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David Hazen is Professor of Aeronautical Engineering at Princeton University; his field of

interest is low speed aerodynamics with emphasis on vertical-takeoff and short-takeoff and landing

(V/STOL) aircraft In 1951 Professor Hazen conducted a study for the Office of Naval Research on

the flow mechanisms associated with circulation control of wings. Several years later he developed

a plan to use a blimp as a "flying wind tunnel" to conduct tests on models of V/STOL aircraft

These tests were very successful in verifying wind tunnel data.

Professor Hazen has had an influential role in organizing foreign educational institutions

He established the Aeronautical Engineering Department at the Indian Institute of Technology,

and the College of Petroleum and Minerals in Arabia, and is trustee of Robert College in Istanbul

Today Professor Hazen continues to work for the Navy as Chairman of the Naval Research

Advisory Committee, of which he has been a member since 1968.
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David Hazen is Professor of Aeronautical Engineering at Princeton University; his field of 
interest is low speed aerodynamics with emphasis on vertical -takeoff and short-takeoff and landing 
(V/ STOL) aircraft. In 1951 Professor Hazen conducted a study for the Office of Naval Research on 
the flow mechanisms associated with circulation control of wings. Several years later he developed 
a plan to use a blimp as a ••flying wind tunnel "' to conduct tests on models of V/ STOL aircraft . 
These tests were very successful in verifying wind tunnel data. 

Professor Hazen has had an influential role in organizing foreign educational institutions. 
He established the Aeronautical Engineering Department at the Indian Institute of Technology, 
and the College of Petroleum and Minerals in Arabia, and is trustee of Robert College in Istanbul. 

Today Professor Hazen continues to work for the Navy as Chairman of the Naval Research 
Advisory Committee, of which he has been a member since 1968. 
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Microwave Signal Processing with

Resonant Echo Phenomena

D. E. Kaplan*

Lockheed Palo Alto Research Laboratory

The discovery of magnetic resonance in the mid-1940's provided a

powerful new method for studying the interactions of nuclei and elec-

trons in liquids and solids and spawned spectroscopic techniques that

are now widely used for chemical and biological analysis in science

and industry. Resonance principles soon found important application

to such areas as magnetometers for precise magnetic field measure-

ment and masers for low-noise microwave amplification.

Experiments which detected the resonance absorption of energy

from a continuous wave source at frequencies appropriate to the

interaction of the nuclear or electron magnetic moment and an applied

magnetic field (continuous wave magnetic resonance experiments)

were followed in the early 1950's by a variety of pulsed or transient

resonance experiments. In such experiments, a specimen containing a

large number of nuclear or electron spins (commonly denoted spin

system or spin ensemble) is excited by one or more pulses of resonance

radiation. Measurements are made of energy absorbed during pulse

application or of radiation emitted after the pulses have been applied.

In the course of one such transient resonance experiment, E. L. Hahn

(who is now Professor of Physics at The University of California,

Berkeley) made the remarkable discovery (1) that application of a

sequence of two or three resonant pulses to a nuclear spin system

resulted in the delayed occurrence of phase coherent states among

the spin ensemble. The large macroscopic magnetic moment associated

with this condition of phase coherence radiates strongly, and the

attendant pulse is termed as spin echo. Figure 1 illustrates the charac-

teristic sequence for this echo experiment. The envelope of the echo

amplitude formed as the pulse interval is varied was shown by Hahn

to reveal directly phase and energy relaxation rates of the spin en-

semble. Echo resonance techniques rapidly became a widely utilized

tool for the time domain study of relaxation and diffusion processes

in spin systems. In related echo experiments, the nuclear and elec-

tronic environment of a resonant species could be studied through its

*Dr. D. E. Kaplan is a Senior Member of the Lockheed Palo Alto Research Laboratory.

Dr. Kaplan's research interests have been largely concerned with coherent pulse stimulated

radiation phenomena, particularly echo effects and their application as a means for the

correlation, delay, and amplification of microwave signals.
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Microwave Signal Processing with 
Resonant Echo Phenomena 

D. E. Kaplan* 
Lockheed Palo Alto Research Laboratory 

The discovery of magnetic resonance in the mid- I 940's provided a 
powerful new method for studying the interactions of nuclei and elec­
trons in liquids and solids and spawned spectroscopic techniques that 
are now widely used for chemical and biological analysis in science 
and industry. Resonance principles soon found important application 
to such areas as magnetometers for precise magnetic field measure­
ment and masers for ]ow-noise microwave amplification. 

Experiments which detected the resonance absorption of energy 
from a continuous wave source at frequencies appropriate to the 
interaction of the nuclear or electron magnetic moment and an applied 
magnetic field (continuous wave magnetic resonance experiments) 
were followed in the early l 950's by a variety of pulsed or transient 
resonance experiments. In such experiments, a specimen containing a 
large number of nuclear or electron spins (commonly denoted spin 
system or spin ensemble) is excited by one or more pulses of resonance 
radiation. Measurements are made of energy absorbed during pulse 
application or of radiation emitted after tile pulses have been applied. 
In the course of one such transient resonance experiment, E. L. Hahn 
(who is now Professor of Physics at The University of California, 
Berkeley) made the remarkable discovery ( 1) that application of a 
sequence of two or three resonant pulses to a nuclear spin system 
resulted in the delayed occurrence of phase coherent s!ates among 
the spin ensemble. The large macroscopic magnetic moment associated 
with this condition of phase coherence radiates strongly, and the 
attendant pulse is termed as spin echo. Figure I illustrates the charac­
teristic sequence for this echo experiment. The envelope of the echo 
amplitude formed as the pulse interval is varied was shown by Hahn 
to reveal directly phase and energy relaxation rates of the spin en­
semble. Echo resonance techniques rapidly became a widely utilized 
tool for the time domain study of relaxation and diffusion processes 
in spin systems. In related echo experiments, the nuclear and elec­
tronic environment of a resonant species could be studied through its 

•Dr. D. E. Kaplan is a Senior Member of the Lockheed Palo Alto Research Laboratory. 
Dr. Kaplan's research interests have been largely concerned with coherent pulse stimulated 
radiation phenomena, particularly echo effects and their application as a means for the 
conelation, deJay, and amplification of microwave signals. 
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Figure I — Two-pulse and three-pulse echo sequence

effect upon the echo envelope, and weakly abundant neighboring

spin systems could be identified in sensitive double resonance experi-

ments by means of echo observations on a dominant indicator species.

The generation of an echo following the application of two or

more pulses is an inherently nonlinear process. That is, the spin sys-

tem which produces the echo must respond to the pulse stimulation

in a manner which is not directly proportional to the magnitude of

the excitation. In the case of a linear response characteristic, the

output would simply represent the summation of responses to the

separate pulse excitations. A delayed emitted pulse, or echo, cannot

be constructed from a linear response. In the case of a two-level spin

system (two allowed energy states between which magnetic transitions

occur) the dominant nonlinearity is associated with the amplitude re-

sponse of the spin system to the stimulating pulses. Hahn's apt race-

track analogy for echo formation, of runners symbolizing spins with

distributed characteristic frequencies reversing direction at the time

of the second pulse and later regrouping at the original starting line,

will be familiar to many readers. Similar two-level quantum systems,

whether they be magnetic dipole, or electric dipole as in the case of

the photon echo, (2) may be described in a like manner and will

produce echoes with parallel properties.

Following the discovery of the spin echo, it was recognized that

ihis phenomenon also constituted a unique form of digital memory,

permitting the controlled storage and recall of radio frequency pulses.

Investigations of the potential for radio frequency signal processing

and digital memories*(3,4) based upon nuclear echo phenomena were

undertaken early in the evolution of echo technology. In contrast

with its wide application as a diagnostic tool for fundamental studies,

the nuclear spin echo did not become competitive with alternative

technology for device application, but interest has persisted in the

possible utilization of related phenomena in other physical media
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effect upon the echo envelope, and weakly abundant neighboring 
spin systems could be identified in sensitive double resonance experi­
ments by means of echo observations on a dominant indicator species. 

The generation of an echo following the application of two or 
more pulses is an inherently nonlinear process. That is, the spin sys­
tem which produces the echo must respond to the pulse stimulation 
in a manner which is not directly proportional to the magnitude of 
the excitation. In the case of a linear response characteristic, the 
output would simply represent the summation of responses to the 
separate pulse excitations. A delayed emitted pulse, or echo, cannot 
be constructed from a linear response. In the case of a two-level spin 
system (two allowed energy states between which magnetic transitions 
occur) the dominant nonlinearity is associated with the amplitude re­
sponse of the spin system to the stimulating pulses. Hahn's apt race­
track analogy for echo formation, of runners symbolizing spins with 
distributed characteristic frequencies reversing direction at the time 
of the second pulse and later regrouping at the original starting line, 
will be familiar to many readers. Similar two-level quantum systems, 
whether they be magnetic dipole, or electric dipole as in the case of 
the photon echo, (2) may be described in a like manner and will 
produce echoes with parallel properties. 

Following the discovery of the spin echo, it was recognized that 
this phenomenon also constituted a unique form of digital memory, 
permitting the controlled storage and recall of radio frequency pulses. 
Investigations of the potential for radio frequency signal processing 
and digital memories"(3,4) based upon nuclear echo phenomena were 
undertaken early in the evolution of echo technology. In contrast 
with its wide application as a diagnostic tool for fundamental studies. 
the nuclear spin echo did not become competitive with alternative 
technology for device application, but interest has persisted in the 
possible utilization of related phenomena in other physical media 
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with resonant frequencies lying in the microwave or optical spectral

regions.

With the maturation of electron resonance techniques and the ad-

vent of a variety of laboratory instrumentation suitable for pulsed

microwave experiments, investigation of the microwave analogue of

the nuclear spin echo in electron spin systems was undertaken at the

Lockheed Palo Alto Research Laboratory under the sponsorship of

the Office of Naval Research. At the time the study was initiated,

the intent was to investigate the feasibility of a microwave computer

memory based upon the echo technique. Various proposals for com-

puter logic elements employing microwave carriers rather than base-

band signals for information processing were then under active study.

Interest in this type of computer technology has since waned but cer-

tain results of this program, which now continues in a different format,

are important because they illustrate how a research project can lead

into productive new areas yielding results of an entirely unanticipated

nature, in this case with a potential for application to microwave

signal processing devices.

A pulsed microwave resonance spectrometer, in many respects

similar to a high resolution radar system, was developed to display

transient electron resonance phenomena. Because of the strength of

electron interactions, electron spin echoes were expected to have

coherent lifetimes on the order of microseconds, rather than the

millisecond lifetime characteristic of nuclear spin phase memory.

During this program, which initiated with an examination of narrow

linewidth paramagnetic systems at low temperature, other resonant

physical systems with an intrinsically high-Q response, but of a dif-

ferent physical character than two-level quantum systems, were

subject to multiple pulse excitation. Surprisingly, in several cases

echo phenomena were observed bearing the same temporal relation-

ship to the stimulating pulses as that of spin echo but with unusual

envelope and intensity properties. The most notable examples from

this study are the cyclotron echo (5) from free electrons in various

magnetoplasma regimes and echoes from spin modes representing

collective magnetic behavior in ferrimagnetic (6,7) material.

The cyclotron resonance of charged particles at low excitation

energies and low density is understood to be a linear phenomenon

and should not produce echoes. In fact, the cyclotron echo appeared

as a particularly strong effect with a radiated power level that could

reach 1 to 2% of that of the excitation pulses, and uncharacteristically

the echo amplitude initially grew rapidly as the pulse separation was

increased from minimum intervals. This led to a search for other types

of physical processes that could produce echoes. The cyclotron echo
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with resonant frequencies lying in the microwave or optical spectral 
regions. 

With the maturation of electron resonance techniques and the ad­
vent of a variety of laboratory instrumentation suitable for pulsed 
microwave experiments, investigation of the microwave analogue of 
the nuclear spin echo in electron spin systems was undertaken at the 
Lockheed Palo Alto Research Laboratory under the sponsorship of 
the Office of Naval Research. At the time the study was initiated, 
the intent was to investigate the feasibility of a microwave computer 
memory based upon the echo technique. Various proposals for com­
puter logic elements employing microwave carriers rather than base­
band signals for information processing were then under active study. 
Interest in this type of computer technology has since waned but cer­
tain results of this program, which now continues in a different format, 
are important because they illustrate how a research project can lead 
into productive new areas yielding results of an entirely unanticipated 
nature, in this case with a potential for application to microwave 
signal processing devices. 

