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FOREWORD

The Air Force Avicnics Laborartory (AFSC) and the Society o Automotive Engineers
joiutly spensored the '"1972 Lightning and Static Eilectricity Confevence" on i2 - 15
Pecember 1972 in Las Vegas, Nevada., This repcrt pregents the proceedings of the
conference. Mr. C. R. Austin, Air Force Avionies Laboratory was the Conferesnce
irganizer.

Regearch descrived herein represents the efforte of numerous persons in many
organizations. Tne Air Force Avionics Laboratory and the Society of Automotive
Engineers desires to express gratitude and appreclation te the following for their
contributions in the conduct of this Conference and preparation of th: proceedings:

Menbers of the General Committee, the Program Planning Committee, and AE-4
Electromagnetic Compatibility Committee of SAE and the conference co-chairmen,
Messrz., C. Seth and J. Moe, Messrs., J. M. Kelly, Tom Wolff, {. R. Austin, and
Mrs. Pam Hutmier who gpent many hours assisting in organizing the Cecnference
and preparing material.

Publication of this proceeding does not constitute Air Force or Society of
Autonmotive Engineers approval of the findings or conclusions. The proceedings
are published only for the exchange and stimulation o. ideas, and to highlight
the state-of-the-art.,
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SERNAKD H, LIgT
5§ief'Sc1entist
Al Avionics Laboratory
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CHAIRMEN'S MESSAG:

Prior to 1968, a need existed for an international forum concerning the nat-
ural phencmena of Lightning and Stia*ic Electricity. Technical communication and
exchange of information was restricted to minimal covera.e in conjunction with
other symposia. Accordingly, a Conference on Lightning and Static Electricity
was held to establish technical communication within the area and highlight the
state-of-the-art. The Conference was co-sponsored by the Air Force and the
Society of Automotive Engineers (SAE) Committee AE-% or Elect.~magnetic Comwpati-
bility. Again in 1970, the need for continuing communication becsae apparent,
and another Conference was held which was also co-sponsored by the Air Force and
SAE Committee AE-4,

This year, the Air Force and S4E Committee AE--4 have again teamed to present
+his third biennial Conference on Lightning end Stavic Electricity. It is the
hope of the Chairmen that the Conference will highlight the state-of-the-art
while providing a fcrum for technical interchange. This type of communica*ion
ameng the experts in the field will create a general "aswareness" of atmospheric
electricity troblems. The Proceedings include extens’ve technical inforumation
and will serve as a valuable reference for many years.

Preliminary plans are underway for another conrerence in 1974. The current
chairmen will act as a focal poiut until the conference officers are designated.
One objective of the next conference will be to obtain additional participaiior
from other nations so tha* the International aspects Hf thcise common problems
are highlighted.

Your Chairmen wish to acknowledge the extencive efforts and contributions
made by so many on behalf o. the Conference. Particularly, we extend cur th’aks
to the Conference Session Crganizers, Messrs. M. P. Amason, Dr. J. G. Breland,
R. W. Eliison, J. B. Godwin, Dr. J. E. Nanevicz, R. A. Peterson, J. A. Flumer,
J. D. Robb, H. S. Schwartz and G. L. Weinstock. Also, we acknowledge the special
efforts of Miss Janice Howe and Mr, H. J. Hunter in the preparation of the
Conference Prcceedings. Special thanks are extended to the Chairman of SAE
Committee AE-4, Mr. W. D. McKerchar and the Chairman of EIA Committee G-U46, Mr.
E. S. Hughes, for their help and assistance. Also, we extend a special vote oY
thanks to our consultants, Messrs, C. R. Austin. H. M. Bartman, S. Caine,

W. L. Evans, J. J. Fisher, Dr. D. R, Fitzgerald and S. Skolnik for their
valuable advice and guidance.

T Mtpe__ L & DA

J. L. MOE C. E. SETH
FOR INDUSTRY FOR GOVERNMENT
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ABSTRACT
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This document contains the text of uncleseified pepers presented at the

; 1972 Conference on Lightning and Static Electricity, held 12-15 December 1972,

: The papers document the discussion of the theoretical aspects of both lightning
and atmospheric electrification. In addition, thc practical control of adverse
effects is addressed rzlative to aerospace vehicles and instsllations. Sessions
irclude fundamental aspects, missiles and spacesraft, aircraft, advanced
composites, fuels, and lightning simulation.
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INTRUDUCTLON Tuesday Morning

® Welcome and Opening Remarks
*J. L. Mce, General Dynamics Corporation
+ Conference Chairman for Industry

«C. E. Seth, U.S. Air Force
«« Conference Chairman for Government

® Introduction of the Keynote Speaker
¢Col. M. M. Bonner, Commander, USAF Avionics Laboratory

® Keynote Address
*Dr. Bernard List, Chief Scientist, USAF Aviornics Laboratory

SESS5TION I FUNDAMENTAL ASPECTS OF LIGHTNING Tuesday Morning

@ Introduction of the Session
M. P, Amason, McDonnell Dnuglas Corporation
«« Sessioi: Chairman and Organizer

@ Atmospheric Electricity

e Movie; '"Atmos,teric Electricicy"
=3 sProfegsor barnard Vonnsgut, Department of Atmospheric Scilence, State
4 University of New York at Albany

¢ Instrumentation and Measurements Associated with Lightning Strikes
¢Profussor M. Brook and Professor C. Moore
New Mexico Institute of Mining and Technology

® Spark Simulatici of Natural Lightning
sProfessor Martin A. Uman, Department of Elcctrical Engineering,
University cf Florida
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® Introduction ~f the Session
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of Arizona
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of Western Ontario, Canada
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Part 2 - Experimental Investigations
sRobert L. Truzx, The 7ruax Company

® C.nductive Polymeric Coatings for Combined Anti Static Properties and

Erosion Resistance
*George ¥, Schmitt, jr., Alr Force Materials Laboratory

® A Review of Air Force Experience With Static Electricity Problems on
Alrcraft Windshields
s¢Robert E, Wittman, Air Force Materials Lavoratory

® Windshield Static Electrification Problems - Commercial Aircraft Experienc.

and Protection Parameters
M, M. Newman, J. D. Robb, and J., R, Stahlmann
Lightning and Transients Research Institute

® Windshield Related Problems - A Manufacturer'’s View
*F, H. Gillery, Senior Scientist, Pittsburgh Plate Glass Industries, Inc.

® Windshield Related Electrostatic Problems - Electrification Studles on

the 747
eRowan O, Brick, The Boeing Company, Commercial Airplane Group

SESSION IV MISSILES AND SPACECRAFT Wednesday Morning

® Introduction of the Session
sRobert W, Ellison, Martin Marictta Aerospace, Denver Division
«+ Session Chairman and Organizer
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® Results of Titan III Flight Electrostatic Experiments
+«Dr. Joseph E. Nanevicz, Stanford Research Institute
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i o Static Electricity in the Apollo and Skylab Spacecraft
. +Dr. Andrew E. Potter, Jr. and B. R. Baker
NASA Mannsd Spacecraft Center

@ The Role of Electrostatics in Skylab Contaminant Behavior
*H. E. Beaver and R, W. Ellison

Martin Marietta Aerospar~e, Denver Division

® Electrostatic Potentials Developed by ATS-5
°Dr. Sherman E. DeForest, University of California, San Diego
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eDr. Elden C. Whipple, Jr., National Oceanic and Atmospheric Adminiscration
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o Dr. Edward T, Pierce, Stanford Research Institute
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¢«Dg. N. Cianos and Dr. E. T. Pierce
Stanford Research Institute

@ Alrcrafs Initiation of Lightning
*Dr. J. F. Shaeffer, McDonnell iouvglas Corporation
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*J. A, Plumer, General Electric Company, Corporate Research and Development

® Aircraft Lightning Protection Design Considerations
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McDonnell Douglas Corporation
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«Harry Z. Wilson, North American Rockwell
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SESSION VI ADVANCED COMPOSITES, MATERIALS, AND STRUCTURES Thursday Morning

® Introduction of the Session
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= eW. R. Johnson, TRW Systems
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+«J. A. Plumer, General Electric Company, Corporate Rescarch and Development
ssSession Chairmen and Orgenizers
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1 ong Beach, Californie

The Fundamental Aspects of Lightning Most of the lightning protection research

Session 1s organized with the objective of
presenting discussions of the basic elements
of natural lightning strike phenomena with
special emphasis placed on the conditions that
are of importance to the design of lightning
protection for :erospace vehicles,

A motion picture™ of the thunderstorm with
its' asseciated electrical and lightning
phenomena and the related research activities
will first be presented by Professor B.
Vonnegut of the State University of New York
at Albany. The 1ightning prestrike activities,
such as the cloud electrification phenomana and
the propagation cf lightning stepped leaders,
will be discussed. This will provide a general
over-all view of the operztional environment
and the aercspace vehicle's involvemen: with
the Jightnivg strike.

