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ABSTRACT

It is shown analytically that under certain conditions puléed dec and
pulsed microwave breakdown are directly comparable. A pulsed dc experimental
system to measure breakdown over a wide range of applied voltage, gas pres'sure
and gap distance has been use'd tc measure formative time in the different
gases. For those gases where sufficient basic data are available comparison
of theoretical and experimental results show good agreement. Breakdown
measurements in air have been used to calculate breakdown field strengths as

a function of altitude and frequency for pulse lengths of 1 to 100 nanoseconds.
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EVALUATION

RADC has been working in the nanosecond pulse field for
the past three years with an ultimate goal of utilizing high
power nanosecond pulses to establish techniques for long
range radar with superior range resoclution. Because of the
extreme peak powers, the first logical step was the investi-
gation of gaseous breakdown under short pulse conditions.

The content of this report represents the end result of

2 1/2 years of effort at Space Sciences in which nanosecond
video pulse breakdown has been theoretically and experi-
mentally investigated. While the experimental work utilized
video pulses, the data is applicable to the microwave case

by means of the diffusion theory. The latter was checked

by comparison with the work of Microwave Asscciates described
below in. the last paragraph. -

The air breakdown data, with suitable corrections to the
microwave pulse case, has been used to generate a series of
curves describing atmospheric breakdown as a function of alti-
tude, pulse length, frequency and field strength, These
curves all assume some ionization present for initiating
breakdown. Complementary work being done at Braddock, Dunn
and McDonaldl indicates that there will be a near certainty
of a propagating pulse encountering at least one free electron
in the atmosphere. RADC in-the-house investigators? have
calculated that for a given frequency, beam width, power and
pulse length, there is a fairly well defined volume of atmosw
phere in which breakdown is possible dependent on the avail=~
ability of an initiating electron. The probability of encounter-
ing an electron in this volume varies from 0 to 30%, depending
on several factors. A report treating this and also contain-
ing other pertinent nanosecond Iinformation is currently in
preparation,

Other contractors investigating nanosecond pulse break-
down are Braddock, Dunn and McDenald, E1 Paso, Texas, and
Microwave Associates, Burlington, Mass. Braddock, Dunn and
MeDonald is currently investigating conditions which lead to
breakdown initiation, surface conditioning, and high power
nanosecond pulse propagation through the atmosphere (Contract
AF30(802)-2781, "Nanosecond Pulse Breakdown Study").  Micro-
wave Assoclates has investigated breakdown at microwave X-Band
frequencies with nanosecond pulses (Contract AF30(602)-2782,
"Nanosecond R,F, Pulse Breakdown Study”").

fﬂif."V\ otk (; C 7 ,-{",(_ “c 5{5—'«{:‘ f"j’(
RONALD C, BLACKALL

AlC, USAT

Project Engineer

1l Braddock, Dunn and MecDonald, E1l Paso, Texas, Contract AF30
(602)-2781, report RADC-TR-64-584,

2 W. Quinn, F. Welker, R, .Blackall
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1. Infrodu ction

This report summarizes the results of a program to investigate
dc¢ nanosecond breakdown in various gases including air, N., O_, He,

2 2
A, SF_, Freon 12, Freon 114, Freon C318. Emphasis in this study has

6
been placed on establishing a firm theoretical linking of dc video break-
down and pulsed microwave breakdown and on obtaining accurate break-

down data in a variety of gases,

~The comparison of breakdown measurements and théoreti‘ca‘l‘ly
derived breakdown curves show that the diffusion theory employed to
describe microwave breakdown is also a proper description of the
formative period of dc breakdown. Hencé the data given in this report

are directly applicable (through the formalism of diffusion theory) to

~ the problem of super high power nanosecond pulse microwave breakdown.

Thus we have included calculations giving high power, short pulse breakdown' =

parameters for various frequencies in air for altitudes of 0 to 100 000 feet.

The 'report is divided into three sections. The first gives the theoretical
background and foundation for a descripftion of dc nanosecond breakdown.
The second section describes the experiment and gives full results for the
nine“different gases. , The third section applies the results obtained in air
to the problem of high power, short pulse electromagnetic wave propagation .

through the atmosphere.

prpeere
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2. Theory

_2 . 1l. Background

The electrical breakdown of a gas is, in general, characterized by the
net build-up of ionization from processes within the gas and from a host of
secondary processes at walls and electrodes of the discharge vessel. Under
certain conditions it has been possible to investigate breakdown with ¢w micro-
wave technicme:'s(1 :2,3) .where the electron generation ana loss mechanisms are

confined to the gas alone. The applicable diffusion theory then accounts for

~ the balance between impact ionization as the generation process and attach=

ment and diffusion as the loss processes. The validity of the diffusion theory
(3) is subject to requirements on field uniformity, electron mean free path and
the amplitude of electron oscillation in the alternating field. The same theory
has been applied successfully to the investigation of the formative timé for

(4)

breakdown under pulsed microwéve conditions *. An additional simplification
can be achieved in this case since it is possible to design experiments in which
the diffusion loss of electrons is negligible.

The research described in this report was undertaken with the premise
that the restriction of breakdown processes to those i:aking place in the gas.
could also be achieved under pulsed dc breakdown conditions. Under these
conditions the formative processes of breakdown can be d'es_cfibed within the
same theoretical framework as employed in micrbu;ave breakdown and the experi~-
mental results for the.two types of breakdown are unified, Moréover, the
pulsed dc¢ methods materially extend the range of breakdown parameters beyond
that previously studied, especially where high electric field values are required
for breakdown. A

In taking this approach, we have departed somewhat from conventional
descriptions of the formative processes in dc breakdown. In the investigation

(5)

of formative lag in overvolted atmospheric gaps, Fletcher analysed his re-

sults in terms of a streamer model of the breakdown process. Following a

(6)

suggestion of Raether, Fletcher computed the formative time as the time for




an initial electron avalanche to build up a space charge field -comparable to-the
applied field. Dickey (7) later showed that a simpler calculation of the break-
down times reported by Fletcher could be formulated by discarding the streamer
model and by estimating the growth rate of ionization and subseguent charge
separation in the undistorted applied field. This approach not 6nly yields
reasonable agreement for the formative time, but also explains the observed
pulse shapes just following breakdown. In the theory employed in our investi-

gation we also consider the field to be undistorted by space charge during the
(2

development of breakdown just as in the microwave breakdown theory *~'. The

limits of the theory for effectively electrodeless dc pulse breakdown are then
derived in a manner which is closely analogous to the de{relopment of validity
limits for the diffusion theory of microwave breakdown. The limits so defined
are then at once the limits for validiiy of theory and the limits within which
experimental results using dc pulse technique are comparable to those obtained
by microwave methods. _ '

2.2. Theoretical Model

is instantaneously applied to a gas contained between effectively infinite
parallel plate electrodes. It is assumed that the statistical lag component of
the breakdown lag is eliminated by insuring that a supply of initial electrons

exists at the instant the overvoltage is applied. The formative lag time is then

the measured characteristic time for build-up of ionization in the gap space.