A pulsed microwave resonance spectrometer, in many respects 
similar to a high resolution radar system, was developed to display 
transient electron resonance phenomena. Because of the strength of 
electron interactions, electron spin echoes were expected to have 
coherent lifetimes on the order of microseconds, rather than the 
millisecond lifetime characteristic of nuclear spin phase memory. 
During this program, which initiated with an examination of narrow 
linewidth paramagnetic systems at low temperature, other resonant 
physical systems with an intrinsically high-Q response, but of a dif-, 
ferent physical character than two-level quantum systems, were 
subject to multiple pulse excitation. Surprisingly, in several cases 
echo phenomena were observed bearing the same temporal relation­
ship to the stimulating pulses as that of spin echo but with unusual 
envelope and intensity properties. The most notable examples from 
this study are the cyclotron echo (5) from free electrons in various 
magnetoplasma regimes and echoes from spin modes representing 
collective magnetic behavior in ferrimagnetic ( 6, 7) material. 

The cyclotron resonance of charged particles at low excitation 
energies and low density is understood to be a linear phenomenon 
and should not produce echoes. In fact, the cyclotron echo appeared 
as a particularly strong effect with a radiated power level that could 
reach 1 to 2% of that of the excitation pulses, and uncharacteristically 
the echo amplitude initially grew rapidly as the pulse separation was 
increased from minimum intervals. This led to a search for other types 
of physical processes that could produce echoes. The cyclotron echo 
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proved to be the first experimental example of several new types of

echo-producing mechanisms which include nonlinear relaxation,

amplitude-dependent oscillator frequency shifts, and localized oscil-

lator coupling. Space precludes a discussion in this article of the

physics underlying these novel echo formation mechanisms, but the

interested reader is referred to the abundant literature on the subject

(8-13). It is instructive to note here that the mechanisms cited all

become operative during the oscillator phase drift period after pulse

application, with the result that the echo amplitude grows with in-

creasing pulse separation as the cumulative effect of the echo-

producing process enhances the strength of the coherent moment.

Eventually relaxation effects irreversibly dissipate energy, and the

echo decays. This behavior is in striking contrast to that of the spin

echo, whose origin is due to a nonlinear response of the spins during

the pulse application. The spin echo amplitude decays monotonically

as the pulse interval is increased.

We now turn our attention to the ferrimagnetic echo (14), which,

because of a peculiar combination of experimental parameters, appears

to be the most promising candidate for device application within this

family of echo phenomena that have been investigated to date. Certain

of these device-oriented studies are conducted under the sponsorship

of the Naval Research Laboratory. The ferrimagnetic echo, first ob-

served in narrow linewidth yttrium iron garnet (YIG), shares with

the cyclotron echo the unusual envelope characteristic and exhibits

an altogether singular amplification phenomenon (7, 12-15). For a

limited range of pulse interval, the echo intensity can be two to three

orders of magnitude greater than that of the input signal. This ampli-

fication has been observed over a wide frequency range extending into

microwave X-band at ambient temperature, and over appreciable

instantaneous bandwidths of several hundred MHz or more. The ampli-

fication process results from active mode coupling (12,13) within a

restricted portion of the spin wave spectrum. A coupled mode ensem-

ble can be shown to exist (16) in a bounded sample geometry with

the coupling characteristically localized in both frequency and space

throughout the mode spectrum. The coupling between spin modes

with low oppositely directed group velocities of similar magnitude

provides positive feedback with some modes gaining energy rapidly

at the expense of others. This is in effect a many bodied parametric

amplification process and the experiment provides an unusual exam-

ple of a time domain ferrimagnetic amplifier in which both signal and

"pump" are applied in the same frequency range. The system may be

likened to an array of pendula of progressively spaced characteristic

frequency, each spring coupled to its adjacent neighbors in frequency
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proved to be the first experimental example of several new types of 
echo-producing mechanisms which include nonlinear relaxation, 
amplitude-dependent oscillator frequency shifts, and localized oscil­
lator coupling. Space precludes a discussion in this article of the 
physics underlying these novel echo formation mechanisms, but the 
interested reader is referred to the abundant literature on the subject 
(8-13). It is instructive to note here that the mechanisms cited all 
become operative during the oscillator phase drift period after pulse 
application, with the result that the echo amplitude grows with in­
creasing pulse separation as the cumulative effect of the echo­
producing process enhances the strength of the coherent moment. 
Eventually relaxation effects irreversibly dissipate energy, and the 
echo decays. This behavior is in striking contrast to that of the spin 
echo, whose origin is due to a nonlinear response of the spins during 
the pulse application. The spin echo amplitude decays monotonically 
as the pulse interval is increased. 

We now turn our attention to the ferrimagnetic echo (14), which, 
because of a peculiar combination of experimental parameters, appears 
to be the most promising candidate for device application within this 
family of echo phenomena that have been investigated to date. Certain 
of these device-oriented studies are conducted under the sponsorship 
of the Naval Research Laboratory. The ferrimagnetic echo, first ob­
served in narrow linewidth yttrium iron garnet (YIG), shares with 
the cyclotron echo the unusual envelope characteristic and exhibits 
an altogether singular amplification phenomenon (7, 12-15). For a 
limited range of pulse interval, the echo intensity can be two to three 
orders of magnitude greater than that of the input signal. This ampli­
fication has been observed over a wide frequency range extending into 
microwave X-band at ambient temperature, and over appreciable 
instantaneous bandwidths of several hundred MHz or more. The ampli­
fication process results from active mode coupling ( 12, 13) within a 
restricted portion of the spin wave spectrum. A coupled mode ensem­
ble can be shown to exist (16) in a bounded sample geometry with 
the coupling characteristically localized in both frequency and space 
throughout the mode spectrum. The coupling between spin modes 
with low oppositely directed group velocities of similar magnitude 
provides positive feedback with some modes gaining energy rapidly 
at the expense of others. This is in effect a many bodied parametric 
amplification process and the experiment provides an unusual exam­
ple of a time domain ferrimagnetic amplifier in which both signal and 
"pump" are applied in the same frequency range. The system may be 
likened to an array of pendula of progressively spaced characteristic 
frequency, each spring coupled to its adjacent neighbors in frequency 
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and space. The energy for the amplified echo is derived from the

second pulse in a two-pulse sequence or the third pulse in a three-pulse

sequence. The peak power of this pump pulse may generally be of the

order of 1 watt or less and signal pulse powers may lie in the range

from 10-12 to 10-5 watts for linear amplification. Signal gain on the

order of 20 to 30 dB is not uncommon at frequencies from 1 to 10

GHz. At frequencies where the Y1G linewidth is minimized, echo

amplification may be observed for echo-signal intervals of as much

as several microseconds.

The localized coupling of the spin modes producing the amplified

echo requires an internally inhomogeneous magnetic field. The field

conditions are found to be conveniently satisfied by combining the

effects of internal gradients arising from surface demagnetizing fields

in crystal geometries of modest aspect ratio with small permanent

magnets which themselves provide a bias field having both longitudinal

and transverse field gradients. An example of such a configuration

which produces strong amplified echoes is shown in Figure 2. High

energy product samarium cobalt disk magnets bracket a short YIG

bar and associated meanderline microwave coupling structure. While

this geometry has some limitations for device application, it serves

to illustrate how compact the assembly can be made. The YIG delay

element can be formed from a composite matrix consisting of a poly-

crystalline component in which a small single crystal segment is im-

bedded at a location where the field gradients are conducive to

amplified echo generation. Figure 3 is a typical two-pulse amplified

echo sequence from a composite YIG bar in a slightly larger permanent

magnet geometry yielding amplification at upper C-band frequencies.
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and space. The energy for the amplified echo is derived from the 
second pulse in a two-pulse sequence or the third pulse in a three-pulse 
sequence. The peak power of this pump pulse may generally be of the 
order of I watt or less and signal pulse powers may lie in the range 
from I 0-12 to 10-5 watts for linear amplification. Signal gain on the 
order of 20 to 30 dB is not uncommon at frequencies from 1 to l 0 
GHz. At frequencies where the YIG linewidth is minimized, echo 
amplification may be observed for echo-signal intervals of as much 
as several microseconds. 

The localized coupling of the spin modes producing the amplified 
echo requires an internally inhomogeneous magnetic field. The field 
conditions are found to be conveniently satisfied by combining the 
effects of internal gradients arising from surface demagnetizing fields 
in crystal geometries of modest aspect ratio with small permanent 
magnets which themselves provide a bias field having both longitudinal 
and transverse field gradients. An example of such a configuration 
which produces strong amplified echoes is shown in Figure 2. High 
energy product samarium cobalt disk magnets bracket a short YIG 
bar and associated meanderline microwave coupling structure. While 
this geometry has some limitations for device application , it serves 
to illustrate how compact the assembly can be made. The YIG delay 
element can be formed from a composite matrix consisting of a poly­
crystalline component in which a small single crystal segment is im­
bedded at a location where the field gradients are conducive to 
amplified echo generation. Figure 3 is a typical two-pulse amplified 
echo sequence from a composite YIG bar in a slightly larger permanent 
magnet geometry yielding amplification at upper C-band frequencies. 

Figurt• 2 - Experi111 e11tal miniature Ji-rri111ag 11 etic echo module 

using rare earth mag net., 
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Figure 3 — Oscilloscope display of amplified echo from I-mm single-

crystal YIG wafer positioned 2.5 mm from polycrystalline YIG bar end

face. Echo gain is approximately 20 dB for delay time 2 r of 1.2 usee.

Pt is of 15-nsec duration with peak power of I W. Receiver gain is elec-

tronically reduced during Pi on-time.

While the echo delay and amplification process is inherently volatile

and lifetime limited by relaxation effects, it is possible to prolong

signal storage with an iterative pulse sequence in which a signal is first

amplified and then kept alive in the crystal for periods in excess of 10

microseconds.

The delay and amplification of a monochromatic pulse as shown in

Figure 3 is a form of cross correlation process which provides signal

replication when the second pulse approximates a delta function. A

modified form of autocorrelation (17) with signal gain can be obtained

if the pump pulse is one-half the time duration of the signal and has

the same frequency characteristics. These pulse sequences are

illustrated in Figures 4 and 5 for monochromatic and chirped wave-

Forms, respectively, and typical experimental results are shown in

Figures 6 and 7. Time bandwidth products for pulse compression in

excess of several hundred have been obtained with the chirped signals.

An echo representing a dispersive display or spectral signature of a

short signal pulse can be obtained by following the signal with a chirped

processing pulse as shown by reading Figure 5 from right to left. Pulse

compression and pulse expansion sequences may be successively com-

bined to provide pulse time multiplexing and demultiplexing of a

digital signal pulse code, spaced both in frequency and time.

The evolution of an attractive signal processing device based upon

the ferrimagnetic echo is complicated by the fact that the most inter-

esting device configurations have, due to their compactness, many
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Fil(ure 3 - Oscil/oscupe display of amplified echo from I-mm single­
crystal YIG wafer positioned 2.5 mm from polycrystalline YIG bar end 
f ace. Echo J,! ain is approximately 20 dB for delay time 2T of 1.2 µ.sec. 
P2 is of I 5-nsec duration ll'ith peak po11·er of I W. Receiver gain is elec­
tronically reduced durinl( P2 on-time. 

While the echo delay and amplification process is inherently volatile 
and lifetime limited by relaxation effects, it is possible to prolong 
signal storage with an iterative pulse sequence in which a signal is first 
amplified and then kept alive in the crystal for periods in excess of I 0 
microseconds. 

The delay and amplification of a monochromatic pulse as shown in 
Figure 3 is a form of cross correlation process which provides signal 
replication when the second pulse approximates a delta function. A 
modified form of autocorrelation ( 17) with signal gain can be obtained 
if the pump pulse is one-half the time duration of the signal and has 
the same frequency characteristics. These pulse sequences are 
illustrated in Figures 4 and 5 for monochromatic and chirped wave­
forms, respectively, and typical experimental results are shown in 
Figures 6 and 7. Time bandwidth products for pulse compression in 
excess of several hundred have been obtained with the chirped signals. 
An echo representing a dispersive display or spectral signature of a 
short signal pulse can be obtained by following the signal with a chirped 
processing pulse as shown by reading Figure 5 from right to left. Pulse 
compression and pulse expansion sequences may be successively com­
bined to provide pulse time multiplexing and demultiplexing of a 
digital signal pulse code, spaced both in frequency and time. 