The electrical current and field character-
istics of lightning strikes are of major con-
cern to the aerospace designers. It is gener-
ally accepted that most of the lightning damage
to the aerospace veanicles are related to the
electrical aspeccs of lightning strikes, such
as the peak current flow, the rate of rise of
the current and the charge transfer. A better
understanding of these characteristics will
enable the designers to establish more realis-
tic design criteria for lightning protection.
The instrumentation and measurements associated
with defining electrical current and field
characteristics of various types of lightning
strikes will be discussed by Professors
M. Brook and C, Moore of the New Mexico Insti-
tute of Mining and Technology.**

*  Movie film “"Atmospheric Electricity,” by
the American Meteorological Sociesty, Fi'm
No. 1841, Modern Learning Aids, 1212 Avenue

and development work in the aerospace industry
has been carried out using laboratory spark
simulation techniques. In the past, there has
been concern with certain simulation methods
in view of the differences founc between test
results and in-service data. The understand-
ing of the characteristics of natural and
simulated 1ightning strikes and the differ.
ences betiween them will assist in the inter-
pretation of data collected in the laboratory.
The laboratory spark simulation of natural
14ghtning strikes will be analyzed by Professor
M. A. Uman of the University of Florida.

An impressive amount of information related
to natural 1ightning strike characteristics
has been obtained during the past few years.
This information has been used as a guide line
for the current 1ightning protection research
and development work. Many factors are still
unknown, especially those associated with the
prestrike and the cloud-to-cloud and intra-
cloud ligh’ning stroke phenomena, which mey
affect certain lightning protection design
features. Research efforts should continue
until all phases of the natural 1ightning
strike to aircraft phenomena can be understood.
If required, imoroved laboratory simulation
techniques shouid be devised and better light-
ning protection techniques for aerospace
vehicles developed.

of the Americas, New York, N.Y., i0036.
** Copies of this paper will be distributed at
the Conference.
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Ltmospheric Electricity

Bernard Vonnegut
State University of New York at Albany

A general picture of thunderstorm
and associated electrical phencmena
is provided by a motion picture en-
titled, "Atmospheric Electricity”.
This film, prepared by the Educational
Development Center under the direction
of the American Meteorological So-~
ciety and the sponsorship of the
National Science Foundation, provides
a rather elementary and nontechnical
introduction to the electrical pro-
cesses taking place in the atmosphere.

To introduce the concept of elec~
tricity in the atmosphere several
familiar charge separation mechanisms
are illustrated--the electrification
experienced when walking across a rug
and the contact electrification of
the belt passi. over a pulley of a
Van de Graaff high voltage generator.

The important concept that electri-
cal forces are produced between
separated electric charges is illus-
trated by the electrical attraction
exhibited between two high voltage
electrodes and the coalescence of
water drops suspended in an electric
field in a nonconducting oil.

The fact that significant electri-
fication is present in the atmosphere
even during fine weather in the com-
plete absence of clouds is illustrated
by duplication of early experiments in
which charge is shown to flow when a
wire attached to an arrow is projected
into the air or when a wire is sup-
ported by a kite or balloon. The re-
sults of studies cf atmospheric
electricity during fair weather, which
indicate that the solid earth carries
a charge of about a million coulombs
of negative charge while the lower at-
mosphere carries an equal positive
charge, are illustrated. The conse-
qguent potential difference of several
hundred kilovolts that exists between
the earth and the upper atmosphere and
the global conduction current of
several kiloamperes flowing continu-
ously from the atmosphere to the earth
is also illustrated.

Some of the many sources of atmos-
pheric electrification are shown, such
as the production of charge by bursting
bubbles, the blowing of snow and dust,
as well as waterfalls and erupting
volcanoes. Although these processes
undoubtedly contribute in important
ways to atmospheric electrificaticn,
it is generally agreed that the domi~-
nant source of atmospheric charge is

provided by thunderstorms, perhaps a
thousand in number, continuously
occurring somewhere over the surface
of the earth. Studies being carried
out by scientists to determine the
nature of thunderstorm electrification
and its origin are illustrated with
scenes taken in New Mexico showing
various research activities. An ani-~
mated sequence, prepared with the help
of Professor Marx Brook, illustrates
how a lightning discharge develops
under the influence of the electrical
stresses produced by the thunderstorm
cloud.

The still unsolved and critical
problem of how clouds generate strong
electric fields is illustrated by
descriptions of two varieties of
electrification mechanisms, the first
caused by the faliing of electrified
precipitation, and the second caused
by the transport of charged particles
in updrafts and downdrafts.

The phenomenon of point discharge,
in which elevated points, such as
trees and buildings beneath thunder-
storms, produce ionization and emit
electrical charge is illustrated by a
duplication of Schonland's experiment,
in which a current is shown to flow
from an electrically isolated tree.

Some of the apparatus and techniques
used to study thunderstorms are il-
lustrated with scenes showing Prxo-
fessor Moore and his colleagues carry-
ing out studies of thunderstorms from
the summit of a mountain in New Mexico.

Data obtained with electrical
measuring apparatus, photography and
radar show that electrificaticn ap-
pears early in the life of the thunder-
storm and that increases in electrifi-
cation coincide witb rapid growth in
the height of the cloud. Radar data
indicating that lightning is sometimes
followed by the formation of a heavy
gush of rain snggest that electrical
processes may be playing a role in
accelerating droplet coalescence.

Laboratory experiments are shown
which indicate that electricity may
play a role in speeding the formation
of rain and alsc perhaps in supplying
energy to tornadoes.

Despite many recent advances in ous
knowledge of atmospheric electrifica-
tiorn, it still is too fragmentary and
inadequate to provide a sound scientific
basis for answering many of the practi-
cal questions that arise in our modern




technology. At the present time, most
studies of :hunderstorm electricity
have been confined to measurements
made of garden variety thunderstorms
occurring over lané masses in the
temperate zone. It is conceivable,
in fact prohable, that the electrical
characteristics of stoims occurring
over the water and in other geographi-
cal locations may differ in important
respects from those that have been
studied. For the most part, the storms
that have been studied are of an
intermediate size extending to alti-
tudes of approximately 10 kilometers.
Very little data has been obtained
cn the very intense giant electrical
s:orms that extend to altitudes of
20 kilometers and that produce light-
ning at rates an order of magnitude
or more larger than usual storms. Few
2asurements have been made of the
sometimes strong electrification known
to occur in large-scale winter storms
and the intense "lake effect storms"
that occur in the fall over the
warmer waters of the Great Lakes.

We do not yet have the key pieces
of information in strongly electri-
fied storms of any kind necessary
to a satisfactory understanding of
the electrical charge generating
p° 18s. We don't know the nature
a. - origin of the charged particles
responsible for electrification, nor
do we understand . he convective cir-
culation of the storm that determines
the movement and accumulation of
these charge carriexs. Although it
has not been possible to obtain this
information thus far and although the
job will certainly not be easy, it
now aprears that the job can be done.
With our modern technology of aircraft,
electrical instruments, radar and
computers, we are at last capable of
securing this information and »utting
our understanding of cloud electrifi-
cation on a sound basis-
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Spark Simulation of Natural Lightrning

Martin A, Uman

Department of Electrical Engineering
University of Florida

Gainesville, Florida 32601

ABSTRACT

Laboratory sparks are often considered
to be miniature lightning and, cs such, sre
sometimes :3ed to simulate the effects of
natural lightning on aerospace vehicles. This
testing is generally concerned with the vul-
nerability of electrical systems, mechanical
parts, and f.el systems to lightning as well
as a determiration of the likely lightning
points~of-strike.

Very little is known about the cheracter-
istics of the intracloud, intercloud, and
cloud-to~air discharge which aerospace vehicles
generally encounter. (loud-to-ground dis-
charges, which are occasionally encountered and
about which considerably more is known, appear
to be more severe, Most lightning-simulation
studies attempt to reproduce the properties
of cloud-to-ground lightning.

The characteristics of natural lightning
which are of most interest relative to
aerospace vehicle protection are (1) the
initial bre=kdown processes, (2) the current
and energy tronsferred from the lightning
channei to the veunicle, (3) the electric and
magnetic fields generat.d ty a direct or close
steike, and {4) the shock wave produced by the
expanding lighining channel. Sparks cannot te
used to simulate (1) adequately although they
can give some idea of likely points-of-strike.
Sparks or voltage and current generatcrs can
be used to simulate (2) to a reasonable degree.
Sparks cannot be used to simulate (3), and it
ic unlikely that & large enough voltage and
current generator is practical to simulate (4).

LIGHINING IS A TRANSIENT high-current electric
discharge whose path length is generally
nmeasured in kilometers [lj.* Lightning occurs
when gome reyion of the atmosphere, usually
part of a thundercloud, attains an electric
charge sufficiently large that the electric
field associated with the charge causes
electrical breakdown of the a‘r. The region
of the thunderclo:d charge which feeds the
typical cloud-to-ground lightning discharge 1is
of the order of kilometers in diameter and,
before lightning occurs, consists primarily of
charged and uncharged ice and water particles
with a total net negative charge of tens to
hundred of coulcmbs.

Long laboratory sparks ere often consid-
ered to be miniature lightning and are used to
to simulate lightning. L.ag sparks are used in
model tests to determine lightning's probable
point of strike, Long sparks are used to test
the vulnerability of fuel systems and elec-
tronic equipment of coamercial and military
aircraft and aerospace vehicles to lightning.

