhat surprising that Neugebauer's theory, which was published
in 1937, is actually more advanced than any presented thereafter (although it
is not necessarily more correct), The field of plasma physice was not even
known as such in thoae days (although most of the foundation work had been
done), and exchange forces were a new phenomenon, Furthermore, only a
decade had slapsed since the modern form of elementary quantum mechanics
was given a sstisfactory treatment by Schrodinger, Heisenberg and others,
Clearly, Neugebauer waes capable of worldng at the 1limit of contemporary
lnowledge, and hia work cannot be dismissed lightly,

For & fully ionized atmospheric density (or greater) Xugelblitz, there
can be no doubt that the exclusion of spin (and, hence, exchange forces),
as is done in clsssical models, is an error,  The usze of exchange forces
enables two things to become slightly more reasonable:

&8, A constant diameter fireball which does not expand as rapidly
under diffusion forces,

b, An explanation of some stored energy in a form different from
that conaidered elsewhere and, thus, a new source of hely (very little)to
keep the firaball alive,

It is easy to show that the total ambipolar diffusion energy is
' 2,2
E, = Heff/z {(Yn . ¥n) D3/n

whers Heff is the number of particles times the effective mass (approxi-
mately an ion mass), The total (per unit volume) sxchange energy is

E - ; hzhzez/mKT
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a ‘ion

(Note: these are Melpar's expressions, not Neugebauer's which are very
different.) Neugebauer!'s stability expression is derived from

l/?m<V2;-w-gKT

and
2 L nzezh
E=1/MmM<¥V >=
mKT

However, this neglects the phenomenon of ambipolar diffusion, which ia, in -
fact, one way to define a plasma, This is merely a consequence of the era e
{1937) when Neugebauer published hie article, But ths fact remains that
Melpar's expression ie more valid than that of Neugebauer and muat be used,

For an approximation let |9n| = n/a where a is the radius and
My = (28) (1837) (9 x 10'28) grams, Then let n = 1017/c:|u3 vhich gives

~ g -
T< 10 °K o
as the maximum permisgsible "temperature" for the electrons of a Kugelbiitz
having a 20 cm radius, Obviously, this is much higher than the value obtained =

by Neugebauer (and we obtain about 107 *K if 1019/Gl3 is used). Unlike
Neugebauer's arguments, we can now point very hot fireballa, so that destruc- s
tive level becomes very reasonable (except for losses == to be discussed), -
It is important to remember, however, that we will undoubtedly have non- L
squilibrium, and we are not demanding that ion and electron temperatures be ‘

equal,

Through uase of modern reasoning we have been able to improve Neugebasuer's
theory substantially, Unfortunatsly, we now come to the point wherein we -
must treat it very unkindly. Again, modern theory and experiment are used,
The loweat value of recombination coefficient ever measured ie about

§x10 iﬁ—_-(’:ic Consequently, the energy lose rate for recambination at

28 \

UNCLASSIFIED




I ST T A Ll R R AT M e NS R SR e i 2 S TR T L R A KR Yy R AT

 UNCLASSIFIED

1019/cn3 is equal to or greater than %’
-:ﬂ - an’ev, = 5x10"%2103%, 6x10"x10% £x10° watta/en?, %

lost each second through recombination.

A at.:l‘ll reaagnable value for an atmgapharic dega:lty model might be
1017 electrons/cm3, in which case ~ 8x10¢ joules/cm~” would be lost each
seoond, Also for an atmospheric density plasma, the attachment loss is

B3 o hUnev,, ylelding ~ 10° vatt/em® for n = 101%/cn> and A 10° ¥2EES
dt c 4 o

fornm 10]'7/(:1113 . For a very hot gas, the sttachment coefficient migh

decresse considerably (as it does for Cl, and Fy), mo perhaps h = 107

might be reasonable (or even lower), In any case, we shall show that some ——m
power flow into Neugebauer's model is required, as the exchange snergy is ; .
far too small to suastain the Xugelblitz throughout the cbserved time

durations,

The total exchange energy per cubic ceuvimeter is

- 22 S ergs Joules
B, 2An‘e“/mKT = 3 x 10 ;ﬁ- > 0,03 —;3_

.

To equal a rate of even 800 “H", this exchange energy mist be converted

in leas than 0,0l milliseconds; obwviously, the exchange energy cannot long
- stave off extinction, Thus, we come to the inevitable result (even neglect- LT

ing the all important attachment) that the Neugebauer model also fails on

an unfed Kugelblitsz, _

3.3,2 Molecular Cluster ~rergy Storage : o

Presently, no high energy satisfactory model is in view, Although
the quantum plasma model is to be doubted {(but not dismissed), the work of
Neugebauer (op, cit,) does furnish a clue, This clue is that storage atomic : ‘
(molecular) clusters should receive some attention, ——

Thus, one thing that can be proposed for further investigation is the
possibility of long-lived {seconds) metestable materials -- probably with
a combination of ionie and covalent bonding, We start out (before the
return. atrobs .{Linien blitz)) with largely N, Oy, CO and A -- plus small
amounts of other gases, For the four major gaseous components there are
sufficient molecules present so that we could conceivably have a plasma e
composed of any of them or their combination, or any combination of the
miltitndinous derivatives (N,+, N*, 0., Oy, A*, eto),
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Although it is not intended as a real suggeestlon, consider, for
exanple,

A+ A+

N\ 7
,—0—

The idea is this; if we are able to "hold in reserve" a large density of
charged componente (due to the formation of ionic bonds) -- then the plasms
will be forced tc exist for a rather long time, Furthermore, we can then
tolerate a lower Kugelblitz temperature, which will reduce graybody radia-
tion. The increase in a will not be so serious, because the charged com=
ponents are unavs.lable for recombination (excopt upon slow release),