The evolution of an attractive signal processing device based upon 
the ferrimagnetic echo is complicated by the fact that the most inter­
esting device configurations have, due to their compactness, many 
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At/2

F(w.t/2)

At

SIGNAL

PULSE

CORRELATION

PULSE

ECHO CORRELATION

FUNCTION

Figure 4 — Autocorrelation sequence for monochromatic signal pulse

SIGNAL

ECHO

CORRELATION

PULSE

Figure 5 — Autocorrelation sequence for chirped signal pulse
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F(w, t/l) 

SIGNAL 
PU11!E 

CORRELATION 
PU11!E 

ECHO CORRELATION 
FUNCTION 

Figure 4 - A11tocorrel11tion .1cc1111•11cc Jiir monochromatic .1ignal pulse 
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CHIRPED

SECOND PULSE-

U

TIME-COMPRESSED

ECHO

TIME COMPRESSION •

-TIME EXPANSION

Figure 6 — Experimental display of autocorrelation of monochromatic pulse

at 7 GHz. Time scale is 200 nseclcm.

(a)

(b)

(c)

(d)

Figure 7 — Experimental display of

echo pulse compression at 9 GHz-

Frames a, h, c show processing pulse,

signal, and echo, respectively. The

signal is a composite of two chirped

pulses w ith a 15-nsec relative displace-

ment and is externally amplified for

presentation. Time scale is 0.5 ulcm.

Frame d at 5 nseclcm is a time-expanded

display of the doublet echo.
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CHffiPED 
SECOND PULSE 

TIME-COMPRESSED 
ECHO Y 

CHffiPED SIGNAL 

(a) 

(b ) 

(c) 

(d) 

TIME COMPRESSION----­

-------TIME EXPANSION 

Figure 6 - Experimental display of autocorrelation of monochromatic pulse 

ctt 7 GHz. . Tim e scale is 200 nsec/cm. 

8 

Fil(ure 7 - Experimental display of 

echo pulse compression at 9 (;H z . 

Frames 11 . b, c shall' processing pulse. 

siw wl, and echo , respectii·e ly. T he 

signal is II composite of two chirped 

pulses ll'ith ct 15-nsec relutil't' di.~pluce­

ment and' is externally ctmplified fo r 

presentation. Time scale is 0.5 µ /cm. 

Frame d at 5 nsec/cm is a time-expanded 
display of the doublet echo. 
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different field gradient components and do not readily lend them-

selves to an analytical treatment. As an inherently active signal corre-

lator, its application to signal processing systems poses problems not

usually encountered with a passive device. Notwithstanding these cir-

cumstances, the features of room temperature amplification, small

physical size, modest pump power, and electronically variable delay

are quite unique in combination and invite a serious effort toward

ferrimagnetic echo device development.
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Nylon-11 May Be Ideal High Pressure Lube

Dr. L. C. Towle of the Naval Research Laboratory reports that Nylon-11 may

be an ideal lubricant for high pressure applications, and it won't break down as

easily as other solid films presently in use, such as fluoroethylenes.

The solid film lubricant promises to have many applications for the Navy and

industry. The use of solid film lubricants has become increasingly common in

the last decade, particularly in special applications where conventional greases

and oils lose their effectiveness due to high stress conditions. The finite shear

strength of a solid film retards its expulsion from regions of high stress and helps

maintain the integrity of the lubricant film.

I Continued on Page 29)
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different field gradient components and do not readily lend them­
selves to an analytical treatment. As an inherently active signal corre­
lator, its application to signal processing systems poses problems not 
usually encountered with a passive device. Notwithstanding these cir­
cumstances, the features of room temperature amplification, small 
physical size, modest pump power, and electronically variable delay 
are quite unique in combination and invite a serious effort toward 
ferrimagnetic echo device development. 
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Ignition of Hydrocarbons

and the Thermalization of

Electrical Discharges*

E. Barreto, S. I. Reynolds, and H. Jurenka*

State University of New York at Albany

This research on electrical discharges began in an effort to find the

maximum electrical charge that could be placed on a water drop. The

Office of Naval Research supported the project because it would

benefit the Navy in dealing with the problems of fog forecasting and

thunderstorm phenoemna. Today the research continues with the

broader objectives of understanding the mechanism of electrical break-

down in a charged mist or aerosol so as to be able to distinguish be-

tween the conditions that lead to corona or brush discharge and single

streamer or spark discharge. There are several aspects to the naval

relevance of this research including the provision of better data for

design against the hazard of direct lightning strike or simply the

breakdown of plastic or dielectric surfaces, such as a windshield in

strong electric field conditions. Communications interference and

tanker explosions are other applicable areas for the research.

The principal approach to this research is through laboratory

simulation experiments in which spark currents and luminosities are

very closely timed and the sparks photographed. Both metallic and

dielectric electrodes are used and also electrodes of fresh and saline

water.

Electrical discharges between metal electrodes are very efficient

and convenient ignition sources, and their ability to ignite has been

carefully evaluated (1). Recently, need has increased to determine

the properties of the electrical discharges that produce unwanted igni-

tions when nonmetal surfaces are involved. The oil industry, for

instance, has suffered losses because of unexplained explosions that

have been traced down to possible electrical discharges (2,3). This

has added interest to well-known problems associated with ignitions

in coal mines, flour mills, and operating rooms where such discharges

*Mr. Baneto is a Science Research Associate at the State University of New York. His

fields of interest are electrical discharges and aerosols. Mr. Reynolds, who formerly was at

the Research and Development Center of Geneial Electric, is now a Research Associate at

the University. Mr. Jurenka is a graduate student assisting with the project.

f This article has been extracted from the Journal of Applied Physics, VoL 45, No. 8,

August 1974, page 3317.
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Ignition of Hydrocarbons 
and the Thennalization of 

Electrical Discharges* 

E. Barreto, S. I. Reynolds, and H. Jurenkat 
State University of New York at Albany 

This research on electrical discharges began in an effort to find the 
maximum electrical charge that could be placed on a water drop. The 
Office of Naval Research supported the project because it would 
benefit the Navy in dealing with the problems of fog forecasting and 
thunderstorm phenoemna. Today the research continues with the 
broader objectives of understanding the mechanism of electrical break­
down in a charged mist or aerosol so as to be able to distinguish be­
tween the conditions that lead to corona or brush discharge and single 
streamer or spark discharge. There are several aspects to the naval 
relevance of this research including the provision of better data for 
design against the hazard of direct lightning strike or simply the 
breakdown of plastic or dielectric surfaces, such as a windshield in 
strong electric field conditions. Communications interference and 
tanker explosions are other applicable areas for the research. 

The principal approach to this research is through laboratory 
simulation experiments in which spark currents and luminosities are 
very closely timed and the sparks photographed. Both metallic and 
dielectric electrodes are used and also electrodes of fresh and saline 
water. 

Electrical. discharges between metal electrodes are very efficient 
and convenient ignition sources, and their ability to ignite has been 
carefully evaluated (I). Recently, need has increased to determine 
the properties of the electrical discharges that produce unwanted igni­
tions when nonmetal surfaces are involved. The oil industry, for 
instance, has suffered losses because of uuexplained explosions that 
have been traced down to possible electrical discharges (2,3). This 
has added interest to well-known problems associated with ignitions 
in coal mines, flour mills, and operating rooms where such discharges 

*Mr. Barreto is a Science Research Associate at the State University of New York. His 
fields of interest are electrical discharges and aerosols. Mr. Reynolds, who formerly was at 
the Research and Development Center of Gene, al Electric, is now a Research Associate at 
the University. Mr. Jurenka is a graduate student assisting with the project. 

tThis article has been extracted from the Journal of Applied Physics, Vol 45, No. 8, 
August 1974, page 3317. 
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are recognized sources of trouble. Also, the prolific use of all kinds

of plastics and epoxy coatings provides an increasing probability for

the occurrence of unwanted stored charges and possible discharges.

These have caused problems, most of the time unexpected and some-

times affecting large-scale projects. For instance, charge accumulation

on the bigger windshield of new large aircraft can produce punctures

that could cause a loss of pressure in the pilot's cockpit (4,5). Also,

electrical discharges were found to be the cause of potential problems

in the Apollo and Skylab spacecrafts (6).

In this report we study the physical mechanism by which electri-

cal discharges ignite hydrocarbons, and propose an ignition criterion

that is based on the properties of the discharge channel.

Experimental Setup

The experiments are done using electrodes of different shapes to

control the geometrical distribution of the electric field in the dis-

charge gap. A uniform field is approximated by a sphere-plane con-

figuration instead of two planes. The diameter of the sphere used is

about 25 times the gap separation (2mm) and the breakdown voltage

is the same using either this sphere or two plane electrodes. The use

of the sphere is preferred because it localizes the region of break-

down. For tests using a liquid surface, a thin rubber gasket is placed

on top of a plane metal electrode and the circular region inside the

gasket is filled with water. For tests using a solid dielectric, a 0.01-cm-

thick polyester film (Mylar) is placed on top of the lower plane

electrode.

The electrical circuit is shown in Figure 1. The power supply is

connected to the gap through a very large resistor. Therefore, the

energy for the rapid discharges is supplied only by a capacitor C that

represents the sum of several capacities all in parallel: the electrode

gap (2-3 pF), the wires and associated supports (10 pF) and capacity

purposely added to the circuit. The values are measured using a

bridge that was specially constructed for this purpose (7) and is

accurate to ± 0.5 pF.

The discharge is monitored using a still camera, a photomultiplier,

and a fast oscilloscope that reads the voltage across a small series

resistor (50ft). It can be shown that the motion of charge in the

interelectrode gap is accurately reproduced by the current flow in

this resistor, and that the trace on the oscilloscope measures the

development of the discharge current from onset even before the

charges produced in the gap can reach the electrodes.

For tests producing ignitions, the electrode gap is enclosed in a

Lucite tube that has a flexible cover. Only propane-air mixtures are
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are recognized sources of trouble. Also, the prolific use of all kinds 
of plastics and epoxy coatings provides an increasing probability for 
the occurrence of unwanted stored charges and possible discharges. 
These have caused problems, most of the time unexpected and some­
times affecting large-scale projects. For instance, charge accumulation 
on the bigger windshield of new large aircraft can produce punctures 
that could cause a loss of pressure in the pilot's cockpit ( 4,5). Also, 
electrical discharges were found to be the cause of potential problems 
in the Apollo and Skylab spacecrafts (6). 

In this report we study the physical mechanism by which electri­
cal discharges ignite hydrocarbons, and propose an ignition criterion 
that is based on the properties of the discharge channel. 

Experimental Setup 
The experiments are done using electrodes of different shapes to 

control the geometrical distribution of the electric field in the dis­
charge gap. A uniform field is approximated by a sphere-plane con­
figuration instead of two planes. The diameter of the sphere used is 
about 25 times the gap separation (2mm) and the breakdown voltage 
is the same using either this sphere or two plane electrodes. The use 
of the sphere is preferred because it localizes the region of break­
down. For tests using a liquid surface, a thin rubber gasket is placed 
on top of a plane metal electrode and the circular region inside the 
gasket is filled with water. For tests using a solid dielectric, a 0.01-cm­
thick polyester film (Mylar) is placed on top of the lower plane 
electrode. 

The electrical circuit is shown in Figure 1. The power supply is 
connected to the gap through a very large resistor. Therefore, the 
energy for the rapid discharges is supplied only by a capacitor C that 
represents the sum of several capacities all in parallel: the electrode 
gap (2-3 pF), the wires and associated supports ( 10 pF) and capacity 
purposely added to the circuit. The values are measured using a 
bridge that was specially constructed for this purpose (7) and is 
accurate to± 0.5 pF. 

The discharge is monitored using a still camera, a photomultiplier, 
and a fast oscillosoope that reads the voltage across a small series 
resistor (50.Q). It can be shown that the motion of charge in the 
interelectrode gap is accurately reproduced by the current flow in 
this resistor, and that the trace on the oscilloscope measures the 
development of the discharge current from onset even before the 
charges produced in the gap can reach the electrodes. 

For tests producing ignitions, the electrode gap is enclosed in a 
Lucite tube that has a flexible cover. Only propane-air mixtures are 
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Figure I — Experimental setup

used at a constant mixing ratio of 5.5% propane by volume. The

minimum energy values experimentally obtained are in the range of

tenths of millijoules and close to those published in the literature (1).

This shows compatibility of our tests with those using more elaborate

control of the gas mixture.

Hydrocarbon Explosions

The ignition of a hydrocarbon-air mixture happens because free

radicals (e.g., H, OH, CH's, COH's) are able to break up the C-H

chains. The initial breakup is accompanied by the release of chemical

energy that heats the system while the chemical reactions are produc-

ing new free radicals. Since the reaction rates for the chemical trans-

formations are rapidly increasing functions of temperature, heat is

produced at an increasing rate and, if the mixture is appropriate, the

overall pressure of the system changes very rapidly. That is, an explo-

sion takes place. This description is simplistic but serves to illustrate

basic ignition properties that are important when considering electri-

cal discharges. First of all, there must exist a critically sized nucleat-

ing volume for which heat conduction through its surface matches

heat production in the inside. For this and smaller volumes, no signi-

ficant local heating can take place and the pressure does not increase
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used at a constant mixing ratio of 5.5% propane by volume. The 
minimum energy values experimentally obtained are in the range of 
tenths of millijoules and close to those published in the literature ( l ). 
This shows compatibility of our tests with those using more elaborate 
control of the gas mixture. 