The validity of lightning testing using long
sparks i{s sometimes questionable since, a3 we
shall see, lightning and long sparks differ in
many of their characteristice. The physical
properties of the long laboratory sparks
created by impulse breakdown by the Westing-
house 6.4 MV impulse generator located at
Trafford, Pa., have been the subject of a
nunber of studies [2]~{6]. Most sparks stud-
ied were 4-m in length, although 2.5-m and 5-m
sparks have received some study. Since the
properties of long laboratory sparks are, toa
considerable extent, dependent upon the
generator and aesociated electrical circuits
vwhich produce the sparks, we will, in this
paper, confine cur discussion primarily to
those laboratory sparke created by the
Viestinghouse Trafford generator.

In the present comparisca of lightning
with laboratory sparks we consider only those
lightning discharges which take place between
ecloud and ground; that is, we cheoese not te
discusz intracloud, intercloud, or cloudetg-
air discharges. We dc thizs fov thrag reascust
{1) Yuch more *s krown about cloud-fo-ground
lightning thaes about any other type of light-
ning because the c¢ioud-to-ground dischaxge is
usually visible and hence 1s amenable to
optical measurements (e.g., photography,
spectroscopy); (2) Cloud-to-ground lightning
is thought to exhibit higher values of current
than cluud discharges and hence in that sense
is more severe; and (3) Most lightning simula-
tion studies attempt to reproduce the
properties of cloud-~to-ground lightning.

We will compare the following properties
of lightning and long laboratory sparks:

(1) the initisl breakdewn; (2) electrical
properties including current and energy;
(3) the electric and magnetic fields gener -
ated; and (4) the shock wave.

THAE INITIAL BSREAKDOWN

A drawing of a streak camera photograph
of the luminous features of a could-to-ground
lightning discharge ie shown in Fig. 1. &
streak camera photograph is obtained with a
camera composed basically ot a stationary lens
and a strip of photographic film that is moved
horizontally at constant velocity acrogs the
image plane. Each cloud-to~ground lightning
discharge is nade up of one or more intermit-
tent partial discharges. A total lightning
discharge (whose time duration is of the srder

*Nurbers in brackets dasignate references
at end of paper,
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of a half second) is called a flash; each
component discharge (whose luminous phase is
messured in hundreds of microseconds) 1is called
a stroke. There are usually three or four
strokes per flash, the strokes typically being
separated by abouz 40 ms. Each lightning
gtroke begins with a weakly luminous pre-
discharge, the ieader process, whichpropagates
from cléud to ground and which is followed
immediately by a very luminous return stroke.
The return stroke propagates from ground to
cloud.

The cloud-to-ground predischarge preceding
the first return stroke in a flash is called
the stepped leader. The stepped leader apy2ars
to move downward in luminous steps of typically
50-m length with a pause time between steps of
about 50 ps. During the pause time the
stepped-leader channel is not luminous, or,
more properly, is not luminous enough to be
recorded on photographic film using standard
streak-camera techniques. Each leader step
becomes bright and cobservable in a time less
than a microsecond. In Fig. 1 the 50~m steps
appear as darkened tipz on the faintly luminous
channel which extends upward into the cloud.
The £ypicsl average velocity of the stepped
lesde:r ourfng its trip to the ground is
1.5 x 105 m/s, From electric fleld mrasurements
made during the ctepped leader process, it has
been determined thaut a typical stepped leader
has of the order of 5 C of negative charge
discributed over its length when it is near
ground. The average currents which must flow
in the stepped leader to deposit this amount of
charge in tens of milliseconds of travel time
to ground are of the order of 102 A. Peak
currents in leader steps a&re of the ordar of
103 A 7], Undoubtedly, there are electrical
and luminous phenomena occurring in the step-
ped leader on a time and distance scale much
gnaller than have been observed.

When the stepped leader has lowered a
charged column of high negative potential to
near the ground, the resulting high electric
field at the ground is sufficlent to cause
upward-moving discharges to be launched from
the ground or from objects on the ground to-
ward the ieadex tip. When one of these
discharges contéacts the leader, tke hottom of
the leader is effectively connected to ground
potential while the remainder of the leader
is at negative potentiazi and is negatjvely
charged. The situaczion is sowewhat similar
to a transmlssion iine charged %c a constant
potential with a short circuit applied at its
end. The leader channel acts like a trans-
mission line (nonlinear) supporting a very
luminous return stroke. The return-stroke
wavefrosnt, an ionizing wavefront of high
electris field intensity, carries ground
petential up the path forged previously by
the stepped leader. The return-stroke wavefront
propagates at a velocity of typically
one~third to one-~tenth the speed of lighr,
making the round trip between cloud-fo-base and

ground in a time of the order of 70 us, The
region between the return-stroke wavefront and
ground is traversed by large currents. Thenet
negative charge deposited on the leader chamnel
is effectively lowered to earth through the
highly conducting channel beneath the
return-stroke wavefront,

After the stroke current has ceased to
flow, the lightning flash may ve ended. On
the other hand, if additional charge is made
available to the top of the channel, the
flash may contain additional strokes. (The
flash 13 then termed a multiple-stroke flash.)
If additional charge is made available o the
decaying return-stroke channel in a time less
than about 100 ms, a continuous or dart leader
will traverse that return-stroke channel,
increasing its degree of ionization, depositing
chacge along the channel, and carrying the
cloud potential earthward once more., The
dart leader thus sets the stage for the second
(or any subsequent) return stroke. The dart
leader appears to be a luminous section of
channel about 50 m in length which travels
smoothly earthward at about 2 x 10® m/s, an
order of magnitude faster than the average
velocity of the stepped leader, Schematic
drawings of streak-camera photographs of dart
leaders are shown in Fig. 1. 1If the current
in the previous return stroke has ceased to
flow for several hundreds of milliseconds,
any subsequent stroke will be preceded by a
stepped leader whose path is different from
that of the decayed channel.

As we have seen, cloud-to-ground 1light-
ning is initiated by a stepped leader.

Exactly how the stepped leader forms and how
it manages to funnel negative charge pre-
viously stored in a relatively large volume

of cloud into a relatively narrow leader
channel is not understood. There has been

a great deal of speculation about how the
stepped leader gets started and how it
propagates (with most attention being given to
the reasons for the steps). Unfortunately,
however, no quantitative theory of the stepped
lesder 1s available nor is there any

consensus agreement that any one of the
qualitative theories is adequate., Thus our
knowledge of the lightning breakdown process
is primarily observational. Unfortunately,
much the same state of affairs exists rela-
tive to our understanding of long laboratory
sparks. Worse yet, while lightning occurring
at different locations arcund the world
appears to have slout the same characteristics,
sparks studied by different investigators
appear to have very different characteristics.

The luninous festures of the breakdown
process leading to the 4-m sparks produced by
the Westinghouse Trafford generator have been
studied using a TRW image converter camera at
a distance of about 20 m frum the spark [5].
The voltage applied across the rod-plane gap
would have been a standard 1.5 x 40 wave (1.5
us to peak and 40 us to half value) with a
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crest value of approximately 3.3 x 108 v ip
the absence of gap breskdown and corona load.
For a negative rod and grounded plane this
voltzge is about 20 percent sbove that required
for breakdown.

No luminous processes are recorded by the
image converter camera until about 3 or 4 us
after the application of the negative voltage
to the rod. At that time a gecondary streamer
{the terminology advocated by Loeb [8]) or
leader (in analogy to the lightning leader)
emerges trrom the rod and propagates continu-
ously toward the plane at about 2 x 10° m/s.
As 1t propagates, it becomes brighter. Before
the downward-moving leader has crossed half of
the gap, one or more upward-moving leaders are
initiated from the plane, The downward-moving
leader end one of the upward-moving leaders
meet, ususlly just below mid-gap, and a bright
luminosity or return stroke (in analogy to
lightning) is propagated from the junction both
upward and downward toward the two electrodes
at about 3 x 107 a/s. The return stroke ig
initiated about S5 us after the application of
the voltage. The junctiocn sf the downward and
upward-moving leaders is frequently character-
ized by a reglon of multiple chamnels.

The image-converter photographs showed
no primary streamers (Loeb'e terminology {8])
or impulse corong {(the notation uzed in most
of the earlier literatvce [9,10] prior to the
lea .er's appearance as had been observed by
Saxe and Meek [9], Park and Cones [10],
Kritzinger [11], and others for gaps about 1 m
or smaller. The {mage tube threshold was
probably nct icw snough to record the impulse
corons. Evidence for the existence of impulse
corona was, however, found in electrical
current &hd photoelectric measurements.