The appropriate form of the electron continuity equation which relates the net

rate of change of electron density to the generation and loss mechanisms is
then

Yy, n-v
a vy

at

a

n-yVv-.r (1)

where n ig the electron density, vy is the ionization frequency, vy is the

attachment frequency and I'is the particle flow. In general, I"will consist of




diffusion and mobility components. However, to achieve effecti\}ely electro.de-
less conditions we must establish experimental design requirements such that
the electron current does not lead to wall or electrode interactions within the
time of interest. This is equivalent to the requirement that the term VI be
neglected in Equation (1). Since the mobility term will dominate in the pulsed
dc vcase, the condition which permits the neglect of this term is similar to that
imposed by the oscillation amplitude limit in the case of microwave breakdowh
theory. ' '

2.3. Validity Limits

To evaluate this and other limits of the theory as applied to pulsed dc

breakdown, it is useful to choose the following set of variables

PZT ,PA ,E/R

where P is the gas pressure, T is the formative time, E is the applied field and

- A is the characteristic diffusion length. For infinite parallel plate geometry

A = d/ where d is the plate separation. The limits which must be imposed may

now be conveniently presented in the PA ™= P 7 plane. The Mobiliiy Amplitude

- Limit may be expressed by equating the plale separation.to the electron drift

distance during the formative period. In terms of the above variables we obtain

PA=7 YKER -PT (2)

where k is the product of eleciron mobility and the pressure. The limit line

"is derived empirically from the formative time data which provide the values of

E/ and P7.
If the formative time is short compared to the time of propagation of the
voltage p'ulse .across the gap, uniform field conditions will not exist. Hence,

the Uniform Field Limit is expressed by

PA =2 ' BT _ (3)

N | |
where c is the wave velocity in the gap. As will be seen by examples below

f——
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the limit lines represented by Equations (2} and (3) are the important boundaries
for validity of the theory. However, two additional considerations are note-
worthy concerning the mean free path and the collision frequency. The Mean
Free Path Limit arises when the mean free path is comparable to the gap separa-

tion, or
PA=1AE - . (4)

where PC is the probability of collision. Assmning- a constant value for‘ PC, the
limit line is a horizontal line in the lower portion of the PA - PT plane.

| The situation in which a rapid build-up of ionization occurs by impact
ionization clearly requires many collisions during the pulse length, and one
does not expect to observe breakdown by this process in time scales which are .

comparable to the mean collision time. Therefore, we shall always be con-

cerned with conditions for which many collisions occur within the formative

time. In this sense, it is proper to consider a Collision Freguency Limit de-'

fined by
PtV;P/vc (5)

where V. 1s the collision frequency.

The four limit lines are illustrated for air breakdown in Figure (1). The
portion of the plane bounded by the Uniform Field Limit on the left and the
Mobility Amplitude Limit on the right is then the region within which the break-
down mechanisms are governed by gaseous i:)rocesses in uniform applied fields.
In reaility, of course, the boundaries indicated cannot be construed as precise
since certain arbitrary choices of parameters have been exercised in Equations
(2) through (5) and electron distributions have been ignored in favor of dealing
with average electron behavior. S

The breakdown parameters employed in the experiments for air reported
below were located within a zone removed from each limit line. This zone is
indicated by the large shaded area in Figure (1}. In the other gases studied,

where mobility data was available, similar zones were established in the P ¢ -




P L plane. The range of parameters associated with Fletcher's measure'ments iﬁ
atmospheric gaps is also shown in the figure. The location of his breakdown
parameters is near the Mobility Amplitude Limit line suggesting that electrode
processes played a role in the formative lag times which he measured.

2.4, Breakdown Eguation

With the neglect of the drift loss term, Equation (1) integrates to

n, ) .
— = ;- T
In n (Vi va) | (6)

where nb/no is the ratio of the breakdown electron density to the initial density .
The ionization and attachment frequency may be written in terms of the Town-
send first ionization coefficient a, the attachment coefficient ,B and the drift
velocity k E/P to vield

in nb/nO

PT = RNGE
k E/P (o/f - p/P) |

Use has been made of thls expression with available data for k, o/P and B/P
to formulate the theoretical curves of E/P versus P T for each of the gases
studied. The extent of the available data and the extrapolation techniques
are discussed in Appendix I. _

Equation (7) is plotted for air in Figure 2 and compared with Fletcher's
data, with results obtained by Gould and Roberts and with the average experi-
mental curve obtained in this investigation. The generally good agreement-
between theory and experiment and the fact that the microwave and dc pulse
data are in accord with the same theory (see Section 4. 1) appear to support

the approach taken above,




3. Experiment

3.1. Results and Parameter Summaries

Breakdown measurements have been performed in a number of gases. The
apparatus and technique are described in Sections3.2 and 3.3 below. Basically
t_he apparatus applies a short rise~time pulse to a test gap and allows the direct
measurement of the sum of the formative time and statistical time. Beéause the
gap distance, gas pressure and pulse voltage are known and the statistical time
may be reinoved from the measurement, it is possible to measure E/P and PT for
various gases bver'a wide range of parameters. Table I gives a summary of the
laboratofy variables used in the measurement of each gas as well as the nominal
purity of each gas. The results of the investigation are illusirated in Figures
3 through 20 for the nine gases. These figures include the breakdown data with
curves of the average measured results and the theoretically predicted curves

where possible. The latter curves were derived from Equation {7) by the methods

- described in Appendix I. The second figure for each gas is a plot of the break-

down parameters in relation to the validity limits. Figure (21) summarizes the
breakdown results for all nine gases.

3.1.1. Air Resulis

The results in air are particularly interesting both because they may be
compared '{vith previous work and because they are of great practical interest.
A detailed plot of our experimental results in air along with the air theoretical
formative time curve is shown in Figure (3). The experimental curve is drawn
through the average of the experimental points. Experimental breakdown data
have been obtained for much higher E/P values then can be treated by the theory
due to a lack of fundamental data at E/P >103 volts/cm-mm Hg. The data above
this value are suggestive of an asymptotic approach to a minimum value of P7" .
It is plausible that this is brought about by an approach to conditions such
that thé collision frequency and ionization frequency rare equal. Figure (4)
illustrates the diffusion theory limits discussed in Section 2.3 and their rela-

tionship to our experimental points. The Mobility Amplitude Limit Line analytic

]




- expression was derived from the drift velocity expression as described in

Appendix 1 by an iterative procedure which employs averaged breakdown re-
sults. |

3.1.2. Nitrogén, Oxvgen, Argon and Helium Results

The results for nitrogen, oxygen and argon were obtained in a manner
similar to that for air. Commercial quality gases were used in the experiments.
Their purity is listed in Table I. The resulis of breakdown measureménts in
these gases are shown in Figures (5 - 10),

Two sets of ionization coefficient data for helium are available (see
Appendix ). Predictions based on these two sets of ionization data are shown
in Figure (11) along with the results of the present measurements. Agreement
at the larger values of PT is closest to predictions based on data of (lg)while

at smaller values of P7T agreement is best with theory based on(zs)information.

- It is conjectured that this situation may be traced to similarities in gas purity

between the referenced work and the present breakdown experiments. The
breakdown measurements were carried out with impurities ranging frorﬁ 1 part
in 103 at values of E/P >500 volts/cm-mm Hg to 1 part in 105 at lower values.
The experimental variation in purity wasﬂ Eiﬁe to the experimental conditions of
vacuum and continuous flow. '

One interesting aspect of helium breakdown thaf has appeared in the ex- .
perimental results is a reduction of breakdown pulse current for low pressures.
For pressures of 1 mm Hg the equivalent gap impedance after the gap has broken
down is many hundreds of ohms as against a fraction of an ohm under no:mal

circumstances. -

3.1.3. Insulating Gas Results

Results have been obtained in four insulating gases. For two of the

gases, Freon 114 (CCI1F, - GCle) and Freon C318 (04 F . cyclic) there exist

2 8
no experimental data on any of the appropriate gas discharge parameters. Hence
for these gases we present only the experimental points and an average curve

of the experimental points (Figures 17 - 20).
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For Freon 12 (CC)l2 Pé) and SI-‘6 there exists a limited amount of gas dis-_
charge data, specifically data on o/P and B/P (see Appendix I). By an itera-
tive process we have used our breakdown data Figures (13 ~ 16) to determine
an electron drift velocity expression in these gases and have formulated an
estimate of o/P over a range of E/P where no previous results exist (see
Appendix IT).