This means that, under thia theory, the ion-ion plasma would also
decay fairly fast, but recombination radiation (hence, visible Kugelblitz)
would alwayy exist due largely to breakup of the ionic bands and the finite
probability of the species recombining (perhaps with other released species),

Although somewhat reluctantly, as the theory appears rather farfetched,
some modification of the quantum plasma concept should be considered; quite
frankly, no other satisfactory postulate of the high energy model has
appeared, In considering a quantum plasma, we should give some thought as
to how it may be generated in the first place,

We know that Kugelblitz appears to be slightly heavier than air, as
it drops to the ground, according to various cbservers, It may be possible
that Kugelblitz of this type is formed in the anti-ncde of a severe shock
wave, Analysis using the Rankine-Hugoniot relations could be attempted,
So, perhaps a very dense plasma can be formed -~ initially of quite small
diameter (say, 2 or 3 em in diameter), with electron-ion densitise even
exceeding that dictated by the normal un-ionized molecular density,

Thus, a small diameter plasma with the full application of Fermi-Dirac
atatistics can be generated, CGradually, of course, some expansion would
take place as electrons near the boundary (which do not see a iotally cor-
rect spin foroe) diffuse away and "form a classicsl shell," This is quite
gsimilar to the metastable molecular approach, in that "slow release to the
clagssical state” takes place,

When degeneration of the quantum plasma reaches a csrtain point, sudden
transition away from Fermi-Dirac statistice will tske place, Then, sudden
"bang" would oceur as elsctron-ion recombination proceeded at an enormous
rate,

Involved though it may be, the above appears to be t.e only "reasonable"
explanation of the high energy HKugelblitz, Clearly, extensive calculations
are in order, The problem is an extremely difficult one and the time allotted
to this study dces not permit the undertaking of such a solution, We shall
now consider non-plasma models and particularly the ozone theory,
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3;3.3 Non-Plaama Theoriea

The plasma theories, classical or quantum, require a continuous
input power, Although it is not impossible {nor even unlikely) that this A
conld be in the form of invisible streamera or the like, it is still advis- !
able to attempt to oonstruct a self-surviviig Kugelblitz model, The only
way t. do this is to go to non-plasma, or at least partially non-plasma
concepts,

-

- The two major non-plasma concepts are the nrone model of Thornton \
(1911) and the dirty charged mass model of Hill (1960). Thornton claims
that the Kugelblitz 1s usually a luminous blue ball, whereas Hill reports
that the Kugelblitz is usually seen as g red, trown or yellow ball., Need- .
leas to say, each interpretation aids them in their particular theory, At -
any rate, the ogone model will be examined firast, ]

Thornton reports that various observers unanimously agree that a
Kugelbiitz is heavier than air. As ozone is 70% heavier than air, this
is one argument for the osone theory, Although ozone is claimod to have
been given off by exploding Kugelblitsen, it is clear that this is no
proof that a Kugelblitz contains ozone -= especislly if the e:xploding
Kugelblitz produces large electric fields. Now, the volume of 2 03 ia
less then 3 0y, for example, and the energy is such that

B(20,) > E(30,).

As a result, 0, and 03 have an attractive force,

o=V { VE) .

There is of course, the usual molecular outward pressure, tut the forces
will balance at some radius, We have not yet done the ressarch to deter-
mine the volume of this radius, It may be, howsver, that the radius will
agree with obaerved Kugelblitzen,

Ozone is kmown to be an unstable gas and an exothermic reaction can
procaed, The energy relesaesd 12 changing one gram of 03 to one gram of 03
is lietsd by Thornton as 8 x 10° ft-1b, It is clear that thia would,
indeed, satisfy all the reguirements of_ the most violent form of Kugelblits,
as this ie equivalent to better than 107 Joulea, It thus is in excellent
agreement {for a sufficiently large and dense fireball) with a reported
case of a Kugelblitz entering a rain barrel; and resultant heating demanded
more than 10V joules for a rational sxplanation,

It 1s clear that the ozone theory requiras a great deal more to place
it on a rigorous bssis, It appears to Melpsr, however, that it is the most
likely candidate for the violent form of Kuglsblitez, and further work is
certainly justified,
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Hill's model is essentially s dirty molecular ensemble with chargss
reeiding in both molecules and foreign particles, He regards the luminosity
-aa dus to molecular recombination, internal corona, burning of internal
gases, etc; his is a low temperature modsl with very few free elesctrone per
unit volume, Since it 1s probable that cerona discharge, burning and
molecular combining might take the order of seconds, or evsn mirutas, the
lifetime problem is not too serious with this model,

Hill's paper is very qualitative, and it is difficult to sigue against
non-quantitative reasoning, Considerable calculation must bs done befors
much can be said about this model, Eve. then, Hill has left it so general
in nature that seversl different sui.-models muet be anslyzed to dispose of
the subject properly. Hill's work dsserves further consideration (particu-
larly experimental) bsfore much can really be said sbout stored ensrgy,
decay, lifstime, lumincisity, coler, size and the like,
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3.4 Svmmary

It is worthwhile to summarize at this time the discussion on energy
considerations,after which a recommended schedule of work leading toward
a Xugelblitz weapon program will be cutlinead, After careful consideration, 1
the major achievements and doficiencies of the previously discussed i
Kugelblitz theoriss may be stated as followss :

A, Classica) Flasma Theories
1. The Unfed Kugelblitz

a, Very short lifetime

b. Satisfactory size stability {although the ball tends to
increase in size)

¢, Satiafactory energy storage at high densities, but with :
a vanishingly mmall lifetime