From a gcnéral point of view, the
luminous breakdcwn modes of the long spark
between a negative rod and a grounded plane
and of lightning are similar, Both discharges
are initiated by a downward-propagating nega-
tively charged leader which can be relavively
easily photographed. The leader is met oy an
upward-going discharge, an- this meeting is
fsllowed by & return stroke, Undoubtedly,
undetected luminous processes (primary
otreaners, impulse corona) precade the ob-
served lightning stepped leader as they do
the spark leader. On the other hand, the

ightning stepped leader and the spark leader
appear te be quite different. The spark
leader has a velocity about an order of
magnitude greater than the average velocity
of the lightning stepped leader. The spark
leader moves continuously (at least within
the time and spatial resolution of the
measurements), while the lightning leader
moves discontinuously in steps vhose charac-
teristic length i3 many tens of meters. The
characteristic length of one leader step is
about the length of the longest laboratory
spark that at present can be created, 1t
should be pointed out, however, that spark
leaders produced by 1.3 x 40-ps impulsevoltages

lLave a velosity which is dependent on the
impulse gerierator circuit impedances and,
further, that spark leaders may apparently be
made to stuop if tha circuit impedances are
properly adjusted [9,12]. In addition, spark
leaders proruced by applied gap voltages which
rise to peak i1 a time of the order of 100 us
(so-called "switching surge" voltages) have
been reported to step although it is not known
whether this stepping is a characteristic of
the breakdown or of the circuit impedances [12}
It is not known whether the mechanism for the
stepping of laboratory spark leaders is related
to the mechanism for the stepping of the light-
ning leader,

The ligktning or laboratory-spark strike
point is determined by which upward-going
discharge contacts the downward-moving leader.
The most siguificant upward-moving discharge
is generated in the region of highest electric
field. The electric field is determined by
/1) tha charge on the electrodes and on the
leader and (2) the space charge in the
inter~electrode gap. Adequate spark simula-
tion of lightning strike~points depends on the
similarity of the lightning and spark situation
just prior to the strike. Since conducting
gurfaces of small radius of curvature greatly
tmhance the ambient elzctric field, it would be
expeciad that both lightning and laboratory
sparks would strike these surfaces. Thus spark
simulation of strike points is physically
reasonable., Errors, however, could be made if
the space cbarge fleld is appreciable and
if there are significant differences in the
space chkarge configurations in the spark and
lightning cases. More space charge would be
expected in the lightning case since the
dischsrge takes longer to develop and strong
ambient electric fields are usually present
before the discharge.

ELECTRICAL PROPERTIES

We begin rthis section by estimating the
electrical energy available to produce light-
ning. If we imagine the negative-~charge region
of the thundercloud to be the upper electrode
of a capacitor and the ground to be the lower
electrodz, the available energy is QV/2 where
Q ie the charge initially stored in the cloud
and then brought to earth during the discharge
and V is the potential differance between the
charge region and ground. The charge ¢ 1s of
the order of tens of coulombs, A charge of
this magnitude contained in a sphere of radius
1 km, whose center was a faw kilometers above
ground, would produce a potential difference
between the surface of the charge-containirg
volume and ground of the order of 108V. The
resultant electrical energy stered is of the
order of 10%i, It follows that for a typical
multiple~strcke flash of a few kilcmeters
length, the energy available per stroke per
meter of chanuel is roughly 105J/m,

The return stroke current measured at
ground consists of the current contribution

-




s B o e 1

Mot oy

due to the upward-propagating discharge
followed by the current due to the return
stroke. Lightning current waveforms at ground
for first and subsequent strokes are shown in
Fig. 2 [13,14). The time from detection of
measurable current to peak current for first
strokes is generally about 10 us and for
subgequent strokes is 1 us or less. Current
rates-of~rise in excess of 80 kA/us have been
measured. Peak return-stroke currents are
generally 10 to 20 kA, but a few reliable
values in excess of 100 kA have been obtained.
The lightning current is usually less than 10
after about 100 ys and generally has a total
durgtion of a few milliseconds unless a
“eontinuing current" flows. Continuing
currents cf the order of 102A may flow for tens
or even hundreds of milliseconds. First return
strokes have larger peak currents than
subsequent strokes. On the average, first
return strokes discharge to earth of the order
of 5 C of charge, subsequent strokes of the
order v£ 1 C,

Return stroke currents flowing in light-
ning channels above grournd have recently
been determined [15] from measurements of the
electric fields generated by lightning. 1In
this study, both first and subsequent stroke
currents reached peak in about 1 ps, From a
small sample of 98 strokes in 21 flashes there
were gseveral peak currents in the 100 ki. range.
The fastest observed current rate of rise was
rnear 200 ka/us. Channel currents almost always
were found to have much sharper peaks than
currents measured in grounded towcis or tall
buildirgs.

Marx circuit generators can be used to
produce Jightning-like current rise-times
and peak values. Whether the same generator
can produce lightning-like current decay~times
and continuing currents is mainly a property
of the initial energy stored in the generator,
In general, laboratory generators cannot, and
additional current sources are used for charge
transfers exceeding abcut 1C. ‘he typical
lightning input energy per unit length of
channel, 10%J/m, is over an order of magnitude
greater than the Westinghouse spark input
energy per unit length, 5 x 103J/m. That the
lightning energy input is much greater also
follows from the fact that thunder is composed
of lower frequencies than the noise from the
sparks as we shall discuss later. The
Westinghouse spark current and charge transfer
clogely resemple the current and cr.rge transfer
of a weak lightning subsequent stioke. It vay
well be that the values of electcic field and
peak power dissipation in the spark and light-
ning channels arc not very much different; that
the main contributor to the input energy dif-
ferences are the different magnitudes and time
scales of the currents and chavges.

Lightning damage tc aerospace vehicles
duz to ther-al effects of mechanical stress
is generally related to the value of current
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flowing at and near the damage point. Simu- H
lation of these effects by current generators :
is therefore reasoaable,

ELECTRIC AND MAGRETIC FIELDS

The electric and magnetic fields from
close lightning can induce deleterious volt-
ages and currants in electronic circuits. An
example of these fields at 3 km height from a
straight, vertical return stroke of average
current a distance of 10 m (essentially a
direct hit) and 100 m away 1s siven in Fig. 3.
Electric fields approaching 10° V/m which vary
on a microsecond time-scale are apparently
present in the event of a direct hit. Relative-
ly large voltages will inevitably be picked-up
in any unshield electronic circuitry. The
nagnetic field at ten meters is such that a
loop of 1 m? area will have about 500 V
generated around it. Electric and magnetic
fields from more distant lightning should be
similar to tiae electric fields given in [15}
and {16].

A laboratory spark carrying a lightning-
“ike current will not produce the waveforms

own in Fig. 3. The fields from the
1iboratory spark will be due to a complete
carrent loop including cthe generator as well
a: the spark. The close lightning fields are
strongly dependent on the return stroke
velocity, and the fact that the wavefront is
propagating. In the laboratory spark the
return stroke phase has ended during the early
parts of the current waveform. It isprobably
possitle to taiior a voltage source to be
appliel botween two large parallel planes (the
object to be tested would be plazed between
the planes) so that it would produce electric
fields similar to those of Fig. 3. The
magnetic field could be generated from an
independent current source.

THE SHOCK WAVE

When energy is pumped intc the leader
channe. by the return stroke current and
electric field, the radially expanding return
stroke channel ants as a piston creating an
outward propagating shock wave. If the shock
wave is generated by a given straight section
of channel, it should be a cylindrical shock
until it is further avay from the channel
section than the len;th of that section.
Beyond that point, th> shock wave might be
expected to make a tr:nsition to more of a
spherical shock wave ind eventually to a
sound wave. Since the lightning channel is
very tortuous, it is reasonable to expect, to
a first approximation, that thunder from dis-
tant ‘ightning 1s the siperposition of many
sound waves [17].

No reliable pressure meagurements have
been made withip a few meters of a lightning
channel, but there is a ronsiderable tody of
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theory available predicting the shock over~
pressurcs and waveshapes to be expectid for a
given energy input to the shock wave [18,24],
Since the energy input to the shock wave
determines the shock waveshape, it also
determines the acoustic frequency spectrum.
Thus the thunder frequency spectrum is a
measure of the energy input to the shock wave.
It is customary to assume that the bulk of
the electrizal energy input to a lightning
channel ends up in the shock wave. (Only a
small fraction of the input energy to the
long spark escapes the discharge chanunel as
radiation or is stored in the channel as

heat [5,6], so that this assumption would
appear reasonable,) With some assumptions
about the form of the transition from cylin-
drical to spherical shock waves and the use
of available theory, Few [25] has derived

the following formula describing the relation
between the peak frequency # of the thunder
acoustic sp-ctrum the enerev incul per unit
wengtn to the channel W in Joules and the
ambient pressure P in Newtons/m

£ = 0.63 cEyl/? (1)
where C is the speed of sound in m/s. For a

frequency spectrum peak in the range 20 to 100
Hz [25], the energy input per unit length
computed from /1) is in the range 3 x 105 to

8 x 10° J/m, values somewhat larger than our
previous estimats of 105 J/m.

On thke other hand, Plooster's [22-24]
calculations show an input energy to the
channel of about 10"J/m or less, at least
an order of magn’tude lower than our estimate.
The expected overpressure for an energy input
of 105 J/m is about 1 atrosphere a moter or
30 from the channel and 1 to 100 atmospheres
a few centimeters from the vhannel. The
overpressure scales linearly with energy input
as long as the overpressure considerably
exceeds unity.