3.1.4. Breakdown in Moist Air and Ozone

In order to justify extension of our air breakdown data to the atmosphere,
breakdown measurements in air of varying degrees of humidity were p'é.rformed.
Teéts were made in dry air, 45.3% and 100% relative humidity air as well as in
air containing a large amount of water in aerosol suspencion. These tests per-
formed in gaps of 0.18 and 0.31 cm at room pressure showed no effect on forma-
tive time due to moisture content. '

Tests were also performed on the effect of ozone enriched air on formative

times. The results shown in Figure (22) show a slight increase in formative

times with increasing ozone concentration but no significant change exists from = -

the pure air measurements. These results are particularity applicable to wave-
guide and radome structures whére the ozone concentration has a chance to
build up to high le_vels. It should be noted fhat the maximum concentration
shown in Figure (22) is 104 times greater than the maximum allowable for non-
toxic effects on humans.

3.2, Apparatus

The experimental éppé.ratus is capable qf measuring breakdown times in
the regime described by the above theory of Section 2. The apparatus allows a
wide range of the parameter E/P to be examined, while maintaining time resolu-~
tion of 0.3 nanoseconds. Gap distances and pressures may also be varied over
a wide span of values. _

Two functional capabilities underscore the apparatus design throughout.
First, consideration had to be given to the high voltage capability of the overall

pulse circuit, which must be capable of passing and switching nanosecond pulses




of many kilovolts amplitude. . Secondly, because of the short pulse d‘uration,"
the frequency spectrum of the pulses generated extends from dc to the gigacycle
range. Therefore, the entire apparatus is desighed as a transmission line sys-
tem with a frequency response spanning this spectrum. .

The electrical system is similar to that developed by Fletcher (8). It
provides for the generation of pulses with rise times of 0.29 to 1.0 ns with
amplitudes of 4 to 30 kilovolts. It also provides an atteﬁuated sample of the
pulse for measurement of breakdown times, appropriate triggers and a source
of ultraviolet light for illumination of the test gap. A schematic of the system
is shown in Figure (23). The main pulse generator is a high pressure coaxial
three ball gap used to discharge a 60 ns length of RG-17. The two outer balls
may be moved axially relative to the fixed center ball. The gap is of tapered
52 ohm coaxial construction with a small pulse shaping condensor incorporated
in the charging line side of the gap. Gas pressure and ball gap distance are
adjusted to give proper operation at various cable charge voltages., Nitrogen
or argon with pressures from 80 to 200 psig is used as the insulating gas.

The coaxial current viewing resistor is 0.212 ohm {supplied by T & M
Research Products, Albuquerque, New Mexico). The resistor output is passed
through a 4 ge bandwidth coaxial pad of 6, 10 or 13 db and then to & 3 db power -
divider and a matching transformer for the 125 ohm oscilloscope deflection Sys-—
tem. The other output of the power divider is used to trigéef the [oscilloscope.
A Tektronix 519 oscilloscope with a deflection sensitivity of 9.8 v/cm and rise
time of 0.29 nanoseconds is used to view the signals. With the aid of ASA
10,000 Polaroid film and an image reduction of 2:1,single trace _ﬁhotographs at
2 nancseconds/cm may be obtained.

In addition to the current viewing resistor, the transmission line connect-
ing the pulse generator and the test gap contains a 10 meg ochm resistor between
the center and outer conductors to dissipate any net charge left on this portion
of the sysfem after the high voltage pulse has been applied to the test gap. A .
50 ohm termination on the other side of the test gap provides a proper load for

pulses transmitted through the gap when breakdown occurs.

10




The system trigger and ultraviolet illumination for the cathode are provided
by the charged length of RG-8. A low voltage pulse is used to start the dis-
charge of a ball-to-plene~-to-point air gap. A first surface, 2.5 cm focal length

mirror is used behind- the plane-to~point dischai‘ge to increase the light output.

The high voltage pulse from this discharge is used to trigger the pulse generator.

Two different test gaps have been used in the measurements reported here.

Both gaps are basically the same tapered, 52 ohm coaxial construction. Poly-

styrene was used as the insulating material because of its low and uniform dis-

sipation factor over the range of frequencies contained in the pulse. Both gaps
have quartz windows for the admission of ultraviolet light to the cathode sur~
face, ports for the admission of the test gases and pumping ports. Polished

(9)

aluminum electrodes with Rogowski contours are used to provide uniform
field conditions. The small gap is approximately 7.6 cm inside diametér with
electrodes 3.5 cm diameter. The gap distance is adjustable by means of a 20
turns per inch thread. Gap distance of 0.051 to 0.5 centimeters are used. The
large gap, Figure (2421is approximately 20.2 cm inside diameter with electrodes
of 8.0 cm diameter. Fixed spacers are used to provide gap distances of 2.0,
4.0 and 6.0 centimeters. The maximum error in setting the gap distance is
estimated to be less than 5%. A two stage mechanical ptimp with a zeolite
trap is used 1':o evacuate the test gap. Ultimate pressure of both gaps as
meaéured on an Alpha’cron gauge is in the range of 1 to 2 x 10-3 mm Hg. During
measurements the test gas is admitted through a variable leak, and the pump-~
ing speed reduced by a throttling valve., Thus a small flow of gas through the
test gap is insured at all times. A standard mercury manometer is used as a
check on the Alphatron gauge. Pressure measurements in the gap have an
estimated accuracy of T 2%. -

The 20 kilovolt supply for the RG~8 line is fixed in output voltage so
that adjustment of the air spark gap is umiecessary. Two separate supplies
are used for charging the RG-17 line. A 0 to 13 kilovolt supply is used for low
voltages and a 0 to 60 kilovolt supply for voltages from 16 to 30 kilovolts.

Both supplies are 1% regulated and may be set to a given voliage with an

11
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averégé Aaccuracy of T 2% . However, because of aging of intérnal components

in the supplies, the overall voltage accuracy is about : 5%. When the RG-17
pulse cable is charged to a voltage Vo and discharged, the amplitude of the.
traveling wave is VO/Z . When the pulse reaches the test gap it is reflected
back into the RG-17 coupling cable until such time as the test gap begins to
conduct appreciable current. During the' time that the traveling pulse is being
refilected from the test gap electrc_)de the voltage across the gap is Vo. Measure-
ment of the traveling pulse amplitude seen through the current viewing resistor
show it to be Vo/2 within 1%. Hence, we have assumed that the voltage to

which the pulse cable is charged is the voltage applied to the test gap and

. that losses in the high pressure pulse generator are negligible. Rise time of

the pulse depends on the particular voltage, the gas pressure in the pulse gen-
erator and the electrode distance. Rise times of 0.25 to 1.0 nanoseconds afe
observed. Ringing and overshoot are normally less than 10% of the average

pulse amplitude. As may be seen the typical ringing frequéhcy is c;f the order of
a few hundred megacycles. The exact amount of riﬁging not only varies with

the voltage az}d gap setting but fluctuates slightly on a pulse to pulse basis.

The rise time varies similarly.

' The measurements of breakdown in ozone and humid air were performed
with modified gas handling equipment. All measurements were performed aft
atmospheric pressure so that it was possible to use a closed recirculating sys~
tem for handling the breakdown gas. For the czone measurements a commercial
ozone generator with a known ouiput per unit time was used in the recirculating
system. For the humid air méasurements solutions of sulphuric acid of varying
concentration were placed in the closed system and twenty-four hours allowed
for equilibrium conditions tc be obtained. Air saturated with water vapor was
obtained by running the output of a commercial aerosel humidifier directly into
the test gap. Under these conditions water droplets condensed on all surfaces
within the gap.