Hydrocarbon Explosions 

The ignition of a hydrocarbon-air mixture happens because free 
radicals (e.g., H, OH, CH's, COH's) are able to break up the C-H 
chains. The initial breakup is accompanied by the release of chemical 
energy that heats the system while the chemical reactions are produc­
ing new free radicals. Since the reaction rates for the chemical trans­
formations are rapidly increasing functions of temperature, heat is 
produced at an increasing rate and, if the mixture is appropriate, the 
overall pressure of the system changes very rapidly. That is, an explo­
sion takes place. This description is simplistic but serves to illustrate 
basic ignition properties that are important when considering electri­
cal discharges. First of all, there must exist a critically sized nucleat­
ing volume for which heat conduction through its surface matches 
heat production in the inside. For this and smaller volumes, no signi­
ficant local heating can take place and the pressure does not increase 
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fast enough to be an explosion. The concept of a critically sized

reacting volume leads, of course, to quenching distances in spark

gaps (1). This is a distance below which electrical discharges do not

ignite using parallel planes (2.00 mm in our 5.5% propane-air mix-

ture). Note that the quenching distance is a basic property of the com-

bustion process itself, not of the electrical discharge. It is clear then

that ignitions are basically heat-transfer processes and as such their

onset takes a long time compared to the time for an electrical dis-

charge. Figure 2 shows the luminosity traces seen by the photo-

multiplier when two ignitions are produced using two different

capacitances. At the sweep speed used (1 msec/div) the spark dis-

charge is barely visible and complete at zero time. Note, however, that

the luminosity from the ignition exhibits a slow rise time of the

order of milliseconds compatible with heat-transfer processes in the

air. In fact, the luminosity traces in Figure 2 have, as expected, the

same shape as that of the temperature profile across an adiabatic

plane combustion wave. Therefore, the discharge always becomes

hot before the hydrocarbons can release sufficient heat to ignite the

mixture by chemical reactions. In other words, the role of the spark

is to raise the temperature in a critically sized volume around the

discharge channel. This volume must be filled with the proper mix-

ture in order to sustain the chemical reaction, but the heat transfer to

it actually takes place long after the electrical event has concluded, as

seen in the luminosity traces of Figure 2. Conversely, when an electri-

cal discharge produces an ignition, this demonstrates that the charac-

ter of the discharge is such that electrical energy has been transformed

into heat along a discharge filament.

9.15 kv 33 and 133 pf

Figure 2 — Photomultiplier signal from the light accom-

paying two ignitions with different capacities. A metal-

water gap is used. Note the spark is over at practically

zero time and Iong before light from the ignition appears.
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fast enough to be an explosion. The concept of a critically sized 
reacting volume leads, of course, to quenching distances in spark 
gaps (1 ). This is a distance below which electrical discharges do not 
ignite using parallel planes (2.00 mm in our 5.5% propane-air mix­
ture). Note that the quenching distance is a basic property of the com­
bustion process itself, not of the electrical discharge. It is clear then 
that ignitions are basically heat-transfer processes and as such their 
onset takes a long time compared to the time for an electrical dis­
charge. Figure 2 shows the luminosity traces seen by the photo­
multiplier when two ignitions are produced using two different 
capacitances. At the sweep speed used ( 1 msec/div) the spark dis­
charge is barely visible and complete at zero time. Note, however, that 
the luminosity from 'the ignition exhibits a slow rise time of the 
order of milliseconds compatible with heat-transfer processes in the 
air. In fact, the luminosity traces in Figure 2 have, as expected, the 
same shape as that of the temperature profile across an adiabatic 
plane combustion wave. Therefore, the discharge always becomes 
hot before the hydrocarbons can release sufficient heat to ignite the 
mixture by chemical reactions. In other words, the role of the spark 
is to raise the temperature in a critically sized volume around the 
discharge channel. This volume must be filled with the proper mix­
ture in order to sustain the chemical reaction, but the heat transfer to 
it actually takes place Jong after the electrical event has concluded, as 
seen in the luminosity traces of Figure 2. Conversely, when an electri­
cal discharge produces an ignition, this demonstrates that the charac­
ter of the discharge is such that electrical energy has been transformed 
into heat along a discharge filament. 

9.15 kv 33 and 133 pf 

Figure 2 - Photomultiplier .1-ignal f ro111 the light accom­
paying tll'o ignitions with different capacities. A metal­
water gap is used . Note the spark is m·er at practically 
zero time and long bt'fore light from the ignition appears. 
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Thermaliza tion of the Discharge Channel

The thermalization process that converts part of the electrical

energy stored in the capacitor into thermal energy of the gas is not

completely understood. The oscilloscope trace of Figure 3 shows

the current measured as a function of time using metal electrodes and

a uniform electric field. The gap separation is the quenching distance

(0.2 cm), and an ignition takes place a few milliseconds after the

recorded trace. Figure 3 shows that the whole heating process from

onset takes less than 40 nsec. The area under this current-vs-time

trace represents the charge stored in the capacitor. Since ignition

tests have shown that the heat loss to the electrodes is small (1), and

since the Joule energy going into the test resistor is also small com-

pared to the energy stored in the capacitor, we can be sure that most

of the energy has gone into the gas. The field is significantly higher

than the conventionally quoted breakdown strength for air (40 vs

kV/cm) not because of the gas mixture but because of the small gap

used.

The electrical discharge is completed very early in the ignition

sequence, and the times of interest, as far as the production of a small

heated volume is concerned, range not in milliseconds but in tens of

nanoseconds. This assumes that there is no process whereby electrical

energy is transferred to the gas and stored in it for nearly a millisecond

before the gas temperature increases. The only process that we can

envision as capable to produce such an effect is the production of

metastable molecules. In fact, it is known that metastables can affect

the onset conditions in a sequence of several discharges, but this only

proves that the total metastable stored energy per single discharge is

small compared to the thermal energy of the gas. The possibility of

\

\ 1 . i

<

L,, jy

c

B

•O

In

50 ns

8.0 lev 12 pf Expl.

Figure 3 — Current truce from a spark that produces an

ignition with minimum energy input (0.38 mJ) using metal

electrodes and a uniform electric field.
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Thermalization of the D~charge Channel 

The thermalization process that converts part of the electrical 
energy stored in the capacitor into thermal energy of the gas is not 
completely understood. The oscilloscope trace of Figure 3 shows 
the current measured as a function of time using metal electrodes and 
a uniform electric field. The gap separation is the quenching distance 
(0.2 cm), and an ignition takes place a few millitseconds after the 
recorded trace. Figure 3 shows that the whc:>le heating process from 
onset takes less than 40 nsec. The area under this current-vs-time 
trace represents the charge stored in the capacitor. Since ignition 
tests have shown that the heat loss to the electrodes is small (I), and 
since the Joule energy going into the test resistor is also small com­
pared to the energy stored in the capacitor, we can be sure that most 
of the energy has gone into the gas. The field is significantly higher 
than the conventionally quoted breakdown strength for air ( 40 vs 
kV /cm) not because of the gas mixture but because of the small gap 
used. 

The electrical discharge is completed very early in the ignition 
sequence, and the times of interest, as far as the production of a small 
heated volume is concerned, range not in milliseconds but in tens of 
nanoseconds. This assumes that there is no process whereby electrical 
energy is transferred to the gas and stored in it for nearly a millisecond 
before the gas temperature increases. The only process that we can 
envision as capable to produce such an effect is the production of 
metastable molecules. In fact, it is known that metastables can affect 
the onset conditions in a sequence of several discharges, but this only 
proves that the total metastable stored energy per single discharge is 
small compared to the thermal energy of the gas. The possibility of 

8.0 kv 12 pf Expl. 

Figure 3 - Cu rrent trace from a spur/.; that produces a11 

i~11itio11 ll'ith 111i11i11111111 energy input (0.38 11,J) us in,: m etal 

e lectrodes and a uniform electric fie ld. 
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direct hydrocarbon radical formation by electronic impact can be

excluded by noting that in air at atmospheric pressure, the hydro-

carbons are outnumbered by oxygen and nitrogen molecules. Accord-

ingly, in a discharge, collisions by field accelerated electrons produce

almost exclusively N2 spectra (2nd positive band) even though the

O2 excitation potential is lower than that of N2 molecules. In other

words,we can be sure that N2-electron collisions will dominate all field

induced collisions because of the small ratio of hydrocarbon to N2

molecules required to have a combustible mixture in air (about 1:17).

Ignitions produced by heating the gas by passing current through

small wires of diameters comparable to those of the electric discharge

(tens of microns) have shown that the wire actually melts before

ignitions occur. Times for ignition are of the order of 10 ms. (Ref. 1,

p. 360). This shows that within the much smaller times characteristic

of sparks (50 ns) there is no significant heat transfer by molecular

collisions in the gas; also, that the heating is done essentially at con-

stant volume. This is, of course, consistent with the subsequent

generation of a shock wave (an adiabatic process) and with a com-

puted very small distance (2.5 X 10-3cm) that molecular ions can

move within the allowed time and under the influence of the applied

field. The heating of the discharge channel is done exclusively by

electrons because only they have time to move and store kinetic

energy within the observed experimental times. Heating is then de-

termined by dielectric properties of the gas, and these are only

slightly affected by the hydrocarbon molecules due to their small

relative concentration. For instance, within our experimental accu-

racy, we see no difference in the breakdown voltage for air or air-

propane combustible mixtures. The transit time of electrons across

the whole discharge gap is of the order of 10 ns. Therefore, the

possibility of gradual heating by electron-neutral interaction can be

rejected because it would require many transit times. It follows that

heating can only be accomplished when the whole electron popula-

tion holds energy comparable to the thermal energy in the gas

molecules. In air at atmospheric pressure the kinetic energy per

electron is limited by ionizing collisions (inelastic) to a value that is

roughly 102 times the kinetic energy of the gas molecules. There are

in air at normal temperature and pressure (NTP) about 1019 neutral

molecules per cc. Therefore, electrons require a population of about

1017 cm-3 before they can store energy comparable to the thermal

energy of the neutrals. The problem of ignitions by electrical dis-

charges becomes, then, the problem of procuring high electron densi-

ties around 1017 cm-3 in the discharge channel plus that of the trans-

fer of their energy to the gas molecules in times of the order of 10 ns.
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direct hydrocarbon radical formation by electronic impact can be 
excluded by noting that in air at atmospheric pressure, the hydro­
carbons are outnumbered by oxygen and nitrogen molecules. Accord­
ingly, in a discharge, collisions by field accelerated electrons produce 
almost exclusively N2 spectra (2nd positive band) even though the 
02 excitation potential is lower than that of N2 molecules. In other 
words,we can be sure that N2-electron collisions will dominate all field 
induced collisions because of the small ratio of hydrocarbon to N2 
molecules required to have a combustible mixture in air (about 1: 17). 

Ignitions produced by heating the gas by passing current through 
small wires of diameters comparable to those of the electric discharge 
(tens of microns) have shown that the wire actually melts before 
ignitions occur. Times for ignition are of the order of 10 • lJlS. (Ref. 1, 
p. 360). This shows that within the much smaller times characteristic 
of sparks (50 ns) there is no significant heat transfer by molecular 
collisions in the gas; also, that the heating is done essentially at con­
stant volume. This is, of course, consistent with the subsequent 
generation of a shock wave (an adiabatic process) and with a com­
puted very small distance (2.5 X l 0-3 cm) that molecular ions can 
move within the allowed time and under the influence of the applied 
field. The heating of the discharge channel is done exclusively by 
electrons because only they have time to move and store kinetic 
energy within the observed experimental times. Heating is then de­
termined by dielectric properties of the gas, and these are only 
slightly affected by the hydrocarbon molecules due to their small 
relative concentration. For instance, within our experimental accu­
racy, we see no difference in the breakdown voltage for air or air­
propane combustible mixtures. The transit time of electrons across 
the whole discharge gap is of the order of 10 ns. Therefore, the 
possibility of gradual heating by electron-neutral interaction can be 
rejected because it would require many transit times. It follows that 
heating can only be accomplished when the whole electron popula­
tion holds energy comparable to the thermal energy in the gas 
molecules. In air at atmospheric pressure the kinetic energy per 
electron is limited by ionizing collisions (inelastic) to a value that is 
roughly 102 times the kinetic energy of the gas molecules. There are 
in air at normal temperature and pressure (NTP) about 1019 neutral 
molecules per cc. Therefore, electrons require a population of about 
JOl 7 cm-3 before they can store energy comparable to the thermal 
energy of the neutrals. The problem of ignitions by electrical dis­
charges becomes, then, the problem of procuring high electron densi­
ties around 1 QI 7 cm-3 in the discharge channel plus that of the trans­
fer of their energy to the gas molecules in times of the order of IO ns. 
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When an electric field reaches its critical ionization value, that

depends on the shape of the electrodes, free electrons are able to pro-

cure enough energy between collisions to ionize the gas molecules.