2. The Kapitza (Standing Wave) Model
a. Impossible electromagnetic power flow roquirbmnts
b. No satisfactory contaimment proof
¢+ No detailed plasma physics proofs
3. The Finkleatein-Rubenstein (Non-Linear Conductivity) Model
8. Unreasonable eleciron energy demands
b.- An unreasonable feed method .
0. A primitive and unsatisfactory discharge model
d. A reasonable low density postulation
4. The Malpar (Streamesr) Model
a. No proof that smch atreamers exist
b. A satisfactory low density and low electron energy model
¢. Only a low energy izodal
d. Does not explain explosive deoay
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5. Ton=ion Theory (Melpar)
&. Accounts for low ion=iom recombination rates

b. High ion densities may exist for seconds without external
power

c. Requires a difficult analytical solution to verify n.jof
assumption

Suantum Plasma Theories

1. Ths Neugebauer (exchange force) model
a, A novel and clever intrcduction of exchangs forces
be A wrong relation for maximm temperature
¢. Exchange forces camnot greatly emhance lifetime

d, A radical underestimation of recombination losses, to
say nothing of attachment losses

2. HMelpar's modificatious of Neugebsuer's modsl
a. A more reasonabls temperature limit (very high).

b. All the deficiencies and good points of the exchange
force model

Non-Plasma Theories

1. Thornton's (Ozone} model
a, Almost, the proper energy storage
b. Satiafactory stability
¢e Quiet and explosive decsy
d. Satiefactory high energy model
2. Hill's (DPirty, Molecular Charged Masa) Model
a. No quantitative treatment
b. Satisfactory lifetime
¢. Poasibly correct radius
d., Posaibly a wide energy storage model

3b
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In general, it is possibla to classify the theories relative to energy
criterion as followat :

High Ene Low Energy Both low and High
(1) Thornton's {Ozone) (1) Modification of {1) Modification of
Model : Melpar's Medel Hill's Model

(2) Modification of Neugebauer's
Model (by feed atresmers)

The rest of the theories are unworthy of any rating whatsoever, and they
are not of sufficlent value {o merit further work, It is likely that at

~ least two or three entirely different kinda of Kugalblitsen exist.
Prefurence is given to eilther Melpar's or Hill!s model for low enmergy
(both may occur) and Thornton's model for high energy. Clever though
Neugebauer®s model ia, it must be regarded largely as an academic exerciso,
and the other medels were somewhat unsatisfactory plieces of work from any
standpoint (except the later containment work, which is both academio and
of use to other fielda),

It 1s clear that the experiments which have been performed{as known
to Melpar) have not been directsd toward a logical, exhaustive all-out
attack upon the Kugelblitz problem. It is likely that theoretioal methods
wlll remain somewhat speculative unleas a cooperating experimental program
is conducted simultaneously. The stage hae been reached wherein exhaustive
experimental work is called for in order to substantlate or negate the
mmerous theories.
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3.5 Symbolim

D a " ambipolar diffusion coefflclent

v w linear vector operator

r = radius of a volume

t = time (independent variable)

T | = tempersture

J = zerg order Beasel function

h - attadiment eff\lcliency

E = energy ' l
P = atmospheric pressure
Py ™ input power density
n = glectron d-neity

n = positive ion density
n » negative ion density

A = axcited state density of levels

x -
E; - ionization energy of one or more species L. :

1 . .
n, = photondensity (from excited states ﬁx) =3

h = attachment coeffioient EO] designates no units or dimensions
1

% = alastic collision frequency of electrons with attaching atomum
&)
74 A" colliaion frequency of negative ions with other species
¥
cm
<ve> » gverage electron velocity[ﬁc] P

3
a = recombination coefficiant for electrons and positive 10“,,-,["" c] b

e,1 on-ga
. 3
- m :
a 1,1 recombination coefficient for negative and positive iona [mc]
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1on:|.nuion croas-seotion for o'lsctron inpnct [cn]

9,0 "

ai’p = ionization cross-section for photon impect [cnz]'
& = detachment coefficient [0]

T = lifetime of pertinent excited states [aoc]

B = geometrical coefficient for relativistic gas (photons)
distribution [0] .

aac

m = neutral atom density —13-

A
en &
M{e-ei) step function becoming unity at R-E, [0]

¢ = velocity of light [

;
|

f, = phase-space distribution function for the 1th species [ﬂgi-] 3
# = velocity variable [ sec] = 3 dimensicnal - ?
3 = acceleration variable _cgz -3 diﬁnnaionai {
¥ = coordinate varisble [1] - 3 dimensionad
= tizme varisbls [sec.] ‘
e =» slsctronlio charge [cculonb]
V = volume cn3]
Vx = excitation potential
Vi } .. ionigsation potential
. ”V'a' ) = attachment potential [a].'l. in voltp] ) S .
k = Boltsmann's censtant [3-:-':5] BN - e : - ‘| -
7, =~ electren temporatu:'-'e" [°x] e ' e LT
A mares,a= eniu:l.on cqofﬁcient [OI— o L. |

c = rudiat.ion ctmatant [ﬂﬁ‘@] Y N
L cm“sec ) b

- w
- e . <t
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L4, RECOMMENDED KUGELBLITZ PROGRAM !

We have discussed, in rather brief fashion, the history of Kugelblitz;
the classical plasma theories, the quantum plasma theories and the none
plasma theories and, finally, have mentioned some experiments that have
been performed, Melpar, after having performed some work of its own, and
haring studied the literature intensively, has a clear ploture of the aost
promiaing areas of research for Kugelblitz. As a result, we present our
concepts of a thorough experimental and theoretical research program which
ia moat likely to yleld significant resultas,

Since the high energy Kugelbliti is clearly the only type weapon of
importance, we believe that the major effort should be expended along thease
lines. Thornton!s ozone theory is very promising, and we regard a program
here as being of utmost importance., Although not, specifically noted in
the outlined program, work would also be psrformed in conjunction with
the molecular cluster energy mechanism described in section 3,3.

A combination of Hill's model, somewhat modified, is also of importance
for high energy Kugelblitz, Melpar has a large, high speed vacuum ~Tystem
ard chamber in which some proliminary work for both Thornton's and Hill's
ideas could be conducted,

Then, a modification of Melpar's low energy Kugelblits theory should be
subjected to experimental verification, The value of this progrsm would
be to substantiate Melpar's approach to the general subject, as well as to
dispose finally, if posaible, of one type of Kugelblits.