3.3. Measurement Technigue

The meaningful interpretation of the breakdown data inv.olve‘es'= three experi~

12
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mental considerations which are applicable to all of the reported re'sults . These

include: the establishment 6f an operational criterion for the breakdown lag

time based on the observed pulse shapes, the removal of the statistical varia-
tion from the lag time data and a consideration of departures from similarity for
data obtained with differing combinations of the breakdown parameters .

Figure (25) shows a typical pulsge Wavefprm provided by the current view-
ing resistor placed in the transmission line near the test gap. As the traveling
wave passes the resistor the rise time of the wavefront AB is seen. As the wave
continues passing the resistor and arrives at the gap the level portion BC is
observed. When the wavefront reflected from the anode reaches the CVR (Cto
D on the trace)} the waves traveling in two Opposite directions cancel each other
for a time givén by DE. If breakdown does not occur in the gap the reflected
wave continues and the trace is ag shown in DEF. If there are initial elecirons
present in the gas space so that breakdown takes place, the gap will begin to
conduct after a short delay DE. When breakdown is fully formed, reflection
from the gap ceases and the pulse height returns to jts previous level as indi-
cated by the portion GH. ' ' '

»For the purposes of this study the point E, indicating the onset of brea_k—
down is defined to correspond to a vertical deflection of one trace width above
the base line of the trace. Further, we have measured formative time as the
time between the instant the voltage reaches maximum on the anlode (indicated
by the point D in the observed pulse) and the time when the gap breaks down,
E. Although these definitions are arbitrary, they are in accord with those used
by other investigators. -

The lag time DE is, in general, the sum of the formative and statistical’
lag times. The statistical delay time is caused by the finite rate of emission
of electrons from the cathode surface and the statistical nature of the emission.
Following the results of Strigel (10) and the analysis suggested by von Laue (11)

the statistical time may be shown to obey an exponential distribution law. If

~ the results of a number of measurements of the delay time for fixed voltage,

pressure and gap distance are plotted on semilog axes with appropriate vari-
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ables the exponential nature of the distribution may be seen. The statistical

delay is des‘cribeld by

n._=n e_t/cr
t o}

where nt is the number of time lags greater thah t, no is the total number of
events and ¢ is the mean statistical lag. Hence a semilog plot of nt/nO Versus
t should be a siraight line yielding a value for v from the slope and a value for
the min(izn'ét)xm delay, or the formative time, from the intercept at nt/no= 1. -
Pigu_re shows four typical plots of actual measurements. Such plots have
been made for all data reported here where use is made, on the average, of

27 data points for the measured lag time.

By the metheds referenced above it is possible' to use the information
regarding o to estimate the rate of electron emission from the ultraviolet
irradiation of the cathode surface. Based on typical observed values of o
from the data the photoemission current for this experiment is approximately
5 x 10_10 amperes. _

_ Accoqding to the theory the formative time may be described in terms of .
the variables P 7" and E/P as in Equation (7). Similarity conditions should then
apply in the sense that a particular value of E/P can be obtained from an un-
limited number of combinations of the parameters: pressure, gap spacing and
pulse voltage. In our experiments we have made an attempt to check similarity
relationships. Hence our breakdown curves show data for different gap dis-
tances at all places where it was possible to obtain such data within limits
imposed by theory and the experimental equipment. " The breakdown curves are
then drawn through the average of values determined from measurements on
gaps of 0.051 to 6.0 cm. On the logarithmic plots used for viewing our data

no significant departures from similarity laws were noted for the range of para-

meters used in our experiments.
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4, 'Atmospherié Breakdown

4.1 Relation of DC to Microwave Fields

In the above two sections we have given details of the theoretiéal basis
for describing\nanosécond pulse breakdown and experimental results for a
variety of gases. In this section we will make use of the theory and the re~—'
sults obtained in air to derive breakdown field strengths for short high power
microwave pulses traversing the atmosphere. In particular we will calculate
the field necessary for breakdown of the atrﬁosphere from ground level to

100,000 feet as a function of frequency and pulse length.

In order to relate our results to microwave breakdown it is necessary to

employ the concept of effective field for energy transfer defined as

E
o

Ee - wZ i/2 (8)
(L+ 77 )

Here Ee is the effective field, EO ié the rms microwave field, w= 2 nf where

f is the microwave frequency and v is the electron collision frequency. To a
first approximation E, is the effective field which would produce the same
energy transfer as a steady field. Therefore, the data we obtain by dc video
breakdown techniques may be converted to equivalent microwave data by means
of this equation. It has, however, been found that the effective field as defined
above is not able to account fully for all differences in energy transfer processes
between various applied frequencies and dc video breakdown. Therefore, one
additional normalization due to electron energy modulation will be used to render
equivalent breakdown fields at various fréquencies . This normalization is de-
pendent on the product of gas pressure and wavelength (p\) and is significant at

(14)

pA values of 200 and greater .

In using the equation for effective field in the past it has been necessary
to assume an average value of collision frequency dependent only on pressure
9
i.e., forair vy = 5.3x 10 ' where p is the pressure in mm Hg. It is well

known, however, that the collision frequency is not independent of electron

15
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(12)

energy although, for the usual range of parameters covered, the approxirné—
tion of. energy independent collision frequency is sufficient. In the work report- |
ed here the electron energy ch_anges as much as one hundred to one. Therefore,
some correction for changed collision frequency is desirable. Fortunately, by

comparing-the results of two different nanosecond experiments, (12,13)

it has
been p0531b1e 10 approximate the energy dependence of the electron collision

frequency 2The expression for electron collision frequency then becomes:
9 7 - .
‘vc=5.3x 10" p+1.15x 10 Ee (9)

Using the above factors we have converted our data taken with video
pulses at E, and at pi= 0 to breakdown fields at some E, and pa# 0
corresponding to the appropriate frequency, pulse length and pressure.

The corrections necessary because of energy modulation are most signifi-
cant at low frequency and high pressure when they amount to as much as a 15%
lowering of the breakdown field. The change of collision frequency with field
is significant only at the low pressure end of the breakdown curve at altitudes

greater than 60 km where it amounts to as much as a factor of 10 lowering of

- the breakdown field.

4.,2. The Atmos‘pheric Model

In order to relate pressure and altitude so that we might determine break-

down field as a function of altitude we have made use of the U. 8. Standard

(14)

Atmosphere, 1962 We have converted the tabulated number density versus

. altitude to equivalent pressures at a temperature of 29101(. A plot of pressure

versus altitude so determined is shown in Pigure {(27). Perfect gas laws have

been used in all calculations because they are more than 1% accurate over the

- range of pressure and temperature used here. Figure (27) represents the mean

atmospheric density in the middle latitude regions (approximately 459). Sys-

' . . o .
tematic variability about this mean in the latitude region of 15~ to 60° is also

shovlvn in Figure (27}.
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Atmospheric molecular weight is constant to 1 part in 105 over the altitude
(14)

range of interest here . Hence, we are safe in extending the data taken in

air at sea level to the atmosphere. Ozone which has its maximum concentration

in the 20 to 40 km altitude range amounts to only 1 part in 104 to 106 of the

atmosphere in this range (15)

. Its effect on atmospheric breakdown will there-
fore be negligible (see section 3.4 above). &

The effects of atmospheric water vapor on breakdown fields have not béén
treated here. Recent data (12) and above Section 3.4 has indicated that the

vapor alone is not significant in changing breakdown fields. The problem of

 propagation through condensed vapor {(clouds) is not treated here.