Shock waves observed close ro the
deetinghrase spark are of the N-wave type
[6]. Farther away from the sparl than about
a channel length, multiple shock waves are
usually observed. Apparently, different
sections of the tortuous spark channel produce
individual shock waves as has been hypothesized
to be the case for the tortuous lightning
channel.

Equation (1) has been
spark and works reasonably
mente made about 20 m frem the chamnel, a
frequency spectrum pesk of about 140G Hz being
messured at about 20 m for an energy iaput of
5 x 103 J/m [3,6]. The spark shock wave,
however, lengthens as a t.uction of distance
from the source [6]. Unfortunately, no
measurements have been made heyond 20 m. The
effect of the lengthening of the shock wave is
to make the constant in (1) distance dependent;
it aust become smaller with increase in dis-
tance from the channel. The result is that use

tested cn the long
well for measure-
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of (1) for distant thunder may well produce
an overestimate of the actual lightning energy
input, as would appear to be the case "~~~ the
high values of energy computed.

For the long spark there are sor. . -
titative discrepancies between the mer .. .d
shock overpressures and waveshapes close to
the channel and the theoretical values [6]. A
detailed discussion of the possible reasons for
these discrepancies has been given in [6]) and
in [23].

In any event, it is probable that both
lightning and long spark acoustic radiation
are primarily functions of the electrical
energy input to the lightning or spark channels
and the shape of the channels, It follows that
both the spark and lightning acoustic param-
eters probably scale as the same function of
the energy input, and thus that spark genera-
tors canrot generat: lightuing~like shock

to the spark channel,
CONCLUSIONS

Lightning simulation using spark
generators is not exact and in some aspects
(e.g. electromagnetic radiation, shock wave)
is very poor. On the other hand, lightning
currents can be well simulated and strike-point
determiiations made with some degree of
confidence, Lightning simulation using sparks
is necessary and valuable, It is important,
hovever, to keep in mind the limitations of
this type of testing.

ACKNOWLEDGEMENTS

This work was supported in part by the
National Science Foundation (GA-31976) and by
the Atmospheric Sciences Program of the Office
of Naval Research (N00014-68-A-0173-0018).

REFERENCES

1. Bibliography to any data or discus-
sion relative to lightning not specifically
referenced {n this paper can be found in M. A,
Uman, Lightning. New York: McGraw Hill, 1969.
In general if the data or discussion are the
result of the work of any investigators, no
specific references will be presented here. If
the data or discussion represent the work of
only one or two investigators or are not
considered in Lightning, references will be
given,

2. R, E. Orville, M, A. Uman, and A. M.
Sletten, "Temperature and Electron Deisity in
Long Air Sparks," J. Appl. Phys., vol.38, Feb.
1967, pp. 895-896.

3. G.A. Dawson, C.N. Richerde, E. F.
Krider, and M.A. Uman "Acoustic Output of a
Long Spark," J. Geophys. Resl, Vol. 73, Jan.
15, 1968, pp. 815-516,

4, E. P, Krider, G. A. Dawson and M.A.
Uman, "Peak Power and Energy Dissipation in a
Singie~Stroke Lightning Flash, J. Geophys. Res,




vol. 73, May 15, 1968, pp. 3335-3339.

5. M.A, Uman, R.E. Orville, A.M. Sletten,
rnd E.P. Krider, "Four-meter Sparks in Alr,"
J. Appl. Phys,, vol. 39, Oct. 1968, pp.
5)62-5168.

6. M.A. Uman, A.H. Cookson, and J. B,
Mooveland, "Shock Wave from a Four-Meter Spark!
J. Appl. Phys., vol. 41, June 1970, pp. 3148~

7. M.A. Uman and D.K. McLain, 'Radiation
Fleld and Current of the Lightning Stepped
Leader,: J. Geophys. Res., vol. 75, Feb, 20,
1970, pp. 1058-1066.

8. L.B. Loeb, "Tonizing Waves of Poten~
tial Gradient." Science, vol. 148, June 11,
1965, pp. 1417-1726.

S. R.F. Saxe and J.M. Meek, "The

Point-plane Gaps,” Proc. Inst. Elec. Engr.,
vol, 102, part C, Apr. 1955, pp. 221-230.

10. J.H. Park and H.N., Cones, "Surge
Voltage Breakdown of Air in a Nonuniform
Field", J. Res, Natl, Bur. Stand., vol. 56,
Apr. 1956, pp. 201-222,

11. J.J. Kritzinger, "The Breakdown
Mechanism of Long Sparks in Air," Ph.D.
dissertation, University of Witwatersrand,
Johannesburg, South Africa, 1962; "The
Relation Between Impulse Corona and Breakdown",
Proc. 6th Int. Conf, Ionization Phenomena in
Gases, vol. II, 1963, pp. 295-299; "Impulse
Corona and the Pre-breakdown Mechanism of Long
Sparks," Nature, vol. 197, Mar. 23, 1963,
pp. 1165-1166.

12, 1I.S. Stekolnikov and A.V. Shkilev,
"Investigation of Negatlve Spark Mechanisms,"
Sov. Phys.-Dokl., vol.8,Feb.1964,pp.829-833;
"The Development of a Long Spark and Light-
ning,"Tr.Energet. Inst. (Moscow),1966,pp.97-110.
Available from Denfense Doc. Center as ASTIA
Doc. AD 675450,

13. K. Berger, 'Novel Observations on
Lightning Discharges: Results of Research on
Mount San Salvatore," J, Franklin Inst., vol.
283, June 1967, pp. 478-525.

14, «. Berger and E. Vogelsanger,.
"Messungen and Resultate der Blitzforschung
der Jahre 1955-1963 auf dem Monte San
Salvatore," Bull. SEV, vol. 56, 1965, pp. 2-22.

15. M.A. Uman and D.K. McLain, "Lightning
Criteria Relative to Space Shuttles: Currents
and Electric Field Intensity in Florida Light-
ning," Westinghouse Research Laboratories
P ort No. 72-9C3-LISTU-RI to NASA Marshall
space Flight Center, Alabama 35812, June 30,
1972,

16. R.J. Fisher and M.A. Uman, ‘'Measured
Electric Field Risetimes for First and
Subsequent Lightning Return Strokes, " J.
Geophys. Res., vol. 77, January 1972, pp.
399-406.

17. A.A. Few, H.B, Garrett, M.A. Uman,
end L.E, $alanave, "Commecnts on letter by
W. W. Troutman 'Numerical Calculation of the
Pressure Pulse from a Lightning Stroke'," J.
Geophys, Res., vol. 75, July 20, 1970,
op. 4192-4195.

13

aa e EevEe WL et oEEe PRGEERa

Gt S

) i8. D.L. Jones, C.G. Goyer, and M.N,
Plooster, "Shock Wave from a Lightning
Discharge," J. Geophys. Res., vol, 73,

May 15, 1968, pp. 3121-3127.

19, M.N. Plooster, “Siock Waves from
Line Sources," National Center for Atmospheric
Research, Boulder, Colo., Tech. Note NCAR-TN~
37, 1968.

20. R.L. Brode, "The Blast Wave in Alr
Resulting from a High Temperature, High
Pressure Sphere of Air," The Rani Corporation
Santa Monica, Calif., Res. Memo RM-1825-AEC,
1956,

21, W.W. Troutman, "Numerical Calculation
tion of the Pressure Pulse from a Lightning
Stroke," J. Geophys. Res., vol. 74, Aug.

20, 1969, pp. 4595-4596.

22. M.N, Plooster, 'Shock Waves from
Line Sources. Numerical Soiutions and Ex-
perimental Measurements," Phys. Fluids, vol.
13, Nov. 1970, pp. 2665-2675.

23. M.N. Plooster, "Numerical Simulation
of Spark Discharges in Air," Phys. Fluids,
voi. 14, Oct. 1971, pp. 2111-2123.

24. M.N. Pluoster, "Numerical Muder of
the Return 3treke of the Lightning Discharge,'
Phys. Fluids, vol. 14, Oct. 1971, pp.
2124~2133.