In a more formal arrangement, the lile of work should proceed in the
following manner:

Phase I The Ozone Investigation
A, Theoretical Work

1. Obtain information on binding force between 03 and Oz.
2. Caleulate atability criteria.
3. Calculate emergy storage.
4. Determine triggering mechanisas for exploaive decay,

B. Experimental Work
1. Production of ozsone through appropriate air discharges.
2. Injection of osono. into various atmospherwe.
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3. Determination of ozone cloud gesometry, 1min;u:lt1 and lifetime.
4. Efforte to trigger explosive decay. ;
This work will require at least the following: §
1. Senior Physicist (theoretical) 6 man months
2. Senior Physicist (experimental): 12 man months
3. Electrical Engineer H 9 man months ’
L. Consulting Chemist : b man months
Appropriate material, machine work and techniocian time will also be

required,
Phase IT The Hill Model

A. Theoretical Work
1. Obtain appropriats precise sub-medel.
2, Calculate stakd?‘iy,
3. Calculate external field,
4. Calculate energy storage.
5. Calculate decay modes.
B, Experimental Work

1. Inject mixture under appropriate discharge conditions amt
measure cloud stability, luminosity and lifetime.

2, Measure external field,
3¢ Induce, if possible, explosive decay,
This work will require the following staffs

1. Senior Physicist (theoretical) 9 man months
2. Senior Physicist {experimentsl)t 9 man months
3, HKlectrical Enginesr H 6 man months
L. Chemist ' 6 man months
39 : o

- b4
“
. . -
1 . .

Ui LASSIFIED o : i




r 1
Appropriate support time and practical material will also be required: '

Phase IIT The low Energy Kugelblits
A. Theoretical Work .

1. Refine all calculations,
2. Calculate required stresmer process.

3. Design appropriate equipment,

B. Experimental Work
1. Produce low pressure ﬂreb;u.

2. Inject fireball into atmosphers chamber.

3« Continue to feed fireball with streamer.

' H.easnre luminesity, lifetime, stability, etc.
This work will demand the following effort:

l. Senior Flasma Physicist: 12 man nofxfhu

2, Physicist 1 6 man months ‘ -
3. HKectric:l Enginder t 6 man months 7

, In addition, purchased parts and material and appropriate technician
and machine time will be required, ‘

The Kugelblitz and Perlsciiartzblitz phanorana have bean considered leng
enough on a semi-speculative basis, Only a program similar to that we have
prepared will yield positive resulis within a reasonable time period. The
ultimate potential is such that an intensive Kugelblitz program should be
conducted.

ko
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g, CONCLUSIONS

After a rather thorough evaluation of the Kugelblitz problem, Melpar
believes that it has a firm grasp of what is and is not possibls, We have
been forced to conolude that a pure plasma theory is hopeless for high
energy Kugelblitz, On the other hand, it appears that the low energy
Kugelblitz has a reasonabls chance of explanation by means of the ion-ion
plasma and/or the metastabls molecule approach., The high energy Kugelblitz,
on the other hand, seems to demand a quantum explanation, Although gasecus
quantum plasmas are not a common experience, neither is the Kugelblitsz
phenomenon a common occurrence,

.We can dispose of the Kapitza and Finkelstein theories, as well as the
Reugebauer theory for its intended purpose, The Melpar theory shows dis-
tinct promise for low energy Kugelblitsz, although this is not of much
interest for a weapon application,

Both the Thornton (ozone) and Hill (dirty charged mass) show promise
as high energy Kugelblitz as well as the molecular cluster approach. It
appears that these are the most likely methods for the violent form of
Kugelblits and that further work is justified.

The experiments which have been done are meager and are not intinately
conneoted with the direct or proper approach to Kugelblitz investigation.
Further, much more detailed experiments are called for, together with a
real quantitative theorstical effort.

The problem 1s a difficult ons, but some light is beginning to appear
on the subject., A concentrated analytical and sxperimental effort should
be made soon as the implications of successful work could be far reaching.
Only an adequately planned program, utilizing a full time, compstent
staff with adequate squipment, can hope to succeed within a reasonable
iime period. :
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APPENDIX A
BALL LIGHTNING BIBLIOGRAPHY

The bibliocgraphy included in this appendix ls a result of information
secured from four sources, Thase sources oonsist of bibliographies on Ball
Lightning and Kugelolitz obtained from the Library of Congress, a Report
Bibliography prepared by the Dafense Documentation Center and referenced as
ARB No, A37133 entitled "Ball Lightning plus Fireballs," a subject search
performed by the Melpar Research Library on Ball Lightning and %ugelblitz,
and finally references from various reports and books concerning the related
subject of this appendix,

The bhibliography supplied by the Defense Documentation Center contained
thirty~-three listings of which cnly three were selected as related to the
subject, The majority of the DDC listed reports are related to aircraft
protection from thundsrstorm electromagnetlic efrfects and have not been
included in this Kugelblitz bibliography.