The result of combining the standard atmosphere data with the breakdown
field data is shown in Pigures (28, 29, 30 and 31). These figures show the
breakdown field for 1, 3, 9 and 27 gc as a function of altitude for various pulse
lengths between 1 and 100 nanoseconds. '

We define breakdown heré to mean that the gas {(atmosphere} begins to . -

conduct appreciable current during the pulse duration. As noted above, this. =

is the definition used to define formative time for breakdown in our dc measure--

ments,

4.3. Radar Svstem Design Considerations

These figures (28 thru 31) are intended for use by the radar system de-
signer to indicate upper limits on allowable field strengths. In calculating the .
breakdown fields and plotting them in this mannér we tacitly assume that there
are free electrons available o initiate the breakd6Wn prb._cess . Under certain
circumstances such as in the vicinity of a re-entry body, or at high latitudes
during periodg of solar activity this assumpfion is a very good one. On the '
other hand at low altitudes {20-50 km) and low latitude the free electron con-
centration is very low (16) . Here the principal source of free electrons is
cosmic radiation. Hence the net free electron concentration is low.

Assuming the electron concentration is sufficient to initiate breakdown,

the curves of Figures (28-31) represent an upper limit on the breakdown field

strength. In the real case for short pulse extremely narrow beam airborme

17
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radars it may be that breékdowrl is unlikely because of a statistical lack of
electrons within the radar beam. In such cases it will be necessary to can—y‘
out detailed calculations involving the fadar parameters and electron production
and decay rates in the atmoéphere. |

In order to indicate the inherent variability of the breakdown curves the
results at 3 gc for pulses of 1.0 and 100 ns have been sﬁown with the varia-
tions to be expected due to altitude density fluctuations. The upper and lower
limits of these curves represent the range of systematic variability due to |
seasonal changes in the 150 to 600 latitude range. Curves for othér pulse
lengths and frequencies will have the same variability at equal altitudes. The
important point to note is that the minimum of each curve will change altitude
value no more than t 3% and hence the curves based on the standard atmosphere
alone are sufficient for ordinary purposes.

The breakdown data from which these curves are obtained was deliberately
taken at a variety of pressures, field strengths and characteristic dimensions. |
Hence the average curve obtained from this data takes into account actual
variations which may exist in the similarity parameters. It is intere.sting to
note that gap width used varied between 6.0 and 0.13 cm while guarter wave-
lengths for the frequencies calculated varied between 7.5 and 0.28 cm. Sim~
ilarly gap pressures varied between 760 and 1 mm Hg while calculated pres-
sures vary between 760 and .06 mm Hg. Hence experimental conditions are
close enocugh to the calculated results to allowa high degree of confidence in
the validity 6f the resultant breakdown curves. Fina_lly it should be noted that

(17) has predicted breakdown for pulses of 50 and 100 ns -

although previous work
length these predictions were based on extrap'olations of data obtained with
0.8 microsecond pulses and longer. Our work, on the other hand, has used
pulses of 0.5 to 20 nanoseconds exclusively and hence is based directly on
empirical data rather than extrapolation.

Table II is a tabulation of the breakdown field strengths at the earth's
surface as a function of pulse length and frequency. In using this table the

radar designer should remember that these are the free field voltage breakdown

18
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levels. In the vicinity of wave guides, feed hoins, antennae étc‘. the field
strength and breakdown problem will have to 'be treated as a boundary value

problem’,

19
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5. Summary _ _
A consistent picture of dc nanosecond breakdown has been given. Based

on microwave theory we have developed the analytical framework for describing
dc nanosecond breakdown, within certain prescribed limits purely in terms of
gas parameters. Further we have comprared quantitatively this description with
experimental results and found them in agreement. Additionally we have related
earlier microwave breakdown studies to our work and have shown that our work
is not only an extension of earlier microwave work but may be quantitatively re-
lated to microwave breakdown through the concept of effective field.

We have applied our results to three practical problems. First, we ﬁave
obtained breakdown data in a number of common insulating gases. This is partic-
ularly important since breakdown curves for these gases cannot be calculated
because of the lack of basic data. Secondly,. we have derived, on the bagis of
our breakdown measurements, basic data about two of the-se insulating gases.
Finally we have applied the breakdown results in air obtained by our method and
pulsed microwave methods to the problem of determining breakdown field

strength as a function of altitude, frequency and pulse width.

20
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APPENDIX I

Calculation of Theoretical Breakdown Curves

Theoretical breakdown curves have been calculated for five of the nine

test gases. These curves are based on the breakdown eguation (7) and available

data in the manner outlined below, 7

Examination of the equation shows that a knowledge of two gas discharge
parameters are_neceésary for the calculation of the P# wversus E/P curves.
Specifically electron drift velocity and net ionization coefficients ( (a - f)/P)
are needed as a function of E/P in order to calculate P . Table III gives a
summary of the range of the range of drift velocity and {(a - £ /P data available
from the literature as a function of E/P.

It is apparent from the table that the range of drift velocity data is much

more limited then the range of (a - P)/P data. We have therefore found it

necessary to extrapolate the measured drift velocity data so that its range would: 7 .-

be the same as the net ionization coefficient data. For this purpose we have
plotted available drift velocity data for the five gases versus E/P and have
made a graphical linear extrapolaﬁiSn of the data. (Fortunately for threé of
the gases we have very modern data (29.23) available from experiments done
on a time scale similar to our own.} The analytic expression satisfying the
linear extrapolation of existing drift velocity data is shown in Table III for each
of the five gases. This expression along with measured values of {a - /P is
used in calculating each breakdown curve. _
The range of available /P or (a- P)/P data along with the reference
is shown in Table III for each gas. Not all available references were used
because in many cases the differing references are not self consistent. It
may be noted that some gases use both modern and clder references. Where
no choice was possible older references were used for the high E/P range.
This is because of the lack of good vacuum equipmen’ﬁ and subsegquent con-

tamination {mercury vapor) of results for measurements of o/P or (a - /P for

low E/P.
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In all cases ou'r own data covers a wider range of E/P than may be ca1¢u~
" lated from available data. Hence the breakdown data may be used to obtain the
net ionization coefficient or drift velocity for high E/P.if either of the other

quantities is known.
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APPENDIX II

Calculation of (a - @ /P for Freon 12 and Sulpher Hexafluoride

As described above (Appendix I} Equation (7) plus drift velocity and
(a -~ P/P data may be used to calculate the theoretical breakdown curve. How-

ever, for Freon 12 and SF drift velocity data is not available while only limited

6 .
{a - P)/P data is available. We have, therefore, used our breakdown data and

iterative techniques to establish first electron drift velocity in the range where

.:(‘1 ~ B /P data are available and second with the value of drift velocit; vs E/P

so determined find the { o - B)/P values which satisfy our breakdown results at
high E/P values. |

Table III lists the derived electron driit velocities. For SFG it was nec-
essary to extrapolate the measured values of (a - ﬁ)/P to an E/P of 200 because
of uncertainties in our breakdown curves at the lower E/P values. Figures {32)
and {33) show both the derived (a - §/P curves and the (a - /P curves taken
from the references. As a test of the accuracy of data on {a ~ B)/P so obtained,
a calculation using the identical technigue was performed on air. The resulting
(a -~ B}/P curve had the same shépe and peaked at the same E/P value as the

directly measured data and was within a factor of two of the absolute value.
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"TABLE 1II