25. A. A, Few, "Power Spectrum of
Thunder," J. Geophys. Res., vol. 74, Dec.

20, 1969, pp. 6926-6934.




w
g FRS TR

SESSION II

FUNDAMeNTAL ASPECTS OF STATIC ELECTRICITY
DR, J,E, NANEVICZ, CHAIRMAN & ORGANIZER

STNAFORD RESEARCH INSTITUTE

LA e

!

ol ST i g At o e

o
T

o
g
A T

s

3

/]

I

LIRS SN, . iy

14




S Mg b g e R L T LR % LS oy T YO 10 2200 e

et A

?,

3

s

i

i R

s

PRI P AN PO

ST B TS R

TR SN Y LS

— -

FUNDAMENTAL ASPECTS OF STATIC ELECTRICITY
(Introduction to Session)

Joseph E, Nanevicz
Stanford Research Institute

VARIOUS CONSIDERATIONS went into the planning
of this session., First, it was observed
that this conforence has a strong aerospace
orientution so that the topice covered should
ultimately be relatable to problems or techniques
of interest to the aerospace community., On the
other hand, it was observed that if we restrict
our considceration gsirictly to work carried out
in our own community, we run the risk of
becoming parochial in our thinking, and of
overlooking important applicable work being
carried out by scientists in other areas. (In
reviewing the proceedings from the previous
conferences in this series, one is struck by the
fact that the authors were almost exclusively
active in the aerospace field.) Accordingly,
the first two papers in this session "Ice Crystal
Electrification” and "Processes of Frictional
Electrification" are being presented by univer-
sity professors whose interests range from
atmospheric electyricity and its generation to
the electrostatic beneficition of mineral ores
in mining. Their two papers are concerned with
static clectrification processes in general,
They discuss the phygical mechanisms involved in
the charge separation nrocess, and indicate our
degree of understanding of static electrification,
A reasonabie familiarity with electrification
processes and the state of our understanding of
them is essential to effectiveé functioning in
the &rea o1 gtatic elsctricity. One is constant-
ly faced with situations in which the presence
of electrostatic charging must be recognized
and analyzed, and either enhanced or eliminated.
To hope to achieve these goals, onc must be
familiar with the fundamental processes i1nvolved.
Of equal cr perhaps greater importance is
acquiring the ability to recognize situations
where one nust accept the eluctrification and
adjust matters so that one can ive with it,
Although we are all familiar with many of
the manifestations of static electrification
(most of ther troublesome) such as the spark one
gets after walk.ig across a dry rug, they take a
wide variety of forms and occur with unexpected
frequency in systems, Often the electirostatic
processes ¢r the pogsibility of such processes
are not vecognized until one or more systen
malfunctions have occurred. Since these mal=-
functions can have catasirophic congsequences, it
13 important to be aware of possible electro-
stutic effects so that steps can be taken for
their c!rcumvention early in the system design
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ard development program. The third paper,
"Effects of Static Electrification on Systems',
provides a wide ranging review of electro-

static incidents and their causes, The incidents
discussed range from cvents with which one
normally associates static electricity to
unusual and surprising manifestations of electrif-
ication. The locales considered include the
earth, space, and even the moon, The devious
ways in which electrification manifested itself,
and its ubiquitous nature are of particular
interest in that they indicate the care that

must be taken to consider all aspacts of static
electrification in system design. An important
feature of this paper i{s its exteasive biblio-
graphy which permits one to secure additional
details regarding th: incidents described.

One of the ways in which static electsrf{-
1cation manifests 1tself 18 in the generation
and coupling of noise int> systems, In the
past, considerable work has been done to
characterize preciprtation static noise sources
and to measure the noise coupling to sys.ems.
Most of this work was doune over 10 years ugo
using state-of~the-art . Ltrumentation and
analytical tools. Recently, in connection
with EMP studies, the problem of analyzing
transient pulse generation and coupling has
recceived corsiderable attention., Soph:sticated
measurement systems have been developed, and
powerful analytical tools have evolved, The
fourth puper, "Techniques for the Study of
Noise Generation and Coupling' describes some
of these new techniques and indicates how they
can be used (in somewhat more modest form) to
study static noise generation and coupling.

The paper conciders analytical methods 1n
considerable deta:l, and points out the trade-
offs bhetween time domair aund frequency dowr.in
analysis. In particular, the patfalls of
trying to talie shortcuts with eitbzr approach
are discussed, It is concluded that a proper
analysis requires a certain amount of effort
and that operating in one or the other of the
domains does not significantly alter the total
effort required, The paper also discusscs
powerful experimentai modclling, techniques that
are now possible with the advent of sampling
osciliescopes and sukranosecond pulsc geaerators,
These techriques should have wide application
in the study of truns:iant signol coupling.

At first glance it might seem that the
fifth puper, "Struciure of Lightning Noise~-

.
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Especially above HF" 1s out of place in this
gession, and that it should be in a session
devoted to lightning. Actually its inclusion
here is in keeping with the convention followed
at the two previous conferences in this series.
The lightning sessions have concentrated largely
on the consequences of high stroke currents
flowing in a system, while the etatic electricity
sessions have concer.sd themselves with the more
subtle noise sources., The paper reports an
experimental work carried out by the authors and
others to study the frequency structure of the
noigse radiated by lightning., This noise can
couple into systews in an analogous manner to

the EMP coupling, The work is also significant
here in that it suggests techniques for the
rapid, precise location of the VHF impulses from
lightning and therefore of the associated light-
ning channels - even within a cloud. The ability
to locate and identify these VHF pulses has
important possibilities in the study of lightning
itself and also in the development of light~-
weight lightning avoidance systems,

The sixth and final paper "Equations of Ion
Motion" considers the problem of getting charges
to move in air, It is important to recognize
that the charges always exist as ions, and tnat
their motion is controlled by collisions between
the ions and air molecules., Since the rotion of
ions under these conditions is very slow, they
form enormous space charge sheaths around dis-
charge points, and limit the current that can be
discharged., Recognition of these facts of ion
motion is essential to the intelligent design of
discharging systems.

In reviewing the papers in this session,
one is struck by the fact that none deal with
useful applications of static electricity. This
was not deone deliberately, but stems from the
fact that, until recently, very few systems used
static electricity deliberately. TlLe situavion
is gradually changing (Xerox in the United States,
aind rotating static machines for generation of
high voltage in Europe), and at the next confer-
ence it might be desirable to deliberately seek
out at least one paper on useful applications of
static electricity to got »o inmiaking positively,
After fighting static electricity and 1ts effects
all chis time we don't want to miss some positive
applications.

Also, in reviewing the papers in this
session and in the conference in general, it is
apparent that £11 the authors are from North
Ame:ica; whereas in the past we have included
papers from Europe. This restriction of authors
is no* deliberate, and undoubtedly stems from the
fact that there was so much lightning and static
electricity werk going on here during the past
two years that the session organizers fiiled
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their sesaions immediately without considering
less familiar activity in Europe. This is
unfortunate because we have benefitted in the
past from the exchange of information with
European engineers,

in summary, the following observations
appear appropriate rezarding the area of
static electricity. R, Ellison's paper shows
the widu veriety of ways in which static elect-
ricity has affected systoms in the past, We
should expect, therefore, that new effects will
manifest themselves in the future. These will
have to be tracked down and "fixes" for them
developed. Accordingly, we shouid be prepared
for continuing activity involving systems
designers working with specialists in static
electricity. As new effects are unearthed, it
will also be necessary to develop new analytical
and experimental techniques to further our
understanding of the basic processes involved.
At the same time, considerable effort will have
to be devoted to the development of new hardware
and fabrication techniques to cope with the new
effects. A good example of a "new effect” is
the aircraft windshield charging problem
discussed in the next session, It has been
known for years that windshields become charged
and that the development of a tough, trangparent,
conductive coating would be desirable. In the
past, however, it has been possible to live with
the problem. Now, with the advent of larger
windshields and for other reasons, the problem
can no longer be tolerated. Work is now under-
way to devise ncceptable ways of discharging
the outer surfaces of windshields.

Not only is the impact of static electricity
on systems likely to continue, it may be
expected to increase. The increasing sophiscic-
atinn and miniaturization of aerospace systems
has also rendered them increacsingly susceptible
to static electricity. This Increased busic
susceptibility will probably coatinue to grow.
For example, solid-state devices are now used
almost exclusively in newiy developed electrcnic
systems. Because these systems operate at
lower energy levels than vacuum tube counter-
parts, they ars more prone to upset. The active
comnonents in these systems can be damaged or
destroyed by mucic lower energy levels than
vacuum tubes, Field effect transistors are
particularly susceptible in this regard.

Reducing susceptibility by discontinuing
the use of sensitive components in these gystems
is not a tcnable approach: their elimination
would mean that the desired system could not be
built. The use of sclid-state duvices also
allows much more complex systems within a given
wcight and volume, This means that digital
computers and control systems are feasible,




and, indeed, attractive, Unfortunately, a
single noise pulse coupled into a computer
logic system at a critical time can cause the
computer to malfuaction,

The papers of Prof, Dawsen and Prof, Inculet
indicate that our understanding of basic electrif~
ication proccases is far from complete. In fact,
Prof, Inculet's observatiorn that, "We have now
progressed to the point that, under rigidly
controlled conditions, we can predict the
polarity of the charging.”, indicates that much
basic work remains to be done. In this area,
it is important for our purposes that a reason-
able balance be maintained between extremely
"clean" experiments which are satisfying tec tne
physicist, but provide littie practical guidance
to the systems designer, and overly specialized
"dirty" experiments which apply only to a single
situation,

Finally, it appears that there are areas in
which the application of newly-developed concepts
and techniques should be pursued. For example,
the Cianos-Oetzel-Pierce (C-0-P) lightning
locator could be operated on an aircraft in
conjunction with the weather radar syst:m to
compare the radar returmz fromt storm cells
preducing lightning with the returns from
passiva cells, This would undoubtedly give us
new insightz into the problem of lightning avoid-
ance, The C~0-PF location system could be used in
a more basic experiment to identiiy the temporal
and spatial sequence of the VHF radiators around
and within a thundercloud, and thereby to deline~
ate the development of lightning channels in a
manner which up to now has been entirely impos-
gible,

We may observe in closing, therefore, that
there are a sufficien” number of challenging
avenues to explore that activity in the area of
gstatic electricity can continue at itg present
pace and assure us of new and interasting topics
for papers two years from now,
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Ice Crystal Electrification
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ABSTRACT

A review is given of some of the more
important processes whereby ice crystals and
particles in the atmosphexe can become charged.
It is pointed out that the relative importance
of these charging mechanisms is apparently
quite different for hydrometeors and aircraft,
but tre possible application of some of the
mechanigms to aircraft charging is discussed.