The bibliography compiled by the Library of Congress for this study
contained thirty-eight listings; the greater majority of which were in
foreign languages, The reports had the following language distribution:
14 in German, 8 in Russian, 4 in Dutch, 2 in French, 1 in Czech, 1 in
Rumanisn, and 8 in Bnglish, Out of the 308 listings, 37 were selected as
related to the Kugelblitz study and included in this appendix, ‘

The remainder of the reports contained in appendix A were located as a
result of the Melpar Library Search and conversations with peracnal
acqualntances, '

The bibliography contained in appendix A 1s belleved to be vary come
plete with regard to the purpose of the contract under which the Kugelblitz

study was performed and 1s probably the most extensive survey performed to
date,
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Aliverti, Q. and Lovera, @,

"Ball lightning Observed in Upper Italx" {Usber einige in Oberitalien
Iv. - : o.»Kugelblitz: Text in German

Ar iy tuer Meteorologie, Geophysik und Bioklimatologie, Vol, III,

T7-857L95I)

Andersen, W, H,
"EBrargy Scurces for Ball Lightningh
J. Geopnhys. Res, 70, 6, 1291~1293 (1965)

An‘i.D.l » R.
"Ball Lightning" (DOer Kugelblitz; Text in German)
Metworaiogische Rundschau, 7, 220-222 (195L)

"A Beli Lightning Observation at Cottbus® (Kugelblitzbeobachtung
in Cottbusy Text in German)
Zeltschrif' fuer Meteorologie, 9, 378 (1955)

—— s p—_a’

Arahadohi, ¥, 1 '
"Tneories on Phenomena of Atmospheric Blsctricity" (Kteorii yavlenii
aumosfernog elektrichestva)
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AFPENDIX B
REVIEWN OF APPLICABLE PLASMA PHYSICS

1. Introduction

This appendix is concerned with the presentation of fundamental plasma
physics concepts in order that the significance of the results and conclu=
slons of the study covered in this report might be better underetood. The
derivation of these elementary relations (largely of a simple kinetic
theory nature) and definitions in the appendix makes possible a desirable -
reading continuity in the body of the report. Definitions and expressions
to be considered are:

a» Mean free path

b, Average collision frequency

6. Electron energy loas upon collision

de Distribution of free path lengtha

e. Velocity distribution functions (particularly the Maxwellian)

f, The Boltzmann Transport equation

g+ Attachment loss

h. Recombination loss

i, Diffusion lass

j Mobility
k. Diffusion length

A review of the electrical breakdown of gases using dc fields and r-f
discharges is included in this appendix.

2+ Relatlons, Definiticna, and Concepta

Neglecting modern quantum heory (which plays a much leas dominant
role here than in solid state plLysics) and its implications, it is interest-
ing (and important) tc obtain a simple mechanical picture of a gas by
merely considering the particles involved as hard, round balls of the proper
dimensions and applying straightforward methods of Bechan:lcs and probability.
Thus, if an aterr has a cross-sectional area of o(cm®) and the density ia
mg per cnl, shooting an slectron at one cm¢ ares will yield a "hitting
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chance" of mge, Clearly then, the average distance an electiron will travel
without striking an atom 1s

O+ g

which 1s known as the mean free ~ath, If the average velocity is (),
the average time hetween collisions will te

<1>_ LA 1
7 mgoZﬁ5
so that the average collision frequency becuuus
1

v = z;y ~ ngo(V)

also, by equating momentum before and after a head-on collision, and
kinetic energy likewise, 1t can be shown that

AE lm
E W

where & 1s the original eleotron energy, AE is the change 1n electron
energy, m is the mass of the electron, and M is the mass of the atom (AR
1s, of course, & loas in electron energy). In an average collision it can
be shown that the correct relation is

EEE o 2.66%

(However, for "hard, round balls" and zerc energy molecules, the expression
would be rigorously, :

[4 2m
- ¥

The spacing of molecules in a gas 1s, of course, random so that
while <1) = Eé; roughly represents the average path length, the path
lengths will actually be distributed in some fashion. The sverage number

of collisions made per unit cistance of iravel will be V; = >, for a

single particle. The number of particles (we are primarily inéerested in
electrons) suffering collisions in the length z 6 2+ dz is

dn = -nVldz » and

where N is the total number enterisg at z = O,
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where dN 4is ‘he number of electrons with free paths lying between 3z and
2+ dz; since

-V. 2
dN - Vlﬂe l d-z

one obtains

z
¢y, -%,—,orn- New
1

Thus, the ; umber of electrons having free patha greater than Ay =2 will
be,

N
n o= Ne (D

which 1s in the form of the Boltzmann relation, (The Boltzmann relation ia
usually stated as

’ -ai?
- ne KT

] 2

where M, and n; are densities at the potential enei-g points F._L and E,,
and XT is the thermal energy.; :

: The Maxwsllian distribution function grar detailed derivation refer
to any textbook on Kinetic Theory of Gases) is very important; this
distribution function is

RAE

This distribution functicn describes the manner in which the particles are
digtributed in velocity -~ that s, how many particlas, relative to the
total number, exist in any velccity lncrement, Clsarly, the function
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extends from zerc to infinity, but only a small relative number exists at a
few times the most probable velocity, The most probable velooity (that
value which makes the function a maximum is

v e /AT
[+ m

the r.m.s. velocity is

= JKT
v o=V

and ‘the average velooity 1is
2XT
) V=

The distribution may alsc be written in terma of the most probable velooity,
in which case it beccmes

V18

dN(V 2‘[\7')
_r('_o_) -v#-g-a-e ° dv
[+]

EN-*D dropa to about 0,02, for example, for the twe limits 12{" 0.1 and 2,5,

The Maxwellian distribution is the distribution of thermodynamio equilibrium,
and it ir by far the moat dominant, recognized distribution function in
gasecus physics, and even in gaseous diacharges. In gaseous discharges,
many other distribution fungtions are important, since thermodynamic :
equilibrium does not exist, frequently, although the psculiar distritution
functions ohbtained usually appear samewhat Maxwellian,

For a number of conditions, usually obeyed in tenuous plasmas having
appreciable electron energy, the distribution function, expressed in terms
of energy 1s

1 4 ccf B 2
£(B) = coz?,°’551Te$]

termed the Druyvesteyn distribution. {The Maxwellian distribution expressed
in this manner would be

f(E) = GmE"!e“!ﬁP
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The most probable energy (or selooity) of the Iruyvestayn distribution
function is greatsr than that of the Maxwellian, and the "tail® cuta off
much more rapidliy.