The electron avalanches produced involve energies and currents that

are negligible compared to the stored electrical energy and to the

successive currents in the discharge (0.1 nJ and 0.1 vs 0.1 mJ and

1.0 A). Electrons in an avalanche move towards the anode leaving

behind a space charge of positive ions located practically at the

ionization site. Most of these positive ions are inside a spherical

region 30 jxm in radius. When the avalanche has produced about

108 ions its net positive space charge produces a strongly divergent

field with a magnitude (~106 V/cm) that far exceeds the field im-

posed by the outside voltage. This field extends into the neutral

region ahead of the positive space charge for a distance that is long

enough to produce new ions by localized avalanches. The few free

electrons required to trigger ionization are always available by photo-

ionization of 02 molecules with photons from decaying N2 excited

molecules generated earlier in the discharge. At this stage the ava-

lanche has reached a critical size, and the discharge mechanism

changes to a streamer mode; that is, to a discharge that is controlled

by the space charge and moves very rapidly across the gap. (In uni-

form fields simultaneous cathode and anode directed streamers are

possible when the initial avalanche starts in mid gap.) Streamer forma-

tion times are close to 10 ns, and once formed streamers can cross

the quenching distance gap in 2 ns. (108 cm/sec velocity.) The ion

electron pairs left by the streamer in the gap have a density around

1015 cm-3. As noted, the electronic temperature may be 100 times

the gas temperature, but electrons are unable to heat the gas due to

their low relative concentration (1015 Vs 1019 neutrals per cm-3).

There is no precise explanation for the events that follow and

increase the electron density to the required number, around 1017

cm-3. We believe it is possible for the electron gas to behave as an ideal

gas that is able to sustain compression waves (analogous to shock

waves) that increase the electron density in the gap. Experimentally

it is known that very fast luminous pulses propagating up to a fraction

of the speed of light do occur. As the electron density reaches its

critical value, long range Coulomb interactions become suddenly very

effective, causing the electrons to have a lower kinetic energy that is

equal for all particles. Under this condition the work done on the

electrons is transformed into energy of the neutrals, and the tempera-

ture of the gas increases. This thermalization process has been mea-

sured to take place within 10 additional ns. The total time budget

from start of the avalanche to thermalization of the channel is of the
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When an electric field reaches its critical ionization value, that 
depends on the shape of the electrodes, free electrons are able to pro­
cure enough energy between collisions to ionize the gas molecules. 
The electron avalanches produced involve energies and currents that 
are negligible compared to the stored electrical energy and to the 
successive currents in the discharge (0.1 nJ and 0.1 µA vs 0.1 mJ and 
1.0 A). Electrons in an avalanche move towards the anode leaving 
behind a space charge of positive ions located practically at the 
ionization site. Most of these positive ions are inside a spherical 
region 30 µm in radius. When the avalanche has produced about 
I Q8 ions its net positive space charge produces a strongly divergent 
field with a magnitude (-106 V/cm) that far exceeds the field im­
posed by the outside voltage. This field extends into the neutral 
region ahead of the positive space charge for a distance that is long 
enough to produce new ions by localized avalanches. The few free 
electrons required to trigger ionization are always available by photo­
ionization of 02 molecules with photons from decaying N2 excited 
molecules generated earlier in the discharge. At this stage the ava­
lanche has reached a critical size, and the discharge mechanism 
changes to a streamer mode; that is, to a discharge that is controlled 
by the space charge and moves very rapidly across the gap. (In uni­
form fields simultaneous cathode and anode directed streamers are 
possible when the initial avalanche starts in mid gap.) Streamer forma­
tion times are close to IO ns, and once formed streamers can cross 
the quenching distance gap in 2 ns. ( 108 cm/sec velocity.) The ion 
electron pairs left by the streamer in the gap have a density around 
I QI 5 cm-3. As noted, the electronic temperature may be I 00 times 
the gas temperature, but electrons are unable to heat the gas due to 
their low relative concentration (1015 vs 1019 neutrals per cm-3). 

There is no precise explanation for the events that follow and 
increase the electron density to the required number, around 101 7 

cm-3. We believe it is possible for the electron gas to behave as an ideal 
gas that is able to sustain compression waves (analogous to shock 
waves) that increase the electron density in the gap. Experimentally 
it is known that very fast luminous pulses propagating up to a fraction 
of the speed of light do occur. As the electron density reaches its 
critical value, long range Coulomb interactions become suddenly very 
effective, causing the electrons to have a lower kinetic energy that is 
equal for all particles. Under this condition the work done on the 
electrons is transformed into energy of the neutrals, and the tempera­
ture of the gas increases. This thermalization process has been mea­
sured to take place within IO additional ns. The total time budget 
from start of the avalanche to thermalization of the channel is of the 
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order of 22 ns and therefore consistent with the observed heating

requirements for spark ignition.

Solid Dielectric Electrodes

A solid dielectric, because of its characteristic low conductivity,

holds, on its surface, charge produced during the streamer stage of

the discharge. This modifies the breakdown and heating process ob-

served using metal electrodes. Figure 4(a) shows a current trace

produced when a Mylar film 0.01 cm thick is placed on the grounded

plane of the positive sphere-to-plane electrode. This discharge occurs

at precisely the voltage at which an incendiary spark would form

without the film. The trace can be recognized to be identical to that

of a breakdown streamer in a point-to-plane corona discharge (8).

That is, even though the field is uniformly high along the whole gap

the discharge behaves like those in which the streamer propagates in

a rapidly changing field. This clearly shows that in uniform fields

heating is preceded by a streamer phase and suggests that the dielec-

tric prevents thermalization by the accumulation of charge on its

surface. Accordingly ignitions are never observed, and dusting of the

surface after discharge evidences charge accumulation [Figure 4(b)].

The characteristic dust pattern on the cathode is that of positive

streamers over a circular region. That is, when the streamer produced

in the gap reaches the film it branches and propagates in the air just

over the dielectric. The positive charge thus deposited on the poly-

ester surface lowers the field in the air gap and stops the discharge

before the heating can start. Increasing the voltage after the first dis-

charge produces new discharges that look like a brush with current

traces and dust patterns as seen in Figure 5. Clearly, with fixed

polarity, the charge stored in the polyester film requires a higher

(a) (b)

Figure 4 — Initial discharge produc ed in a uniform field with a polyester-covered cathode;

ttt) current trace, (b) positive streamer pattern produced by dusting the cathode after the

discharge.
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order of 22 ns and therefore consistent with the observed heating 
requirements for spark ignition. 

Solid Dielectric Electrodes 

A solid dielectric, because of its characteristic low conductivity, 
holds, on its surface, charge produced during the streamer stage of 
the discharge. This modifies the breakdown and heating process ob­
served using metal electrodes. Figure 4(a) shows a current trace 
produced when a Mylar film 0.01 cm thick is placed on the grounded 
plane of the positive sphere-to-plane electrode. This discharge occurs 
at precisely the voltage at which an incendiary spark would form 
without the film. The trace can be recognized to be identical to that 
of a breakdown streamer in a point-to-plane corona discharge (8). 
That is, even though the field is uniformly high along the whole gap 
the discharge behaves like those in which the streamer propagates in 
a rapidly changing field. This clearly shows that in uniform fields 
heating is preceded by a streamer phase and suggests that the dielec­
tric prevents thermalization by the accumulation of charge on its 
surface. Accordingly ignitions are never observed, and dusting of the 
surface after discharge evidences charge accumulation [Figure 4(b)] . 
The characteristic dust pattern on the cathode is that of positive 
streamers over a circular region. That is, when the streamer produced 
in the gap reaches the film it branches and prop~gates in the air just 
over the dielectric. The positive charge thus deposited on the poly­
ester surface lowers the field in the air gap and stops the discharge 
before the heating can start. Increasing the voltage after the first dis­
charge produces new discharges that look like a brush with current 
traces and dust patterns as seen in Figure 5. Clearly, with fixed 
polarity, the charge stored in the polyester film requires a higher 

2.5 mm gap 

(a) (b) 

Fixure 4 - I nitiul d isclrarf(e produced in a wriform field with a polyester-co1·ered carlwde: 
(11) current trace, (b ) positi,·e streamer pattern produced by dustinf( tire cat/rode after the 

discharl,!e. 
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5 mm

1 \

lOOns

5 mm

+ 16.6 kv 2.0 mm gap

(a)

+ 13.3 kv after + 10.3 kv

(b)

1 cm

1 cm

(c)

Figure 5 — Nonincendiary discharges produced after the initial one using a polyester-

covered cathode, (a) Photograph using 10.000 ASA film, (h) current trace, and (c) dust

figure on cathode. The pictures do not correspond to the .same event.

applied voltage to procure the same ionizing field in the gap. In fact,

this voltage increase can be used as a measurement of the charge on

the dielectric (9-11). Since the energy supply rapidly increases with

the applied voltage, a single discharge event is actually a succession of

streamer discharges that provide the brushlike visual appearance. The

current trace and dust pattern obtained [Figure 5 (b) and 5 (c)] show

that the streamers are separated in time by several hundreds of nano-

seconds, and in space each one avoids the charge deposited on the

film by one previous one. As expected, these discharges do not pro-

duce ignitions because each streamer prevents its thermalization just

like the first streamer in an uncharged film.

For subsequent discharges, higher voltage is always needed and

explosions may take place. Figure 6 shows the discharge and current

trace obtained when ignitions occur. Note a very bright stem con-

nected to a prolifically branched surface discharge. Clearly, the

charge deposited on the film eventually enhances surface streamers,

allowing for the rapid feeding of charge into a single streamer channel

that thermalizes and produces an ignition. With good dielectrics such
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I I 
5mm 

+ 16.6 kv 2.0 mm gap 

(a) 

1-------1 

1 cm 

(c) 

+ 13.3 kv after + 10.3 kv 

(b) 

Figure 5 - Nonincendiary dischar1-:es produced after the initial one usi11,: a polyester­
co1·ered cathode . (a) Photo,:rapl, us in,: 10,000 ASA film , (b) current trace, and (c ) dust 
ji,:ure on cathode. The pictures do not correspond to the same e1•ent . 

applied voltage to procure the same ionizing field in the gap. In fact, 
th.is voltage increase can be used as a measurement of the charge on 
the dielectric (9-11 ). Since the energy supply rapidly increases with 
the applied voltage, a single discharge event is actually a succession of 
streamer discharges that provide the brushlike visual appearance. The 
current trace and dust pattern obtained [Figure 5 (b) and 5 (c)] show 
that the streamers are separated in time by several hundreds of nano­
seconds, and in space each one avoids the charge deposited on the 
film by one previous one. As expected, these discharges do not pro­
duce ignitions because each streamer prevents its thermalization just 
like the first streamer in an uncharged film. 

For subsequent d_ischarges, higher voltage is always needed and 
explosions may take place. Figure 6 shows the discharge and current 
trace obtained when ignitions occur. Note a very bright stem con­
nected to a prolifically branched surface discharge. Clearly, the 
charge deposited on the film eventually enhances surface streamers, 
allowing for the rapid feeding of charge into a single streamer channel 
that thermalizes and produces an ignition. With good dielectrics such 
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5 mm + 20 0 kv 2-5 mm gap

(a) (b)

Figure 6 — Incendiary discharge produced by enhanced streamer discharges over a

charged polyeste -covered cathode. These discharges may be very much weaker but always

exhibit prolific surface branching (a) and a finite current between streamer pulses (b).

as Mylar, Lucite, and most of the epoxy coatings used to prevent cor-

rosion, it is possible to store the charge produced by, say, nonincen-

diary corona discharges over long periods of time (12). Then, polarity

reversals become particularly dangerous because at very low voltages

incendiary discharges may be produced. This situation as well as sam-

ples of successive trials are illustrated in the histogram in Figure 7.

Note that events (E) and (F) involve 24-h time intervals. We want to

note that in all cases the ignition is not produced by corona dis-

charges, but by the collection of charge by streamers affected by

charge stored on the surface of a dielectric. Similarly, ignitions can

be produced by a high-voltage fast rise-time pulse applied to an iso-

lated rod electrode. This is because the many streamer branches

produced in the air feed, charge, andthermalize a single stem near the

metal surface. It is interesting to note that in all these cases, regard-

less of the initial geometry, incendiary discharges are produced

exclusively by the combined effect of many streamers propagating in

asymmetric electric field configurations.