THE MOST IYNTERESTING ASPECT of electrification
studies involving ice and water (e.g., those
concerned with cumulus cloud electrification)
is not that charge Separation can readily
occur, but that charge can be separated in so
many different ways. In this paper we shall
review the major mechanisms whereby ice par-
ticles in the atmosphere can become electri-
fied, restricting ourselves to those processes
tha' could in some way be involved in tho
problem of aircraft electrification. It
should, however, be stressed that it is very
ditrficult to assign with any real certainty

a relative importance to the various charging
mechanisms either in the cloud or aircraft
environment, even though results are available
for laboratory conditions.

THERMOELECTRIC EFFECTS

The thermoelectric effent is a very
powerful charging mechanism, and may easily be
dominant in the atmosphcre. whenever two sur-
faces of ice of similar impurity-content at
different temperatures come irto temporary con-
tact, charge transfer occurs and a potential
difference is developed between the surfaces.
The process was originally explained in terms
of the different mobilities of HY aid OH™; now
it is considered that lattice defecis (OH,)*,
(OH)~ and Bjerrum L and D orientational
defects (vacant and doubly occupied hydrogen
bonds, respectively) are responsible. The
mchility of (OH,)+ is greater than that of
(OH)~, =nd the mobility of the L defect 13
greater than that of the D defect. Furthermore,
the number of each rapidly increases with tem-
perature. Large numbers of defects are pro-
duced in the warmer ice and migrate towards
the colder ice, becoming annihilated on the
way. The positive defects move faster so the
warm ice is left negatively charged and the
colder ice positively charged, until the inter=-
nal field produces equilibrium. The actual
potential difference developed depends on a
number of factors, but a frequently quoted
value is about 2mV/°C. Ionic impurities
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(e.g., NaCl) increase mobilities by a factor of
wout 2 (i.e., if warmer ice is doped with
NaCl, charge transfer is increased; if colder
ice is doped, charging is decreased:.

Several other factors can affect the
amount of charge transferred, e.g., contact
time and the presence of air bubbles in the

ice. Both have to do with thermal conduction
across th- ice surfaces. If contact time is
too long, temperature gradients are decreased
and charge transfer reduced. Optimum contact
time is calculated to be abcut 10 msec; it has
been observed, for low velocity collisions, tc
be about 3 msec. This effect is partly offset
by the presence of air bubbles in the ice
(cloudy ice), which apparently act to reduce
the thermal conductivity. The influence of
impact velocity is not clear. At low veloc-~
ities (up to about 45 mph), charging has oeen
observed to increase with increasing speed. I
am not aware of work at much higher speeds.
The various thermoelectric crystal charging
mechanisms differ only in the specific way in
which the initial temperature difference is
produced.

Asymmetric Rubbing Contact - Whenever two
ice surfaces rub against each other in such a
way that tne frictionally produced heat is not
deposited with equal density on the two sur-
faces, one gets warmer than the other and
electrification results. The most cbvious
example in the laboratory is that of twc rods
of ice where one is drawn across the other,
and heating is localized on one roed and
spread over the other.

In the air, the situation can become
much more complicated. It is not always cleax
which surface will receive the greater density
of heat, and therefore become negat:ve., For
example, in one experiment (1)*, ice crystals
were caused to collide witha shiny simulated
hailstone. The hailstone became positively
chargzd (low density of heat), i.e., the
crystals rubbed around part of the hailstone,
having a small area of contact on the crystal
and a large area on the stonc. When the hail-
stone was roughened by letting it first rime
(i.e., pick up and freeze) supercooled water
droplets, the sign of charging was reversed.
The hailstone now became negative, the magni-~
tude of the charge was much larger than before
and increased with roughness., The ice crys-
tals could, in this case, be conceived as
rubbing only the high spots on the rimed
pellet. There must have been an intermediate
roughness for which the charging was zero. In
this study the form of ice crystal was not

* Numbers in parentheses designate References
at end of paper.
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given. In a similar but more detailed erpari-
ment (2), an jce sphere moving throcugh a natu-
ral cloud or srnowfall became highly charged
only when ice was present in the cloud. W®hen
the cloud was completelw glaciated and the
temperaturer balow -4°C, the ice gphere became
negatively charged. At temperaturesg above
~4°C, the sign of the charge was the same as
that. on the particles in the air. So in this
type of charging, the micrescopic details of
the ice cecllis.on processes determine the sign
of the resulting charge.

Thermal Lag - In rapid downdrafts or up-
drafts or regions of rapid temperature change,
ice crystals »f different size (which can
collide) will in general hav. :lightly dif-
ferent temperatures becausez of :helr different
heat capacities. Similarly the . veakap of
fragile crystal dendrites in blow, 1y snow can
produce electrification whose sign depends on
whether the breakup occurs in 2 downdraft or
an updraft. If a downdraft, the air and
splinters are warmsr than the body of the
crystal, so the elected splinters are gensr-
ally negatively charaed. In an updrsit, ths
air and splinters -+ve cooler than the crystals,
and so positive splinters zesul:z,

Latent Heat ~ EPrcbably the wost important
gource of tempé;hture difference between ice
particles in a cloud iz the latéant heat of
freezing of superccoled cloud drops with which
the crystals coliide. If the ra° of acquisi-
tion of supercooled water and the rate of heat
transfer to the air are different for differ-
ently sized ice particles (as in general they
are) , considerable temperature diffazrsnces can
result. Subsequent collisions betwcen these
ice particles can lead to substantizl charging,
with the smaller particles in general becoming
positively charged and the larger particles
negatively charged. The classic experiments on
this mechanism were performed by Reynolds,
Brook and CGourley (3; in 1957. They rotated an
ice pellet in a‘cold box containing a cloud of
either ice crystals, supercocled water, cr a
mixture of both. GSubstantial charging was
found only in this latter case. (Note in this
case, the riming zauses both a temperature
difference and also appreciable surface rough-
ness.) The magnitude of the charging depends,
of course, on the relative number of ice crys-
tals and supercooled drops in the cioud.

FREEZING POTENTIALS

Rain and cleud drops are dilute =giutions
of salts, and when dilute sonlutions freeze,
they produce freezing poteutjais, i.e., the
1ce becomes charged {uswially negatively) with
respect to tha water (4). The mechanism is
the preferentisal incorporation of some of the
anions (neyative ions) of the sali into the
jice lattice. The unly exception is the action
of ammonium salts (NH,*) which makes the ice
strongly positive. The potentials developsd
across the ice/watsr interface depznd on
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freezing rate and solution concentration, but
are typicslly = 30V for a 10™ "M XaCl selution,
one or two hundred for a similar ammonium solu-
tion. The pgximum occurs at a concentration
of about 10 ‘M. Typical salt concentrations

in continental rainwater are 10 LT M, and
at the coast up to 10 "¥. This seems to be a
very peotent charging mechanism,

RIMING

There is 2 considerable amount of evi-
denca that surfaces undergoing riming with
large enough suparcoclied drops become highly
crarged by & wechaniem vhich has nevar been
fully cxplained. X1l experimeiters except one
found the riming surface to become strongly
negatively charged. 2a mechanism has been
offered which dapends on the fregzing of the
impinging drops from the outside, bullding up
pragsurs inzide the drop and resulting in
ghattering and the production of a larga num-
ber of ice splinters. The theory and the
expeviment on which it was based have since
hesn stronyly criticized, particularly as
ragatas e number of splinters produced. The
expeviments need to be repeated under more
concrolled conditions. Nevertheless .t
appears that, splinters or no, riming always
produces charging of the riwmed surface,
inciuding alvrcraft. Al) evidence on the
effects of impurities; e.g., salts gr CO,,
indicate that this electrrification mechanism
is not the same as that discussed above under
"FREEZING POTENTIALS."

EVAPORATING OR MELTING ICE

Some slight charging of evaporating ice
hae been explained by (crudely speaking) the
evapuration of agyregates containing defects
from the surface. Much morc2 impurtant is the
charging accompanying ice melting {the Dinger-
Gunn effect} {5). Bubbles frozen intc the ice
due to the decrease of air wnlubility on
freczing are freed upon melting and burst at
the surface. This ic a well-known water
eharging procesu.

FFPLICATION TO AIRCRAFT ELECTRIFICATION

It is interestingy that the ncrnditions
that accompany the most vigorous clouvd el-=e:
trification are ap arently not the same ao
those gonducive teo rapid alrecraft electrixi~
cation. RAircraft charging, it seems, is
gseatest in the presence of dry crystals of
ice and snow; for clouds, the greatest effi-
ciency 1s associated with the prasence of both
rhases, ice and water. Howevey, some experi-
ments (2) have found maximum hailstone charg-
ing in complately glaciatzd clouds colder than
-4°C.