Microwave Breakdown Fields at the Farth's Suffacé _

as a Function of Pulse Length and Frequency

Pulse Le_ngth 1 gc 3 gc | 9 gc 27 gc
1077 s 7.68 x 10_‘l 7.68 x 104. 7.75 x 164 7.91x 107
5x10 0 s s.96% 100 4.06x10®  s.0ax10® 5.2 x.'”io4
1078 s 4.19x 10 4.19x 10 s.26x 10 4.42 x 10
5x10 % 2.94x10" 2,94 x 10 3.10x10f 3.26 x_m4
-7 4 |

_ - 4 - 4 ~
10 s 2.56 x 10 2.56 x 10 2‘.71xl04 2.87 x 10 v/cm

27




81

8%
61

61

81

£e
02
0¢

61
81

@ouUISIY

06Z - S¢€1

091 - 06
00T - 0T
00ST - 0¢

0S¢ - L°99
£°99 - 0¥

0002 - 00S
00s - 001

00T - OF

000T - 00¢
00g - L9
L8 - 0§

{d/3)
=R 4/{d-2)
10 sbuvy

(1T xTpusddy
@8g) d4/d moH xgero

(11 x1pusddy
°3g) d4/1 QU XTL70
d/3 QT X974

d/4 (01 ¥ Z+ 01

!

9

d/3 mOH Xy 1+ mo._” X7l
d/3 moﬂ X6 ¢

X un,
d/T OT X 2+ 01 XL

(-oes/wd) eie(
A1T00T9A 13T4(] 03 uorierod
-RIIXT Jeaur] pajdopy

_NN;@N‘

¥e

6¢

ve

17
72

sousisisy

Sy - 8°0
A

Szl - 0%

002 - OF

001 - §°0
0z - S0

(d/3) ered
AJIOOTOA LT o[qed
-17ddy 10 sbuwry

71 uoail
mmm

WNT[SH

uobIy

usbAX0D

usborIN

|

ur
]
O

¥

I JI9VL

SOATY) UMOpYeaig 18011510801, dOToAs(] OF pasll soouslejey pue siojpuleIed sbIeyosiq Sed

28




4
IO v | T T T T T I T I T
10° | .
/ . .
f Uniform Field Fletcher's Range
5 Limit of Porometers
10%} 7 i
/]
- /]
- /
£ /
o /
I
u |7
IO | 4 -
£ /
£ /
ot /
<t
Ny
- Y, : _
1.0 7l Porameter Range in Mobility Amplitude 1
; Present Study Limit
7 ,
4
/ .
11
1ok ﬁ Collision Freguency | -
Limit
2/“
1/;171'777]/!!/!/IIIIIIITI!IIII’IIIIIIIIIIII!TITIIII/
/ -
IO—2‘ A// 1\ ] I L 1 1 ! | 1 | L
0% 46° 16° 167 6% 16° 16*

PT (mmHg-cm)

FIGURE 1.

VALIDITY LIMIT LINES FOR AIR

29




<

kel

{oes~-BHwWw) 24

el , 0! sl el el 2 Ol 0!
LU B LA { 4 ":‘waﬂﬂa 1 —.ﬂﬂmMu UL ﬂ:qn_ 7T | _J.:—mﬁ L] _.«:_.ﬂa i T “.«.quﬂqw T O«
"HIV NI SINFWIUNSYIW WL IAILVYANNEOA
"d JUN9ld
A -
- 956! 4. 01T
. ®ADMOIDIWN pasind ¢
$1J8Q0)N PUD PJNCY 6v 6| -
- Jayoyisid . o
3 - *
~
F - o
r s m
- ~ 1
- . 3
- - mo_w
=]
T -
sj|nsay -
a8 jussaid B
- 4 ol
. v
il d 114 | —:.__ [ | _.__—__ wn_.. i __:_h i1 | _______ 1 ! _:Lhw_ L1 r_,__.__ 1 i

o

30




- ViVa ANV S3AHND zBoox<umm AVOILIHO3IHL ONV TIVLNIWIH3IX3 dIV
| ‘€ 34N |
(dsas-bHww) 24

g-Ot el ;=01 g-0l g-0l
1rryr T T i LR L L 1 _._ L ! 1 r1r T 1 i I o_
- 0’9 + 4
i o' x
F =~ 02 O -
E 16°0 O3
. 2
ge'o Vv
- mm .O hV —
i (wo) ]
4 aoupisiq doo -
- Ol
i 10214320341 .
- {Dludwiiadx 3 abosany + N
A 1y * ]
H_ I T £ J I I O n, 1 I T I | 1 0 I W T T | 1 1 H.V
. L ._...

d

(B ww-wosspjon) /3

31




"SLINIT AHYO3HL OL NOILY13Yd NI viva IVLINIWIYNIAL X3 ¥V

' 34N91d
: aomm-mIEEv_pn_
¢Ol g-0! 00 g0l 601 o1-0t
TP T T77 1 11T T 1T 7T I ___.___ I [ vVt T 7 1 :—-.__ i 1 *O
. 0’9  + k i
L OKW X . ..H
i 0z o Hwiy epnjdwy KpHiqow 1
L 16°0 O | p 0l =
G2'0 Vv h - o
L ero a # o+ 4 3
3
- . X
I (wo) co ¥ % 1 @
- 20UDlsSIg dDo ] m
- OO0 O O ] -
- 1 ol
C ¥ .
ywin S
§ ¢ OO0 [ iy : a
a ar Mu&w _ : plald waoyun .
- YO v . Oovoy ]
._H.___._Lr i 1 _n_—»h i i Il Ll 14 | 1 1 | (1 T T | | 1 LBt 1 I i | OO—




"ViVQ ONV SIAYNO NMOAMV3INE TVIILIHOIHL ANV TVLINIWINILIXI N390OYLlIN

‘G 34nsold

(o9s - oIEEu _u.a

<Ol e .0l 5.0l o]
vl r T T Fred 1T 1 I 1T T 71 T T T 1 | O_
- ]
. 09 + -
i ov x 1
- 0z o - "
E 1S°0 O _3 o
. -1 20l - -
G20 v s - 3
- _ €10 a Py
: ~
) - 3
u (w3) ] _
= aoun}siq dog w
- |D3148J03Y | . I
- mo_ e
| {ojuswiiadx3 aboiaay A
i uabold N - -
[ | 1 L 11 % i 1 1 1 1 | S T 1 i [ | L 1 i i ¢O—




"SLINIT AHO3HL OL NOILVI3Y NI VLVQ TTVLNIWINIAXI NISONLIN

i

"9 34N9Id

(des-bHww) 314

mb wuo_ h..o_ m...o_ o m:o_ o _ o_.n.:
LR LR I LRI I IR RN I 1 LRI B B I *—_ﬂ_._ 1 |
- 0’9 + -
..I'l O.¢ K ey
T 0'¢ O Z
C 60 O Hwi epnyiidwy Ajtjiqow 2

G20 v | |
. gI'0 & e ]
— X O X OX OX xCOx» B
= (wo) .
~ 89uD}sig doo + + a
- XO X o XIX XO n
- + + ]
X X X
O XO O

B $1WIT] pletd wiojiun
- O uaboay}i -
. e xO HIN -
....:_m__ | 1 110 4 | __:___ I 1 Lid i 4. 1 1 [ I i 3
\ﬂ?/, f

(wo-BHww) yd

o)

00!