There are two other distribution functionas that are commonly referred
to in gasecus discharge literature; these are the Davydoff-Margenau and
the Allis (sometimes known as the hyperbolic), Without going into the
details, lat us consider the general mannar in which all four of the dis-
tribution functions are rigorously derived:

The almost all powerful tool in plasma physics is the so-called

Bel tsmann transport equation, This is an integro-differential equation of
the form

daf 14

T N ard

COLLISIONS
=Y

£(t, ?, ¥) is the "number-density" in phase space; this 1s a é-dimensiogal
space with three physical and three velocity coordinates. Hence, fdFf dV is
the number of particles in an infinitesimal volume of phase space at the
point ¥V, If there were no collisions, all the partioles at ¥ { would
arrive at (F+ ¥dt, Ve 2dt) at a time t+ dt, Hence,

t{t+ at, P+ Tat, Voddt) ¥ = £(t, B, H EdP
and expanding the left side in a Teylor serises and letting dt =0, one obtains

df af af of
T " &'tVa-t'iﬁ = 0

This result is known as Liouville's Thsorem,

Two of the most common methods of sclving the B.T.E. {the Boltgmann
Transport Equation) arep

(a) A series expansion for f such as
' v
N
e, {H - (BN FL(LFD
so that cne obtains two esquations for fo and fi
(b) Assume a form for f with undetermined coeffioients ae

B, .
¢« at, r)"ﬁ(‘?-“a’i) @-2)
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with n, 2 and KT to be determined. Ome may arite the B.T.E. in

the form
df af 23 df a7
EE - ﬁ-ﬁ?'#lf#a‘v‘lr%a OE }
ELASTIC INELASTIC
COLL, COl.2e

80 that something equivalent to the f, term of the expansinn may
be written as ‘

de . ds , 4 . ds -0
a® I at at
FIELD ELASTIC-T0- ELASTIC- INELASTIC
ATOMS FROM-ATOMS LOSSES
(A) (B) (¢) (D) .

If one includes (B) and (C) only and solves, the Maxwellian distrlbution

is obtained; (A) and (B) give the Druyvesteym, (A) + (B) + (n) give the
Davyoff-Margenau, and (A} + (D} give the Allis. It is clear then that
when the electric field atarts to becoma dominant the distribution function
will deviate from the Maxwellian. For the details of the derivatione, cne
must conault the literature,

Coneidaring, for the momsnt, that a plasma haes been created, it ls
~ clear that some form of loss must be operable; if this were not so, every
plasma region would become completely ionized and/or the electron energy
would rise indefinitely. The various forms of losses aras

(1) Attachment of electrons to atoms poseeesing such affinity,

{2) Reoombination of electrons and ions,

(3) Diffusion of electrons and ions to the walle of a container.

{L) Ccllisions of the second kind (excited atoms transfer their
energy to another atom in the ferm of kinetic energy.

{(5) That portion of emitted light quanta which esocape from the gas,
or, partially, heat up the gas.

The losses appear, of coﬁrse, in ths form of heat, as well as visible and
ultra violet radiation,

For attacihment only, the appropriate equation of density is

-:—: = 'hjcn
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where h is the attachment effigciency and )/ 1s the elastic scllision fre-
quency. To get some rough idea of the magﬁit.udaa, Vs ™ 109 collisions/sec/mm
He (althougt this varies quite radically with gas tye and electron energy)
and h & 10=4 (Probability of attachment per collision; this also varies
radically with grs type and electron affinity, as do many complex gases such
as Freon).

For recambination ¢ uly, the appropriate equation is

£ . en?

wh::s the recombination ccefficient, a, varies from about 2 x 10 -12

tc 20
Tor=gss 48 the electron energy varies from thermal (i.4. room temperature)

to a few volts. It i dependent upon pressurs (although not lineraly, or
simply), gas type, etc.

-6

The solution of the differential equation for attaclment only is

o 178
e

e
n-no

for recombination only it 1a

O

L] a.no

and for both together it ia

o
N/t an an
] ° le BD?' - T—G
() ‘o
These apply, of course, only in a noneexcited (i.e, decaying) plasma, as
otherwise the excitation (production) terms must be taken into account,

n

The other type of loss which is dominant undar certaln conditions is
that of diffusion, As eleotrons retreat from regions of high denaity, their
velocity is

(V) = -3 &

where we are considering the one dimensional case and D is termed the
diffusion coefficient. In the crude theory

> - Jom - 188 L 1owf L Fw?
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aotually, this only gives an approximate value for D), which varies radically
from gas to gas and uitgogperating conditions, In a plasma of moderats
density and abcve, n ® electrona/cm®, a condition known as ambipolar
diffusion applies, that is, the electrons are hel. back by the field of the
positive ions; the value of the amhipolar diffusion cosfficient ia roughly

D

D "
a

F|.F

where pu, and u_ are the mobilities of the positive ions and electrons,
respectively. The mobility ia defined by the relation

where E is the electric field and V4 is the resultant drift velocity. In
ths crude theory an electron gains a velocity

eE~
Vg = a

in a time 1, sc that the mobility becomes

. 2
H m

a rather simple relationship.

The motion of electron and ions under a cambined concentration gradient
and electric field asre, respectively.

F - -D_%n_- ko En_

and
iy
[: - -D+Vn‘_- p.‘_En*

If E=Oandn is large, then n ~n <<n or [ = [ , 80 that the current
may be written - = e

= -D,n
where
Dpu +«#Dp H
D = - - w 2t
a p,+ + p,- p— -
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(Tt is to be noted that r:_ w [ even though D, << D_; otherwise E could not
go to zero because of the charge separation f.eld, Clearly, this implies
Y, >> Yn, If a simple parallel plate problem is considered {and only a
decaying plasma is introduced), than

an - D 'gzn
3t A ax?