Liquid Dielectrics

Electrostatic stress causes liquids to develop either a conical shape

leading to a very thin long filament about 10 jim in radius (a Taylor

jet); or, an oscillating surface that periodically changes from a pro-

truding spheroid to a sharp cone with a 49.3° semivertical angle (13).

In long gaps, either filaments or cones produce only streamer dis-

charges that do not produce ignitions. In small gaps the filaments may

merely connect the electrodes through a high resistance (14). For

instance, with oils we obtain no evidence of air ionization, but

instead record current values that agree with Ohm's law according to

the filament cross section and bulk conductivity measured. Water has
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5mm + 20.0 kv 2.5 mm gap 

(a) (b) 

Fi,:ure 6 - Incendiary discharge produced by enhanced streamer dischar,:es 0 1•er a 
charped polyeste -covered cathode. These discharxes m"y be very much weaker but always 
exhibit prolific surface branching (a) and a finite current between streamer pulses (b ) . 

as Mylar, Lucite, and most of the epoxy coatings used to prevent cor­
rosion, it is possible to store the charge produced by, say, nonincen­
diary corona discharges over long periods of time (12). Then, polarity 
reversals become particularly dangerous because at very low voltages 
incendiary discharges may be produced. This situation as well as sam­
ples of successive trials are illustrated in the histogram in Figure 7. 
Note that events (E) and (F) involve 24-h time intervals. We want to 
note that in all cases the ignition is not produced by corona dis­
charges, but by the collection of charge by streamers affected by 
charge stored on the surface of a dielectric. Similarly, ignitions can 
be produced by a high-voltage fast rise-time pulse applied to an iso­
lated rod electrode. This is because the many streamer branches 
produced in the air feed, charge, and thermalize a single stem near the 
metal surface. It is interesting to note that in all these cases, regard­
less of the initial geometry, incendiary discharges are produced 
exclusively by the combined effect of many streamers propagating in 
asymmetric electric field configurations. 

Liquid Dielectrics 

Electrostatic stress causes liquids to develop either a conical shape 
leading to a very thin long filament about IO µmin radius (a Taylor 
jet); or, an oscillating surface that periodically changes from a pro­
truding spheroid to a sharp cone with a 49 .3° semi vertical angle (13). 
In long gaps, either filaments or cones produce only streamer dis­
charges that do not produce ignitions. In small gaps the filaments may 
merely connect the electrodes through a high resistance ( 14 ). For 
instance, with oils we obtain no evidence of air ionization, but 
instead record current values that agree with Ohm's law according to 
the filament' cross section and bulk conductivity measured. Water has 
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is

16

14

10

V [kv]

0.1 mm POLYESTER F1LM

2.5mm A1R GAP

t POLAR1TY OF V

A B

Figure 7 — Voltages required to produce successive discharges and

counteract the effect of charge previously deposited by streamers on a

Mylar-covered cathode. Note that changing the polarity (B, C. D. E,

and F) significantly reduces the voltage required to produce a dis-

charge. E and F were 24 h after the previous event. At the higher- and

lower-voltage values the discharges are prolificacy branched, hence,

incendiary.

one of the highest surface tensions among all liquids. Consequently,

the change from spheroid to cone takes place at such a high field that

a streamer discharge is always produced at the top of the cone. In

small gaps this streamer may lead immediately to an incendiary dis-

charge. The ignitions are produced with energy higher than the mini-

mum, but at a gap separation smaller than the quenching distance

determined using flat electrodes. The same effect is observed with

metal electrodes and has been ascribed to enhanced ventilation
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V [kv] 

+ 

O. I 1u1 POLYESTER FILM 
2.5mm AIR GAP 

::!: POLARITY OF V 

+ 

+ 

14 -

+ 
12 

10 + + 

+ 
+ 

8 

6- + 

4 

2 

+ 
+ 

+ 

+ 

I 
A 8 C 0 E F 

Volta,:e:J required to produn· Sll<'Cessi,·e di!ffharges and 
co11nterau tlrt• effect of clwrgt' prt•1·io11.l'ly deposited by streamers on a 
iHylar-co,·ered cathode. Note that cl111ngi11g the polarity I B, C. D. E, 
and F) .l'ig11~/ica11tly red11ces the n,/tagt• req11irt•d to product• a dis­
char,:e. E anti F II ae 24 h after the previous e1·ent. At the higher- and 
/owa-,·oltage rnl11t•s the discharges are ,,ro/ifical/y branched, hence, 
i11andie1ry. 

one of the highest surface tensions among all liquids. Consequently, 
the change from spheroid to cone takes place at such a high field that 
a streamer discharge is always produced at the top of the cone. In 
small gaps this streamer may lead immediately to an incendiary dis­
charge. The ignitions are produced with energy higher than the mini­
mum, but at a gap separation smaller than the quenching distance 
determined using flat electrodes. The same effect is observed with 
metal electrodes and has been ascribed to enhanced ventilation 
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associated with more turbulent flow in a point-to-plane geometrical

arrangement (1).

Figure 8 is a picture of a water surface as a spheroid in equilibrium

with the applied field and also at several times following the onset of

a streamer discharge from the tip of the cone. Note that the drop

stays sharply conical even 2 jusec after onset, i.e., for the whole time

interval of the discharges we are considering here. The change from

spheroid to cone takes place within milliseconds (15). In a small gap

this provides essentially a pulsed voltage that leads to breakdown with

point-to-plane geometry. The voltage difference at which the dis-

charge is produced is controlled not directly by air ionization but by

the mechanical deformation that locally intensifies the field and then

produces a discharge. Accordingly, Figure 9 shows that the maximum

possible voltage across a given gap is much smaller than the value

obtained using metal electrodes. The corresponding current traces

(c) (d)

Figure 8 — Stressed water surface at several times, la) Show s the spheroidal equilibrium

shape that protrudes over the flat water surface at a maximum voltage just under 8 kV. A

small voltage increase changes from shape (a) to (b) within a few milliseconds. A spark

takes place 2 /jmec before picture (c). Tap water of 2000(l-cm resistivity was used id).
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associated with more turbulent flow in a point-to-plane geometrical 
arrangement ( 1 ). 

Figure 8 is a picture of a water surface as a spheroid in equilibrium 
with the applied field and also at several times following the onset of 
a streamer discharge from the tip of the cone. Note that the drop 
stays sharply conical even 2 µsec after onset, i.e., for the whole time 
interval of the discharges we are considering here. The change from 
spheroid to cone takes place within milliseconds (15). In a small gap 
this provides essentially a pulsed voltage that leads to breakdown with 
point-to-plane geometry. The voltage difference at which the dis­
charge is produced is controlled not directly by air ionization but by 
the mechanical deformation that locally intensifies the field and then 
produces a discharge. Accordingly, Figure 9 shows that the maximum 
possible voltage across a given gap is much smaller than the value 
obtained using metal electrodes. The corresponding current traces 

2mm 

(a) (b) 

50 ps 

(c) (d) 

Fi,:ure 8 - Stressed water surface at several times. ( a) Shows the spheroidal equilibrium 
shape that protrudes over the fiat ll'ater surface at a maximum volta[<e just under 8 kV. A 
small volta}(e increase chanfleS from shape (a) to ( b) within a few milliseconds. A spark 
lakes place 2 µ.sec before picture (c) . Tap water of 2000Il-cm resistivity was used (d) . 
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Figure V — Comparison of the voltage required to produce an elec-

trical discharge using either two metal spheres 2 cm in diameter

l Reference 16), or a wuter-to-meta-sphere electrode configuration.

The gap separation, for the water-metal arrangement, is that between

the fiat water surface and the top metal sphere with no applied voltage.

The oscilloscope current traces obtained with different gap separations

are reproduced and identified by corresponding numbers in the graph

for the water-metal case.

are, however, different than those obtained using point-to-plane

small metal gaps where the first streamer leads to a spark and the

whole event is over in times smaller than 40 nsec (such traces look

like that in Figure 3 except that there is a hump on the rise time).

The current traces in Figure 9 show, instead, an initial streamer

followed by a sharp current decrease that leads to a second current

22

G
e
n
e
ra

te
d
 f

o
r 

m
e
m

b
e
r 

(U
n
iv

e
rs

it
y
 o

f 
M

a
ry

la
n
d

, 
C

o
lle

g
e
 P

a
rk

) 
o
n
 2

0
1

4
-1

0
-0

1
 1

9
:5

6
 G

M
T
  
/ 

 h
tt

p
:/

/h
d
l.
h
a
n
d
le

.n
e
t/

2
0

2
7

/m
d
p
.3

9
0

1
5

0
4

7
4

0
5

5
2

0
P
u
b
lic

 D
o
m

a
in

, 
G

o
o
g

le
-d

ig
it

iz
e
d

  
/ 

 h
tt

p
:/

/w
w

w
.h

a
th

it
ru

st
.o

rg
/a

cc
e
ss

_u
se

#
p
d
-g

o
o
g
le

12 

II 

10 

9 

8 

7 

6 

5 

4 

3 

2 

I <1 • 2000 [n-cm] 

12 pf 

2 

12.2 LmpJ 
6.1 5 

0 
50 100 

_A 1 [n sec] 6 -
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Fi,:ure 9 Comparison of the rnlta,:e required to produce un elt•c­
trical disclwr,:e usin,: either tll'o metal spheres 2 cm in diumt•ter 
r Reference 16), or a ll'Uter-to-meta-sphere eh·ctrode confi,:uration. 
The ,:up separation, for the 11·t1ter-mt•tal arran,:ement, is that bet11·een 
the Jfut ll'ater surface and the top metal sphere with no applied 1·0/taxe. 
Tht' oscilloscope current traces obtained with different ,:up separations 
art' reprodut·ed and identified by correspondin,: numbers in the }!rtlph 
for the water-metal case. 

are, however, different than those obtained using point-to-plane 
small metal gaps where the first streamer leads to a spark and the 
whole event is over in times smaller than 40 nsec (such traces look 
like that in Figure 3 except that there is a hump on the rise time). 
The current traces in Figure 9 show, instead, an initial streamer 
followed by a sharp current decrease that leads to a second current 
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pulse in about 150 nsec. The initial streamers are all roughly of the

same amplitude, as expected by considering that the field that

changes a spheroid into a cone depends on the surface properties of

the water (surface tension, polarization) and not on the applied

voltage or gap separation. That is to say, the same local field intensi-

fication is always produced by the change in shape of the water;

hence, the same initial streamer discharge results in all cases. The

amplitude of the second current pulse varies roughly as the square

of the gap separation, therefore, as the square of the applied voltage,

because these two are linearly related as shown in the graph (Figure

9). The second pulse is then proportional to the stored energy and is

the one that actually discharges the capacitor.

It is evident that the charge liberated by the initial streamer inter-

acts with the water surface and affects the ionization process.

Furthermore, the existence of two separate current pulses indicates

that the electric field in the gap is reduced by surface charge

deposited by the initial streamer on the water. As this charge leaves

by conduction through the liquid, the field again increases, and ioni-

zation is enhanced, allowing the capacitor to be discharged. It follows

that the ability of the discharge channel to produce critical electron

density and become thermalized is controlled not only by the charge

on the capacitor but also by the conductivity of the water being

used.

The conductivity of the water determines the period of time when

the charge deposited on the surface affects the electric fields in the

gap. Consequently, the separation between current peaks is depen-

dent on changes in conductivity. In Figure 10 we show a plot of the

time between peaks versus the resistivity (the inverse of conductivity,

1/a) of the water used. The stored energy is larger than the minimum

with metal electrodes (0.47 vs 0.38 mJ), but no ignitions are pro-

duced. Corresponding current traces for the points in the graph are

displayed in Figure 10 together with a plot of the computed relaxa-

tion time (e/a) versus resistivity assuming a constant specific capacity

[e = (80) 8.85 X 10"1 2 F/m]. At low resistivity the current pulses ex-

hibit a metal-like single-pulse behavior (traces 1 and 2 in Figure 10).