34




"VIVQ ANV S3AYND NMOAXV3NE TVOILINOIHL ANV TIVINIWINIIXI NIOAXO

2 34N914d
| | (99s-bHww) 2 ¢
g-Ol 9-01 -0l g-Ol 6-O!
TIT T T T T T T T LI B B | TTT T T 11 ol
3 0°'9 +
I R _ . 0’2 o
- [T > . -]
8I'0 v I.mo_d.... "
. - w
+ 2
I (wo) 7 @
= aoupysig dog - W
— |DOI}3108Y | . 7 m_w
N . _ 7] 3
- S =
CIRH
€
Ipfudwiiadx3 aboiaay
B uabAxp M
E | | ]
PV O 1 | (| | I | | 1t 1 4 1 1 i i I U O T | 1 1
vO_
Sy . - A _
o




"SLInIT >momr._. OL NOIlv3d 7: ViVQ TVINIWIH3dXI NIDAXO

i

"8 3HN9IL
(d9s-BHww) 1d
Ol w-o_ .\.-9 m;o~ 6-0! o_:o_
TrrU T 1 t 1 TTT T 1 1 LIRS L] t ¥ LILILIE L Tt T ] -.q
! 09 * piwi apnindwy AiIGOW | ..
L . -
! o' X ui pniljdwy Ajljiq -
- 02 o© .
1€°0 !
. 8l'0C v -
= X -
i {w?) O W' i
- doublsiq n__u.w + + + '+ + .
- 0 O O @O .
- o + + + ]
X X X X

= + © + + -
i ® JlwY piatd waogiun
i uabAxp i
m | 0 3
et 1 3 L L Lt 1.1 i L1 1.1 1 L ] {1 T W | 1 Lidg 1 i A l

0
Ot v
b
3
3
T
<3
&
3
Ol
00!

36




'ViVa ANV SIAUND NMOANVINE TTYIILIYOIHLONY TVINIWIYIAXI NOOSYY

‘6 3MN9id
. aoomn_a_._ ww)y) Jd _
ﬁ._:__ T __‘ Ty 117 T T T T 7 T TTT T T T Ol
" 60’9 + -
- Ot x 1
- 0’z o 4
te'c O ¢
! 81'0 v
i (w?) |
m aoupj}siq doo
— L
- 4 Ol
[D3148J03Y |
i . |ofuawiiadxy abosany |
- uobay ]
AN ST I __._h.._ n N IS N T U T | lw.o_

37

(BHww - wd/s3j08) 9/3




"SLINIT >m0mx._..ﬂ_0._. NOILVI3Y NI v1VQ TVINIWIYIAXI NOOYY

(wWo- BHww) Vd

Ol 3d4nol4
(o8s-Bbww). 14
-0l -0l ;00 g-Ol 6-Ol 01-Ol
o ﬁ.u.;—d T 1 14 4. ryirr T 1 T LR L L] ¥ T Tty 1 17 F 1 | 3k S L B B L ‘.o
- o.w + ‘ . -
" 0'v x . m, ze\m.u - :
- : nidw H1go .
u 0'2 o pnijcwy AjHIGOW . 1
— ‘ O
I£°0 D
i BI1'C ¢ i
i (wo) 1
. 8oupisig doo , N
- X o' xx N
= + + 4 Ol
X X X X
O © ,
3 O 0o + + 1
. ‘ X, X Hw plei4 wiodun
"o Yo ov + + ]
-0 o U o X X . uobsy n
:__.__ 1 _:_.r_.r 1 I NI | Al 11 i L TN L HOO_

38




"S3AYND GNV ViVA NMOAXVIHE VIILIHOIHL ONY AVLINIWINILXT s:.:._m_.._ |
“t1 34n9ld
o (oes-BHww) 24 _
m.o_ _ wuo_ \...o._ muo_ m;o_
_.1).-'- 1] T T ¥ TT T 0 1 t T L LIR B D 1 L 1 11T 17 ¥ ¥ 1 L] O—
.
~~
e,
- . .
- S R 0'9 + m m
Fe ﬁacm:cwan\ ) o't x 3 oiv
puo ubaisaniniq) 02 o] ¢ = &a
i jod1ia0ayy 050 ‘D _ S
| | 5o + 4 3
{¥o8queaig puo j8bu3j voa) R , , .
I j0d148408Y L AN (wa) 4+ .3
[ : N aoupisiq doo 7 3
" XN S
< \ - 1 01 &
. o 2
- - jpjuawiiadxy abousay | e
i wniaH ]
AU D T U N N ¥ 1 SR T A T W D | 1 W I W I U A T S | 1 T A I | L 1 .VO—




"SL1IWIT AYO3IHL OL NOILYI3Y NI <;_._<Q .._<._.zu_s_._mmmxm ANIM3H

| "el.34nsid
(08s-BHwWw). 14

90! LoD

ITIII'I

tnOOO'
+,

"9
i 4
" e
e

O o =~

o

(w?)
8JuD}s1g doo

T T 1T T 1 T ‘ T T T T

Cswiepniydwy Kyyigow

TTT T

NI T Y I | 1

1

LIt 1 1

wnijay

L1t il

HWIT plety wiogiun

I I S D N | 3 /I I T |

L)1

o]

Ot

o]

Vd

(Wwo-Bww)

40




"VLVQ ANV 3AUND NMOOXVIYHE TYINIWINIXI 3AI1Y0ATAVXIH ¥NHAINS

"€134N91d
(o9s-bHww) 24

.mlo_ WIO_ . Nlom mao_ : mu.O_

LI ——‘u ._ T 1 rirrre 1 q 1 i | LR B UL { H I trria T I | O—

| C 09+ ]

i o't x ]

- 0'e¢ O .

o 1€°0 O A J

C -4 ‘0

g1'o v -0 "
v : 16070 A 2 -

i v v m - o

i o | (W) | >
aaupysiqg dog | w

" i 3

i . 3

n . X

N 1 ol O

£

| 948 R

5 0o ]

! X -

'.....P__ | 1 1 111 1.1 1 1 Ll A1 1 1 1 L Y O O T | i 1 H

i 1 L ) qhU-
y S ST - - — e ——




"SLIWIT AHOIHL OL NOILY134 NI VLVd TVLNIWI¥IdXT 3QI80NT4VXIH ¥NHLINS

‘PI 3UNDIS
(o8s-bqww) 724

9-0l -0l g- Ol 6-01 01-O!
1{TT T 171 T T TT1T 1t 1 T D L L e | T T - LS LA R B | T TT T 1T T T T _.O
| 'S+ M -
- O x apnyidwy Ki1j1qon -
[ 0'¢ o .
F 10 O -
— 8{'0 V A O’

X - X XOW X
160°0 H . O 0
- o+ O.T © +ﬁ.‘.+ -
(wd) o
B asup}isiqg QD@ xO +qo EQO X O T
i + + 4+ W J
- o xoV 0 xexo XO )
- _ + w 1 ol
0 #AvOox0 w Ox
@] D@ OO0
. : + ++ i
o oo ]

i | o HWI plald waoyun
i v w...._m .1,
”__ 11 1 1 1 L il 1. 1 1 1 L ] | I O T I | i 1 L I . | | L 1 L1l.1 % i ] 1 OO—

(wo-BHww) vd

42




N

c-

.(._.40 aNv 3A¥ND NMOQXv3Idg TVIN3IWIHIdX3 21 NOJu4

‘Gl 34N9I4
: (o8s-bHww) 24
o} 5.0l ,-0l g-Ol 6- Ol
FETTTT t LILER LA I | rrriTrT F i TT T T T i ] O_
i o'+ x ]
- 0’z o .
- €0 O . ..mm:
BI'O Vv 20! = e
_ ISO'0 & e ¥

n s . - e

(wa) S
i aoupisig dog ] 3
L - 3
- B 3
- - I
- B o}

<Ol 2
|pjuawiiadxy aboiany )