In the time part of the solution an expression

n{x, t) = nx) e
is assumed, so that the spatlal equation beccmes

an n

* s 0
m? DT
The Density must go to zero at X = O and X = 4, 80 that the soluticn

n = Asine, 9 I'\’DI,‘: )
a

has a determining conditipn
1

&-W'R,Or A

where /\ is the so-called "diffusion length.® Without going into further
details, it will merely be stated here that the diffusion length relations
of interest arei

1

L B

2
1 n
{a.) = for a parallel plate ({ = length
N ? ER » radius
2 2
(b.) ]%z - :7 + [giy’-) for a cylinder

for a spherical problem

il

(ce) ﬁ -

Many problema invclve a knowledge of the diffusicn length, so that it is
well to remember the above relatiocna,

&l
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To terminate the diffusion discusaion, for the present, it should be
noted that D, x P (where P is the pressure) is a constant, and at room

temperature Ba = SI0 cm?/sec/mm-Hg for a Helium plasma,
3. Breakdown of Oases

3,1 D=C Breakdown

Only in recent years have same of the fine points concerning the
electr’ -al breakdown of gases been adequately treataed. The subject of
breakdown invelving de fields is particularly complex, but it will be
treated here first for two reascnas

8. Historically, the subject was treated before that of r-f
breakdown,

b, Physical insight is cobtained by considering avalanchea,
streamers, etc,

It is found that a finite volume of space almost always contains
free electrcens, In the earth's atmosphere, for example, the lon-palr
density ia reughly 102 ions/cm?, although, of course, this density n, is
a marked function of altitude and poeition around the earth, Similarly,
if a discharge tube is filled with any type of gas an "initial" density
of electrons will inevitably exist. This initial lonization is caused,
in general, by three things:

a. Cosmic radiation
b, Proximity (i.e. earth) radiaticn

¢. The high velocity particles in the tail (usually Maxwellian)
of the distribution function (of the gas moleoules or atoms),

Cne has to consider, therefore, how this initial density, n,, can
grow to a magnitude wherein macroscopic effects {radlation, conductivity,
etc,) are noted; when well defined me~roscopic effects (usually steady
state) are observed, the gss is said to be "broken down.” Breskdown is
also saild to have occurred when the current continues to flow with the
source of initial ionization removed. That is usually an azademic point,
because only natural, inevitable sources are usually “employed.,™ Some-
times, however, one uses an alpha source or some other ionizing source to
enhance n.j in this case the macroscopic effecte muat continue when suoh
a source removed, if true breakdown 15 to exist.

The therough, logical investigation of breakcwn in dc fields was
firat carried out by Townseénd and his assoclates, commencing at about the
start of the 20th century. They found that the initial ionization would
grow. spatially and Jin density, in the direction of the applied elsctric
field, The growth was much like a physical avalanche, and this initial
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atage of breakdown came o be known as the Townsend avalanche. Townaend
defined a coefficient, a, which indicated the number of electrons produced
by a single electron in unit distance (viz. one centimeter). That is,

dn = andx Enn- = adx am:ln0 - noeu

as the density growth rate of the avalanche, It 4is found that the "first
Townsand coefficient® (i.e. &) is extremely amall forg 20 volts/cm/mm Hg.
but above this value it increases very rapidly. Hence, if g‘ >> 20 volta/

em/mm Hg. an avalanche will grow to high density in a matter of juat a few
centimetera of travel. 1In almost all cases, and particularly for tubes
containing electrodes (the Townsend process 1s, of couree, applicable to
natural atmospheric discharges where at most one "eleotrode® exists), it
is found that & does not adequately describe the avalanche process, For
this reason, Townsend introduced his M"asecond coefficlent,™ vy, which has
the following significance:

In addition to the drifting electrons, various inelastic collisiona
along the avalanche path produce photons, posaitive ions and metastable
atoms, both directly in the gas and at the electrodes; these particles can
cause gecondary electron emission, Let us assume (in order to get the same
answer as Townsend, although his reasoning on this point was erronecus) that
the effect of photons, positive ions and metastablee produce a density n®
at the start of the avalanche. Then,

n = (n_+n)e™
o
is the avalanche tip density, where the tir 1s at a coordinate X. Also,
» »
n --v[n-(n_,q-n)]

where v is the number of electrons emitted per ineident ploton, ion and
metastable at the start of the avalanche and n = (n,+ n*) is taken as the
number of such incident particles.

It ehould be noted that the terms "density™ and "number" have been
used rather indiscriminately. If one assumes that the iritial crous eection
of the avalanche dld not change, then this would be all - ight. Diffusion,
however, causes lateral spraeading, so that one should nc: inter-change
number and density. This will be mentioned later,
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From
n = (no + u"‘)eux

and

2" ey [n - (n, + n')]

the expression
n o=
0

1 - v(6 - 1)

is obtained, (A further note is necessary here: the total number of
incident particles, n - {n, + n*) is actually only the number of positive
ions, aince n - ny (the di?ferenco of eleotrons arriving at the tip and
leaving the start of the avalanche, with n, = n, + n*)represents positive
charge transfer., Thus, altnough positive Ilons are believed to be a minor
factor c.mpared to either photons or metastables (in certain cases),
Townsend believed otherwise. To obtaln his form, the "positive ion assump-
tion" had %o be employed. One may regard y, however, as merely a constant
necessary to predict the correct avalanche characterietics), In some books
a further constant, called B by Townsend, 13 described as "the second
Townsend coefficient,® Thie constant represents the number of ion pairs
produced by a positive ion traveling 1 cm in the fleld, the resultant
equation,

n, {a-8) olo-p)x
c - pedP)x

n -

is not too important, because the production process mentioned ia extremely
improbable, An equation which does have some importance, however, 1s

Qe
no=n =Ty

(]
c=0nge

which represents the avalanche procees when one includes photoelectric
amission: @ is the number of photons produced per cm, n 1is the plioto-
eleotric emission factor, g 1s the fractien of photons that reach the
cathode (the start of the avalanche), and y 1s the absorption coeffioient
for photons,

From a practical standpoint, the equation

aa.x

1y (e -1)

n = n
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is sufficient for most purposes. One has to have tables of values for
something equivalent to & and v anyway, so that the detailed procasses
become largely of academic interest, The form of the equation is usually
remarkably correct.