Then as the resistivity increases, two current pulses appear (like those

in Figure 9) with continued current and light emission between them

(traces 3-10 in Figure 10). Finally, as the time between the pulses

increases with resistivity, the current between them becomes negli-

gible and the photomultiplier shows a corresponding dark period,

thus evidencing that the surface charge on the water stays long

enough and is strong enough to stop the ionization in the gap. Note

that this happens only when the time between current pulses
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pulse in about 150 nsec. The initial streamers are all roughly of the 
same amplitude, as expected by considering that the field that 
changes a spheroid into a cone depends on the surface properties of 
the water (surface tension, polarization) and not on the applied 
voltage or gap separation. That is to say, the same local field intensi­
fication is always produced by the change in shape of the water; 
hence, the same initial streamer discharge results in all cases. The 
amplitude of the second current pulse varies roughly as the square 
of the gap separation, therefore, as the square of the applied voltage, 
because these two are linearly related as shown in the graph (Figure 
9). The second pulse is then proportional to the stored energy and is 
the one that actually discharges the capacitor. 

It is evident that the cha'rge liberated by the initial streamer inter­
acts with the water surface and affects the ionization process. 
Furthermore, the existence of two separate current pulses indicates 
that the electric field in the gap is reduced by surface charge 
deposited by the initial streamer on the water. As this charge leaves 
by conduction through the liquid, the field again increases, and ioni­
zation is enhanced, allowing the capacitor to be discharged. It follows 
that the ability of the discharge channel to produce critical electron 
density and become thermalized is controlled not only by the charge 
on the capacitor but also by the conductivity of the water being 
used. 

The conductivity of the water determines the period of time when 
the charge deposited on the surface affects the electric fields in the 
gap. Consequently, the separation between current peaks is depen­
dent on changes in conductivity. In Figure 10 we show a plot of the 
time between peaks versus the resistivity (the inverse of conductivity, 
1 /a) of the water used. The stored energy is larger than the minimum 
with metal electrodes (0.47 vs 0.38 mJ), but no ignitions are pro­
duced. Corresponding current traces for the points in the graph are 
displayed in Figure IO together with a plot of the computed relaxa­
tion time (e/o) versus resistivity assuming a constant specific capacity 
[€ = (80) 8.85 X 10- 12 F/m]. At low resistivity the current pulses ex­
hibit a metal-like single-pulse behavior (traces l and 2 in Figure 10). 
Then as the resistivity increases, two current pulses appear (like those 
in Figure 9) with continued current and light emission between them 
(traces 3-10 in Figure 10). Finally, as the time between the pulses 
increases with resistivity, the current between them becomes negli­
gible and the photomultiplier shows a corresponding dark period, 
thus evidencing that the surface charge on the water stays long 
enough and is strong enough to stop the ionization in the gap. Note 
that this happens only when the time between current pulses 
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Figure 10 — Time between current pulses us a function of resistivity compared to the

computed relaxation lime. The gap separation is 5.5 mm between the metal surfaces

shown in Figure I. The thickness of the water film varies between 1.4 and 1.6 mm in all

our tests. The range of resistivity of sea water as reported by Dorsey (Reference 17) and

thai measured in our tap water for all tests are also shown for reference purposes. All

discharges arc not thermalized.

becomes comparable with the relaxation time of the water (to the

right of point 11 in Figure 10). Depending on the resistivity of the

water we can then distinguish two different regions with different

behaviors: at high resistivity the initial streamer completely stops the

discharge; while at low resistivity the ionization never stops and the

rate at which it takes place is affected by the initial streamer. This

includes the low-resistivity single metal-like pulses (1 and 2 of Figure

10), as we will now show.

A single-pulse behavior indicates that the charge produced by the

initial streamer can be removed fast enough through the liquid in such

a way that the surface charge on the water does not reduce the ioni-

zation process in the gap. However, there exists a characteristic RC

time for the circuit that determines the rate at which energy can be

fed into the air gap. Let us consider the tip of the water cone as a

cylindrical volume with a length and radius of the order of Taylor's

filaments (10 jum). Then, the effective resistance of the water used

for trace 1 in Figure 10 is computed as 1.02X 104f2. This resistance,

together with the capacitance used (12 pF), represents a relaxation
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8.8 kv 
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Fig11re 10 - Timt' hetwee11 c11rre11t pulses tlJ a Junction of resisti,·ity compart'd to the 
co111p11tt'd relaxation time. The gap Jepar11tion is 5.5 mm betv.·t·e11 the metal surfaces 
shown in Fi,:ure I. The thicknen; of th,• ll'alt'r film l'Clrie.~ betll'een 1.4 and 1.6 mm in all 
our tnt1. The rang<' of resiJtfrity of .1ea water as n·110rted hy Dorsey ( Referenn· 17 J and 
tlwt mea.rnrt•d in 011r tap ll'ater for all tt•sts are al!J'o shown for reference p11rposes. A II 
disclwr,:t•s art' 1101 thermaliud. 

becomes comparable with the relaxation time of the water (to the 
right of point 11 in Figure I 0). Depending ~n the resistivity of the 
water we can then distinguish two different regions with different 
behaviors: at high resistivity the initial streamer completely stops the 
discharge; while at low resistivity the ionization never stops and the 
rate at which it takes place is affected by the initial streamer. This 
includes the low-resistivity single metal-like pulses ( 1 and 2 of Figure 
10), as we will now show. 

A single-pulse behavior indicates that the charge produced by the 
initial streamer can be removed fast enough through the liquid in such 
a way that the surface charge on the water does not reduce the ioni­
zation process in the gap. However, there exists a characteristic RC 
time for the circuit that determines the rate at which energy can be 
fed into the air gap. Let us consider the tip of the water cone as a 
cylindrical volume with a length and radius of the order of Taylor's 
filaments (IO µm). Then, the effective resistance of the water used 
for trace 1 in Figure 10 is computed as 1.02 X 104 n. This resistance, 
together with the capacitance used ( 12 pF), represents a relaxation 
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time for the electrical circuit of 122 nsec. Therefore, in this time only

1/e of the total available charge goes into the discharge gap. The

number is 3.8X 10"8C and compares favorably with the area measured

under trace 1. which is 3.6X10 8 C. Note also that 122 nsec is of the

right length to account for the duration of the current trace. How-

ever, the total charge transferred represents only a density of

1.5 X1016 electrons cm"3. That is about six times lower than the value

required for thermalization in the channel. Due to the small capacity

used, the charge transferred is, nevertheless, a significant amount for

the reduction of voltage across the gap (dQ/C=3200 V). Therefore,

the field is gradually reduced, and ionization stops before the channel

is able to heat up. Note that most of the energy stays in the capacitor

and is not transferred to the gas to produce an ignition even though

its value is larger than the minimum value using metal electrodes.

Increasing the capacitance of the system increases the charge trans-

ferred in the initial stages of the accumulation process in the gap.

[Q = QQ exp(-t/RC)]. Consequently, the ionization process is not

stopped before thermalization occurs. The effect is demonstrated in

Figure 11, which shows the traces obtained with a fixed but larger

capacity (9.2 times that in Figure 10). Again the traces are for dif-

ferent resistivities, but we plot the peak current and the charge (area)

under the first current oscillation. Traces 1-4 correspond to the low-

resistivity single-pulse behavior seen in traces 1 and 2 of Figure 10.

Pulses 5-8 correspond only to the second current pulses. This is

because the first small streamer pulse produced in the high-resistivity

regime (such as No. 12 in Figure 10) is eliminated by adjusting the

oscilloscope in order to be able to see the shape of the decay curve

for the second pulse. In Figure 11 all traces are thermalized dis-

charges. The behavior of the first four pulses is interesting because it

shows a constant charge transfer of 1.8X10*7 C during the single pulse

of the discharge. This charge is 5.4 times smaller than the available

charge on the capacitor, but it is of the magnitude required for

thermalization. It corresponds to 2.4X1017 electrons cm"3 in a 0.13-

cm-long discharge channel that is measured from the tip of the water

cone to the metal sphere. The time interval involved is also about

twice the value measured when metal surfaces are used (compare to

Figure 3). It is clear that to thermalize the single-pulse characteristic

of high conductivity (e.g., 1 and 2 in Figure 10), it is necessary to

increase the capacity in order to increase the amount of charge trans-

ferred per unit time to a value consistent with the RC of the circuit

and the procurement of a critical electron density. Note that although

the current rapidly decreases with a resistivity increase, the time

variation of the current compensates for the change in such a way as
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time for the electrical circuit of 122 nsec. Therefore, in this time only 
l /e of the total available charge goes into the discharge gap. The 
number is 3.8X 10-8c and compares favorably with the area measured 
under trace 1. which is 3.6X I o-8 C. Note also that 122 nsec is of the 
right length to account for the duration of the current trace. How­
ever, the total charge transferred represents only a density of 
1.5 X 101 6 electrons cm-3 . That is about six times lower than the value 
required for thermalization in the channel. Due to the small capacity 
used, the charge transferred is, nevertheless, a significant amount for 
the reduction of voltage across the gap (dQ/C=3200 V). Therefore, 
the field is gradually reduced, and ionization stops before the channel 
is able to heat up. Note that most of the energy stays in the capacitor 
and is not transferred to the gas to produce an ignition even though 
its value is larger than the minimum value using metal electrodes. 

Increasing the capacitance of the system increases the charge trans­
ferred in the initial stages of the accumulation process in the gap. 
[ Q = Q0 exp(-t/RC)] . Consequently, the ionization process is not 
stopped before thermalization occurs. The effect is demonstrated in 
Figure 11, which shows the traces obtained with a fixed but larger 
capacity (9.2 times that in Figure 10). Again the traces are for dif­
ferent resistivities, but we plot the peak current and the charge (area) 
under the first current oscillation. Traces 1-4 correspond to the low­
resistivity single-pulse behavior seen in traces 1 and 2 of Figure 10. 
Pulses 5-8 correspond only to the second current pulses. This is 
because the first small streamer pulse produced in the high-resistivity 
regime (such as No. 12 in Figure I 0) is eliminated by adjusting the 
oscilloscope in order to be able to see the shape of the decay curve 
for the second pulse. I~ Figure 11 all traces are thermalized dis­
charges. The behavior of the first four pulses is interesting because it 
shows a constant charge transfer of 1.8 X 1 o-7 C during the single pulse 
of the discharge. This charge is 5 .4 times smaller than the available 
charge on the capacitor, but it is of the magnitude required for 
thermalization. It corresponds to 2.4X 1 0 17 electrons cm-3 in a 0.13-
cm-long discharge channel that is measured from the tip of the water 
cone to the metal sphere. The time interval involved is also about 
twice the value measured when metal surfaces are used (compare to 
Figure 3). It is clear that to thermalize the single-pulse characteristic 
of high conductivity (e.g., 1 and 2 in Figure 10), it is necessary to 
increase the capacity in order to increase the amount of charge trans­
ferred per unit time to a value consistent with the RC of the circuit 
and the procurement of a critical electron density. Note that although 
the current rapidly decreases with a resistivity increase, the time 
variation of the current compensates for the change in such a way as 
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Figure II — Peak current of largest pulse and charge transferred us a function of resis-

tivity. The metal nap is 5.5 mm. The vertical line on the current traces is drawn at 85 nsetr.

Note that the conductivity and current ranges are different fn>m those in Figure 10. All

discharges are thermalized. In pulses 6-8 an initial streamer is eliminated by adjusting

the oscilloscope triggering level.

to keep the total charge transferred constant (single pulses 1-4).

This is, of course, in agreement with the critical electron density

requirement.

Let us consider now the high-resistivity regime, where the electri-

cal discharge actually stops between current pulses. As shown in

Figure 12 the initial streamers are all the same, independent of the

capacity used. This confirms that, as with solids, the first streamer

can always produce enough charge to cancel the applied electric

field and stop the discharge. Note that the separation between pulses

is practically constant and that the effect of increased capacity is

associated only with the amplitude and oscillations of the second

current pulse. Visually the oscillations can be associated with bright

surface discharges just as with the polyester film.

Conclusions

The concept of a minimum stored energy value that determines

the ability of electrical discharges to produce ignitions, is suitable

only under the restrictions of uniform electric fields and metal elec-

trodes. Discharges produced with non-metal electrodes or with dif-

ferent geometrical configurations may be harmless even with stored
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Fig11rt' I I - Peal. c11rrcnt of largest p11lse ,md charge transferred t1s u function of res,-s-
1i1·ity. T/11• me1e1/ gap is 5.5 mm. Tht' 1·ertice1I line on the current truces is druwn al 85 nsec. 

Nott' that 11t,, c1111d11ctil'ity and current rangt•s are diffaent fmm those in Figure /0. A II 
dfach,1r1,:t•.~ are thermalized. In puhes 6-8 an initial .Hreamer is eliminatt•d by adjusting 

,1,,, oscilloscope tri1,:1,:t'rin1,: lt.'l'el. 

to keep the total charge transferred constant (single pulses 1-4 ). 
Titis is, of course, in agreement with the critical electron density 
requirement. 