- 21 uoauy
AP EN _. 1 —~1——— 1 _. 1 1 L1t 1 1 1 O T T | 1 i vo“ o




"SLIWIT AYO3HL OL NOILYI3Y NIVLva J.q._,zwﬁ_m_,m,n_xm 2l NO3J Y4

Ol

‘91 3¥N9I4
| (005-BHWwW) 24

”010_ w...o_ .NIO* m...O_ m..O_ O_IO_
TTTT T 1T 1 rrT T T 1 1 22 55 B L B R B | LI T O T T T T T 1
- : -

0'9 + prwi)
- o'ty X apniiidwy Aj1jtqo g 7
- - —
- 0'¢ O -
- 1g°0 O ©0 .
- 81'0 Vv _” _ -
. S S ¢ ¥ ®
IGO0 FaY O 0 ©
_ + o+ T+ _
(W)
| aoupysig doo 00 ]
L + + ]
- v ox YV o o ~
— FAN -
" 0 0 ]
v 2
ﬁ_ O v ©

i o ‘ i
- N* Comum ’ #_E_I_ U“Q“m ELOM_._CD B
Tl:____. __ 1 O T S S| 1 | I | ! | ___L_._ 1 1 Lot i1 r 5 J

(wo-BHWW) Vd

00!

e

44




"VLIVA ANV JAHND NMOAXVYIHE TVINIWIYIAXT 8IED NOI M A

‘21 34Nn9id
(98s -bHww) 3 4
¢ -0l g-0l ; -0l g-O1 g -0l
i 09 + -
i 0¥ X 7
- 0°¢ o 1
s g0 O
81'0 V
i M IGO0 A
i f | (wa)
| gw aJupisig doo -
s v Q ]
: . 72 .
x &
X +
L * @] S
x
I |pjuawiiadx g + O
i oooﬁ&&, o o
L | 8I€D uoOaig X ;

P e

e S R St R A

(bHwWw-wo/s}joA) dfg

45




"SLIWIT AYO3HL OL NOILVI3Y NI VLVQ TVLINIWINILX3 81€D NO3 N4

b
|

(wo-bww) yvd

81 34N9I14d
(o8s ~BHWW) 1 4
er_ : th_ g-0l o -0l O_..O_
T8 T T 7 L3 T T ] rrrra L] T T L B I I | 1 4 1 ] L] TV T T T 1 T TFT 11 1 L) T —-O
0'9 + l
i Ot X g -
- 0'2 © ]
L g0 o ° ¢ :
o . A Ol
81°0 v X X X X
ISO'0 A :
§ +04.0 ,
(wo) |
3supisig doo O X0 X0 XQ | ]
B A +  + .
5 A _ ;
v v ¥
A4
O
v QQ | i
W Jlwi plalg wiojtun |
g1¢D uoal 4
I I ! L I I T Il H | 0 S I | Fi ] L1 4. 1 1 __.____ 1 1 OOM\

46




V.iva ANV 3AYdND NMOAMV3YE TVINIWIN3dXT vI1I NOIYHS

"61 38N
(oes-BbHwWwW) 14 | _
-0l 5.0l ;-0l g- 0l 6 -0l
. 0’9 +
- o't X 7
N 0’ O
C 1€°0 O 1
810 V
i m IGO0 Ao
| (wa) )
I O asupysig dog |
: ¥ :
- |Djuswiiadx3
i aboiaay
- 1| udal4

Ol

(BHWW-wo/S}jON) d/3

47

©
.




*SLIWIT AYMO3IHLI OL NOILLVYTEY NI vivd TVLN3IWIH3dX3 +II NO3Hd |

o'l

Ol

“0¢ 34N914
(089S -BHWW) 31 d

el -0l , -0l g-Ol 6-0l 01-0
! 09 + ]
- 0O X )
In 0'¢ ©O O O 0PoO .
F I€°0 O ]

g81°'0 v X X X X
. 0 OO0 0]
- 1S0°0 A + + + % -
i (W) o x xO |XOx O .
[ soupisig doo . v + + . -
|8 oVV VIV ¥ ox o -
C & v} & o “
. A N
v %
@) D
i v % ]
O pwif
- & plat4 wiojun -
[ | 11 uoauy ]
H_.-___ L 1 [ T I T | 1 1 "IN O A B I | .u_._.l_ i 1 ___,_._
“.rﬂ\h\\

00

'\ J
Sy

(wo-BHww) Vd

48




"SASVYO 1S3dL IANIN 404 SIAUND ZBOqumam

‘12 34N914

(ces-Bww) 14

Ol o1 on_ o_ o_
G- _ 9 K X X
| Wnli8H | |
- uobly 1
- uabAxQ “

[ Ay “
uaboJ}iN
948
- 2iuocaly |
i uoaid

A”m“mo uoaig “

| uaboaliN
| /.. o -
J.,__‘“..,/N_coﬁ.._ !
: uabAxol ) i
” iy / ]
” Pl uoai4 NG

IS O I T B | _

ol
m
S
01 ®
<
S
s
~
O
3
1
3
3
X
ol ©

Ol

49

R




9UOZQ O UOL||IWN 18d S}diDd

000¢ | 0002 000!l 0
T T T T T ¥ i | T T I T L 1 T | T T T 1 0

- wo1G0°0  Axgy o — T R
L wagl'0  Aygy . | | M o\\\\\\.\iem
— _ — v

|
I
Ty}

l
|
w

50

"HIV NI SaIWIL JAILYIWHOL GIHNSVIW NO NOILVHLNIONOD INOZO 40 193443

l
l
(s 8]

|
~
SPuUCDBSOUDN AD|aQ

"22 34N9 14
o -~ 6
— WagI'0 A¥ 2/
o 8b0}10A
aounysig 95/7d :
— dog payddy — &!
1 1 1 ] | ] i 1 ] | ! | 1 ] 1 1 { \ L b1



"SNIVHVddY TVINIWIYIdX3 40 WvHOVIg OQILVNIHIS

€2 JYN9Id
me | '
|oubig (3 |4ewaoysuoay ﬂu | iojonusyyy M_waxaozm
" T S21 040G qp 9 d
AY09-0
616 = e |
X1U0J %9 = |
T ‘ JaWwioysunay _ H.V 5 baw 002
13bba) T G2l ¢4 0§ = _
| | | Lt-9Y4 ”
= - = 149l
. % Aaoo Ji0}s1say do9 yJ0dg
r\/\/)\, = buimaip 21NnsSs8id
isel n Li-9Y B
pDOT 88|ng | L ueiingy | 710z 4D !H
0s v -
U | _ vV = A|ddng . T
‘ .|L, = @ 18M0d T
_ _ 8-94 1404 102
g-9Y4 130t
do9 , 104D1BUBY
¥iodg 196B11)
‘ ‘Uo4DIAY Y




wiIneg

'd¥9 LS3L 394V 40 NOILDIAS SSOuD
| ‘b2 34N9I4 |

. wnulwny Y aualkyskjod E ‘ | sso.g ﬂ

{104 buidwng _ \/mouo:om_m _, \!_oooaw .
m i

e B //fm//rl/.f;ﬁyrffiv.f\rjf BTV SN )

N
N
,

7

.‘\
i >3 A N
\ W
\ \
A //M////AE// T T T T TN

WoG+4H
1404 tybin 1\

52




_ Nanoseconds G H
0 2 4 6 8 10 12
LI L f T 111 ] rruriu ] LR R I LI DL ] I ‘l B ] L L

>

maud

lllllllll

et o b ol

A B C D E F

I3 Kilovolts  4cm gap  S5mmHqg Air

FIGURE 25.

TYPICAL VOLTAGE WAVEFORM
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