To get to the practical problems of dc breakdown, one notea, first,
that the various avalanche equations show that the phrenomenon will disappear
if n, ‘s caused to vanish., Hence, by the second previcuely mentioned
eriterion of breakdown, a pure avalanche cannot in itself represent
breakdown -= even if the tip density becomee very high. It turns out,
however, that when the tip density beccmes very high tihe general phenomena
known ae "atreamers" acour; as will be shown, these represent true
breakdown,

A streamer 13 a propagating bundle of ionization with a detailed
balance of ion produotion and losa being maintained. The streamer may
"choke™ itsalf off perlodically, or it may propagate "with no resting
perioda.® If ths head of the main avalanche is considered to be spherical,
the resultant electric field due to charge separation (the electrons move
ahead of the ioms in the direction of avalanche buildup) ia

(Q.'_ -.Q_)'l" e Noe(%ra - 1)e%2

E = o - r
hn o, Lbne,r’
since
N ™ Ne® and N m LN rge®
~ (4] + 3 o

vhere N_ and N, are the total number of electrons and icns, respectively,
The average radius of the avalanche tip is

(r) = VEE

vwhere K 1s a constant (2, 3, or L depending upon conditions, mainly geometry),
D 1s the appropriate diffusion coefficilent, and t 1s the time of avalanche
buildup., It appears that the determination of avalanche tip radius by meana
of pure diffusion i1s by no means always accurate. Now, the streamer forms
when the electric field at the tip is sufficient to cdause the production of
secondary avalanches (mainly by photoionization) and to permit the buildup

of these avalanchee. An equivalent statement le that the denominator of the

expression
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vanish, for at this point the density (or number) of electrons can be scme
constant, even if n, is reduced to zaro. Because, usually, e%X >> 1 the
breakdown conditlon is written as ye™ >»1; by merely using the breakdown
condition, ye®™* >> 1 and acourate (empirically determined) values for a
and y, it 1s found that dc gaseous breakdown can usually be predicted
gyuite accurately.

Streamers may be either positive or negative and either diffuse or
pinched. For negative streamars the growth mechanism is that of avalanches
moving away from the tlp, thereby causing extensiocn of the tip., For positive
streamers the avalanche forms aheal of the streamer and moves in towards
the tip, A oloud is uauall% negative with respect to the ground, and yet
the streamer is of the positive type. Therefcre, the usual main lightning
stroke goes from the ground to the cloud. Conditions are mcre favorable
for a positive atreamer than for a negative streamer; in fact, a positive
streamer usually propagates about twice as fast as a negative streamer,

The velocity of a streansr is roughly

1
Va - 53 (va> dc

where n 1s the density in front of ths tip (Vd) is average drift welocity
of the electrons, and d, 1F UH@ critical alstance over which the field is
greater than the critical value (usually taken to be 20 volts/cm/mm Hg. or
slightly greater). Streamers remain diffuse until their current density
reaches such a value that ths self-magnetic field causes constriction. Low
pressure streamers (or streamers proceeding through “virgin" gas, that is
through gas that has not been recently ionized) are usually diffuse, while
the preponderance of mederate and nigh pressure streamers are pinched.

There are numerous phenomena associated with de breakdown that
cannot be discussed heres For example, Trichel pulses, corona, time lags,
ete. The literature is voluminous on these subjects.

The preceding information on dc breakdown 13 useful because it allows
an understanding of the physical processes involved. When actually working
with practical de breakdown problems, however, one depends upon empirical
surves, largely. These curves are plotted in the form of breakdown voltage
vereus pd, where breakdown voltage is specified in volts or kilovolts and
pd 1is expressed in terms of millimetere or centimeters timee millimeters of
raroury gas pressure. Two good sources for such curves are:

(1) Physi:al Review, 55, 1939 by F. Ehrenkranz.
(2) Gasenthladungastabellen, J. Springer, Berlin, 1935 by Knoll et a’.
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More modern sources of information ares:
(1) Eleetrical Breakdown of Qases, Oxford, 1953 by Meek and Craggs.

(2) Basio Processes of Qaseous Electronics, U, of California Press,
Berkeley, 1955 by L. Loeb,

(3) Gaseous Conductors, Dover Press, 1958 {first published in 1941)
by J. Cobine.

(4) Volumes XXI and XXII of Handbuch der Physik, Springer-Verlag,
Berlin, 1956,

With the fundamentals of de breakdown having been presented, it is
possible to discuss the subject of r-f breskdown. This subject is somewhat
more "clean cut,” and the theoretical predictions are often extremely
accurate, Even In an r-f discharge, however, stable charge separation
sometimes oocurs with resultant de fields; then, occasionally, avalanches
and streamers are encountered even in this case, In general, though, the
subject will appear to be guite different.

3.2 R-F Breakdown
R~F dischargea may be classified esither as
as . Electrode or Electrodeless, or
b, ME" or "H®

By electrode discharge we mean a discharge with electrodes contracting
the gas. If the electrodea are external, the discharge 1s classified as
electrodeless. A more general way of classifying radio frequency discharge
is by the nature of the directed currents in the gas. If the currents are
not closed conduction cwrrents, but, rather, are extended to the driving
gource by means of diaplacement currents or contacting electrodes, the
discharge is of the "E" type. The dominant example here is that of a
container with either internal or externel disc or plate eleotrodes directly
excited by a generator. If the gaseous directed currents occur in the form
of closed conducticn currents, then the discharge is of the "H® type. The
prime example here is that of a container with a single turn coil, wrapped
around it 