Wizh supercooled or partially glaciated
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clouds, one might expect contributions to air~

craft charging from all the processes described
above, plus charged particle sweep-up and fric-
tional elactrification. The work of Imyanitov,
Nanevicz, Gunn, Couch, and others suggests that
the latter dominates,

With dry crystals, apart from frictional
elactrification, only thermoelectric effects
due tu asymmetric rubbing and thermal lag could
produce charging. Foxr high-speed aircraft, the
Thermal Lag or Blowing Snow mechanism deserves
2 little attention. The temperature rise of
the air at the leading edge of an airplane
approaching Mach 1 should be about 50°C (80°F}
at about 25,000 to 30,000 feet. This is a much
higher temparature difference — air to ice
crystal — than has been used in experiments on
blowing snow electrification where appreciable
charging was produced. If the tenperature rise
of the air causes a heating of fragile splinters
of ice (with respect to the body of the crystal}
of, say, 5°C before they are broken off ky the
air acrcelerations, experiments indicate that
charges of at least 107 !%® Coulomb per splinter
could be produced, The rate of charging of an
aircraft under these conditions, however, may
noet be much greater than a few tens of micro-
amps.,

ACKNOWLEDGMENTS

This research was supported by the Atmos-
pheric Sciences Saction, National Science Foun-
dation, ard the Atmospheric Sciences Program of
the Qffice of Naval Research.

REFERENCES

1. J. Fatham and A. H. Miller, "The Role
of Ice Specimen Cecmetry and Impact Velocity in
the Reynolds~Brook Theory oir Thundexstorm klee-
trification." J. Atmos. Sci., Vol, 22, 505,
1965,

2. P, V. Hobbs and D. A. Burrows, "The
2lectrification of an Ice Sphere tioving Through
Natural Clouds." J. Atmos. Szi., Vol. 23, 757,
1966.

3. S. E. Reynolds, ¥, Brook, and M. F,
Gourley, "Thunderstorm Charge Separation.”

J. Meteorol., Vol. 14, 426, 1957,

4. E. J. Workman and §. E. Reynoids,
"Elgetrical Phenomena Occurring during fhe
Freezing of Dilute Agueous Solutions and their
Possible Relationship to Thundarstc.m Electri-
city." Phys. Rev., Vol. 78, 254, 1950,

5, J. E. Dinger and R. Gunn, "Electrical
Effects Associated With a Change of State of
Waiter." Terr. Mag. Atmos. Elect., Vol. 5},
477, 1945.

20




—_— - cxrrs £) SNUREE oloris s o

“rocesses in Frictional Electrification

Ton I. Inculet
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The University of Westerrn Ontario

ABSTRACT

Frictional electrification, defined as the
electric charges which remain on the surface
after the separaticn of solid-to~£ol)id contacts,
invelves at least two physical phenomena which
are equally important in determining the
slectrification. The phenomena are the elec-
cronic charge transfer across the interface at
the point ¢f contact of the two materials and
the electronic charge backflcw which takes
place as the two solids are separated. Under
rigidly controlled conditions, the present
status of knowledge of electron transfer
between nmaterials of different work ‘Zunctions
permite the prediction cof the polarity of the
static electrification. The magnituae of the
charge transfer which remains on the surface
after gseparation is still far from being
predictaklé. Engineering applications involv-
ing electrification can onliy be based on
experimental results of a sufficiently large
number ¢f tests as well a3 on the proven
ability to maintain or reproduce the surface
and ambient ~onditions under which the original
experviments were carried out. According to the
application, the wanted or unwanted electrifi-
cation due to solii-to-solid contact is
generated under various external ambients or
fieids. The combined effects of such influ-
ences often have a very pronounced effect on
the final charges. The paper reviews some of
the recent fundamental work on humidity,
temperature and electric field influences on
solid-to-solid contact electrification and
under what practical applications the electric
field plays a predominant role,

FRICTIONAL ELZCTRIFICATION

A standard terminoiogy for static electri~
fication phenomena, and not excluding the basic
word electrostatics, has been long overdue.
Frictional electrificaricn is described in
literature under at least two other terms, such
as tribo~electrification and contact electri-
fication. This paper presents gome of the
practicel and thecretical knowledge which may
be useful in controllint the electrical charge
which remains on the countact surfaces after the
separatiun of two solids. The two solids may
be a combination of cenfeakors, sumi-conductors
and insulators. Any rubbing or fraiction of the
two surfaces which is implied by the term
"frictional” should be interpreted as merely
providing a larger area of cecnta¢t. Additional
effects of rubbing, such as altering or damag-
ing of the surface, transjent high temperature
spots, etc. are far from being understood in
the overall process and hence must be minmized
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in any experimental set-up attempting to
investigate the phenomenon.

Frictional electrification defined as
above involves two physical phenomena equally
important to the net result: (1) electrifi-
cation of the intrerface, and (2} charge back-
flow., For t'.¢ theoretical aspects of the
first phenomenon, as applied to clean surfaces,
the reader is directed to solid state physics.
However, the considerwle progress made by the
solid state science und engineering, covering
the electrificati . of clean solid interfaces,
stops there. It .s of hardly any practical
interest to the solid state engineer to
investigate what happens or how to control the
amount of electric charge which may remain on
the contact surface if we were to break a
transistor or a diode in two along an inter-
face. As to the second phenomencn, the charge
backflow which ultimately determines what is
left on the surfaces after the separaticn, the
khnowledge is very scant. The hardly explored
field is waiting for applied electrostatics
investigators.

While the solid state vast body of k..ow-
ledge is limited to certain classes of mater:i-
ials and clean surfaces, the frictional
electrification and its applications generally
deals with complex materials and surfaces
influenced and/or contaminated by variou.3l
ambients. dumidity, temperature, dust, gasecus
pollutants, external electric fields, stc.
could have a considerable influence on both
polarity and charge magnitude. As littie as a
mono-molecular layer of adsorbed gas may
sufficiently change the work function of a
solid material to reverse the polarity o: che
electrification.

ELECTRIFICATION OF CLEAN SURFACES IN
CONTRCLLED AMBIENTS

It was relatively recently, 1967, *:at the
solid srate electron transfer theory appltied to
static electrification found experimenta®
proof. Practically simultaneous experim:nts
in England (1}* and Canada (2) produced ade-
quate correlations between the work func:ion

of the materials in contact and charge t ans-
fer. To achieve these correlations, th
surfaces of th: materials had to be cle . and

the ambients, jenerally vacuum, well controlled.
One investigator (2) introduced electric

sputtering as the last step in the cleaning
procedure for the metallic surface prior to the

*Numbers in parantheses designate References
&t end of paper.
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frictional electrificztion experiment. The
experiment (2) studied the frictional electri-
fication of a series of metals arranged in the
order of increasing work function values,
contacting borosilicate pyrex glass 7740. The
electric charges developed on the metals varied
from a maximum positive value for zirconium,
the experimental metal with the lowest work
function value, to a mianimum negative charae
for the platinum, the experimental metal with
the highest work function value. Consequently,
there exists a theorvetical work function value
which will give zero electrifi:ation when
contacting the pyrex glass. ‘his was inter-
preted as the "work function" value of the
pyrex glass itself.

In a more general way, if one plots as in
Figure 1 the frictional electrification (C) of
several materials of known work function (ev)
in contact with a specific material of unknown
work function, the intersection at zero elec~
trification gives the work function valus of
the material. The relative magnitude of the
charges does not matter in this method, and
the Coulomb scale was omitted in Figure 1.
Perhaps it is just as well as the predictabil-
ity of the amount of charge is still very
uncertain. Thus the work function theory
gives a good tool to analyze and predict the
polarity of the charge on clean surfaces and
controlled ambients. Based on the same theory,
experimenters {(3) and (4) have determined
"frictional” work function values for materials
such as polyvinylchloride, polyimide, pely-
carbonate, polystyrene, nylon 6, polyethylene,
polypropylene, teflon, etc.

SURFACE STATES tYeory in addition to the
work function of a material is an emergirg
theory for the understanding of the more com-
plex frictional electrification phenomena.

The symmetry surrounding an atom ir a crystal
lattice ends abrurtly at the surface. 1In
addition, ore cannot avoid the sucsface from
contamination with foreign atoms and/or
adsorbed gacges. The result is that the energy
bands confi urations which exist in the inter-
ior of the raterial are no longer valid for the
surface where separate energy bands may appear.
The energy levele of these new bands may lie in
the forbidden gaj of the material; although the
crystal may be an insulator, the surface state
may allow seome electracal conduction. The
electrification of pclyme s (5) has been of
recent interest in the support of this theory.

CHARGE BACKFLOW, the second phenomenon in
electrificaticon, is perhaps the most important
to control in any application. The amount of
charge which flows back may Le an ovdsr of
magritude, or more, larger than tne chaxge
which remaing. It is believed that the charge
backflow depends on several parameters, such as
the materials in contact, the surface prepar-
ation, the geometry of the contact, the speed
of separation, the temperature, the ambient
gas, etc. One rust .ealize that while the
contact appears to take place between two inert
solids, i