Let us consider now the high-resistivity regime, where the electri­
cal discharge actually stops between current pulses. As shown in 
Figure 1 2 the initial streamers are all the same, independent of the 
capacity used. This confirms that, as with solids, the first streamer 
can always produce enough charge to cancel the applied electric 
field and stop the discharge. Note that the separation between pulses 
is practically constant and that the effect of increased capacity is 
associated only with the amplitude and oscillations of the second 
current pulse. Visually the oscillations can be associated with bright 
surface discharges just as with the polyester film. 

Conclusions 

The concept of a minimum stored energy value that determines 
the ability of electrical discharges to produce ignitions, is suitable 
only under the restrictions of uniform electric fields and metal elec­
trodes. Discharges produced with non-metal electrodes or with dif­
ferent geometrical configurations may be harmless even with stored 
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Figure 12 — Current traces of discharges in a water-metal gap using low-conductivity

water and different capacitors. The distance is 5.5 mm between metal surfaces us shown

in Figure I. The discharges at 83 and 133 pF produce ignitions.

energies that are very large compared to the minimum value. For

instance, corona discharges are always harmless regardless of the

energy supply. Ignitions are determined exclusively by the ability of

an electrical discharge to heat the gas. This happens when the applied

electric field transfers heat energy into the channel left by an initially

produced streamer and is possible only when a critical electron

density is reached. As expected, this critical value corresponds to the

number at which the electrons in the discharge hold a total kinetic

energy comparable to the thermal energy of the neutral gas mole-

cules. The number is about 1017 cm"3 for the gas mixture used, and

is independent of geometry or electrode material. It constitutes a

more physically meaningful criterion to determine ignition ability

than an absolute energy value and corresponds to the number at

which breakdown theory predicts and measures the properties of a

weak plasma state. The interaction of the initially produced streamer

with the electrodes and the geometry determines the ability of the

applied field and the stored energy to produce the critical electron

density, hence the ignition. With metals the charge produced in the

head of the streamer is instantaneously absorbed by the surface;

consequently, the transfer of energy to the gas is optimized and the
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_!_ 2 • 10• fl.- cm 
fT 

8.6 kv 

0.45c· (amp] 
0.30 

0.15 

13 pJ 

400 800 I [n sec] 

I.SOL-(amp] 
1.20 

0.60 

33 pf 
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Figure 12 - Current traces of discharges in a 11·ater-metal gap using /olt'-conductil'ity 
u·ater and diffaent capacitors. The distance is 5.5 mm between metal surfaces cH sholl'n 
in Fi,-:ure I. The di.ffharges at 83 and /33 pF produce i}.!nitions. 

energies that are very large compared to the minimum value. For 
instance, corona discharges are always harmless regardless of the 
energy supply. Ignitions are determined exclusively by the ability of 
an electrical discharge to heat the gas. This happens when the applied 
electric field transfers heat energy into the channel left by an initially 
produced streamer and is possible only when a critical electron 
density is reached. As expected, this critical value corresponds to the 
number at which the electrons in the discharge hold a total kinetic 
energy comparable to the thermal energy of the neutral gas mole­
cules. The number is about 10 17 cm·3 for the gas mixture used, and 
is independent of geometry or electrode material. It constitutes a 
more physically meaningful criterion to determine ignition ability 
than an absolute energy value and corresponds to the number at 
which breakdown theory predicts and measures the properties of a 
weak plasma state. The interaction of the initially produced streamer 
with the electrodes and the geometry determines the ability of the 
applied field and the stored energy to produce the critical electron 
density, hence the ignition. With metals the charge produced in the 
head of the streamer is instantaneously absorbed by the surface; 
consequently, the transfer of energy to the gas is optimized and the 
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work done in the procurement of a critical electron density corres-

ponds precisely to the minimum energy value. With solids the charge

from the initial streamer stays in the surface long enough to stop the

discharge in the gap. No ignitions take place unless this charge is

removed by subsequent surface discharges. However, with a polarity

reversal this same accumulation of charge may lead to thermaliza-

tion at an applied voltage that is much smaller than the value required

with metal electrodes. The effect depends on the conductivity of the

solid and remains active even after days with the better dielectrics.

Liquids deform under electric stress and this modifies the ignition

properties. Liquids of low surface tension form thin filaments that

produce either harmless coronas or no discharges at all but merely a

high-resistance connection between the electrodes used. Liquids of

high surface tension produce discharges as a result of a geometrical

change that occurs at a field lower than the value for ionization of the

air. The ignitions are therefore always associated with higher capaci-

ties than in a uniform field (larger objects, thinner dielectrics).

Depending on the conductivity of the liquid, the discharge is

thermalized either by gradual accumulation of the critical electron

density with continued ionization or by a new discharge with a

period of no ionization in between.

In all cases the type of discharge produced and its ability to ignite

can be determined by analysis of oscilloscopic recordings of the cur-

rent as a function of time. Also, the discharge current traces show

that except for metals and uniform fields ignitions always involve the

propagation of discharges in nonuniform electric fields. This means

that previous studies of ignition by electrical discharges have almost

always consistently excluded the discharges that are most interesting

in terms of practical hazards.

In long sparks where steps are produced, the initial streamer will be

eventually affected by the space charge left behind it and will die un-

less its channel becomes thermalized. However, when the channel

becomes thermalized, any original geometry will change to a highly

asymmetric one, and a strong pulsed voltage will be produced at the

propagating tip. Consequently, the subsequent streamer stage propa-

gates like a pulsed strongly branched streamer discharge at the end of

each step. It seems, then, that branching and stepping are both associ-

ated with thermalization, and that if thermalization does not occur,

long sparks, the same as small sparks, will not be produced.
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work done in the procurement of a critical electron density corres­
ponds precisely to the minimum energy value. With solids the charge 
from the initial streamer stays in the surface long enough to stop the 
discharge in the gap. No ignitions take place unless this charge is 
removed by subsequent surface discharges. However, with a polarity 
reversal this same accumulation of charge may lead to thermaliza­
tion at an applied voltage that is much smaller than the value required 
with metal electrodes. The effect depends on the conductivity of the 
solid and remains active even after days with the better dielectrics. 

Liquids deform under electric stress and this modifies the ignition 
properties. Liquids of low surface tension form thin filaments that 
produce either harmless coronas or no discharges at all but merely a 
high-resistance connection between the electrodes used. Liquids of 
high surface tension produce discharges as a result of a geometrical 
change that occurs at a field lower than the value for ionization of the 
air. The ignitions are therefore always associated with higher capaci­
ties than in a uniform field (larger objects, thinner dielectrics). 
Depending on the conductivity of the liquid, the discharge is 
thermalized either by gradual accumulation of the critical electron 
density with continued ionization or by a new discharge with a 
period of no ionization in between. 

In all cases the type of discharge produced and its ability to ignite 
can be determined by analysis of osdlloscopic recordings of the cur­
rent as a function of time. Also, the discharge current traces show 
that except for metals and uniform fields ignitions always involve the 
propagation of discharges in nonuniform electric fields. This means 
that previous studies of ignition by electrical discharges have almost 
always consistently excluded the discharges that are most interesting 
in terms of practical hazards. 

In long sparks where steps are produced, the initial streamer will be 
eventually affected by the space charge left behind it and will die un­
less its channel becomes thermalized. However, when the channel 
becomes thermalized, any original geometry will change to a highly 
asymmetric one, and a strong pulsed voltage will be produced at the 
propagating tip. Consequently, the subsequent streamer stage propa­
gates like a pulsed strongly branched streamer discharge at the end of 
each step. It seems, then, that branching and stepping are both associ­
ated with thermalization, and that if thermalization does not occur, 
long sparks, the same as small sparks, will not be produced. 
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- Continued from Paxj V)

In preliminary lab tests, the friction behavior of Nylon-1 I at contact pressures

up to 120.000 pounds per square inch (8 kilobars) at room temperature was

measured. The friction coefficient was unusually small or only about one-half

of that of fluoroethylene films measured in the same test apparatus under com-

parable conditions.

Nylon is a generic term scientists use for polymides which are long-chain

synthetic polymeric amides that have recurring amide groups as an integral part

of the main polymer chain. Nylon-11 is distinguished from other commercially

available nylons by a relatively low melting point (186 C), broad processing

temperature range, low specific gravity (1.04), low moisture absorptivity (1.9%),

and high flexibility. It is highly solvent resistant and has found extensive applica-

tion as a corrosion resistant coating.

Because of the solvent resistant characteristics of Nylon-ll films, they are

easily prepared by using a dry powder coating technique.
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In preliminary lab tests, the friction behavior of Nylon- I I at contact pressures 
up to 120,000 pounds per square inch (8 kilobars) at room temperature was 
measured. The friction coefficient was unusually small or only about one-half 
of that of fluoroethylene films measured in the same test apparatus under com­
parable conditions. 

Nylon is a generic term scientists use for polymides which are long-chain 
synthetic polymeric amides that have recurring amide groups as an integral part 
of the main polymer chain. Nylon- I I is distinguished from other commercially 
available nylons by a relatively low melting point ( 186 C). broad processing 
temperature range. low specific gravity ( 1.04). low moisture absorptivity ( 1.9£7-'r ). 
and high flexibility. It is highly solvent resistant and has found extensive applica­
tion as a corrosion resistant coating. 

Because of the solvent resistant characteristics of Nylon- I I films. they are 
easily prepared by using a dry powder coating technique. 

29 

Digitized by Go gle Origir.al from 

UNIVERSITY OF MICHIGAN 



Research Notes

Fiber Optics used for Real-Time Dosimeters

Naval Research Laboratory (NRL) scientists have advanced the technology of

dosimetry (radiation detection) through the use of optical glass fibers to develop

new, improved and inexpensive dosimeter systems. In studies sponsored by the

Office of Naval Research the glass fiber detection systems were found to be at

least 100 times more sensitive to gamma rays than conventional bulk glass dosi-

meters currently in use. The successful laboratory research on glass fiber dosi-

meters may lead to the development of detection systems that will provide real-

time measurements of radiation aboard ships and aircraft that either contain

radioactive sources or are subject to external radiation from gamma rays. Such

dosimetry systems could be valuable to the civilian community, providing a low

cost, real-time detection system in work areas where nuclear power sources are

used to produce energy.

NRL has long been interested in fiber optics technology, which is essentially

the transmission of information or images with light through bundles of glass of

approximately 100 microns diameter by total internal reflection. To date, com-

munication applications have dominated work in the fiber optics field. However,

a team of solid-state scientists at NRL recently decided to use the glass fibers to

develop experimental dosimeters.

Glass darkens upon exposure to high-energy radiation such as gamma rays.

When exposed to the same amounts of radiation, some glasses darken more than

others, and thus would serve as better dosimeter materials. By drawing such

glasses into long fibers, the path which light can travel through the glasses is

greatly increased; consequently, very small amounts of darkening (radiation)

are detectable. The fibers may be coiled so that a long light path can be com-

pressed into a minimum amount of space.

If a number of such wave guides or fibers are bundled together, the configura-

tion may be used as a compact, low-cost, highly sensitive dosimeter to provide

continuous real-time measurements of radiation exposure.

In the NRL system, bundles of coiled fibers are used in conjunction with

available solid-state light sources (light-emitting diodes) and photodiode detectors

to monitor radiation in real-time for ships or aircraft.

The amount of light received at the system terminus would be monitored by

photodiode detectors whose output could be recorded graphically, thus providing

a permanent visual record of any fluctuations. Because irradiation of the fibers

reduces their ability to transmit light, the exposure of the system to radiation

would cause a measurable reduction in the photodiode output, which would

appear on the graph.

Currently, in NRL's ongoing research into the application of low-loss fiber

optics for dosimeter systems, the response of a variety of fiber materials to

radiation is being evaluated. These studies will hopefully lead to dosimeters of

even greater sensitivity.
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Research Notes 

Fiber Optics used for Real-Time Dosimeters 

Naval Research Laboratory (NRL) scientists have advanced the technology of 
dosimetry (radiation detection) through the use of optical glass fibers to develop 
new, improved and inexpensive dosimeter systems. In studies sponsored by the 
Office of Naval Research the glass fiber detection systems were found to be at 
least 100 times more sensitive to gamma rays than conventional bulk glass dosi­
meters currently in use. The successful laboratory research on glass fiber dos~ 
meters may lead to the development of detection systems that will provide real­
time measurements of radiation aboard ships and aircraft that either contain 
radioactive sources or are subject to external radiation from gamma rays. Such 
dosimetry systems could be valuable to the civilian community, providing a low 
cost, real-time detection system in work areas where nuclear power sources are 
used to produce energy. 

NRL has Jong been interested in fiber optics technology, which is essentially 
the transmission of information or images with light through bundles of glass of 
approximately 100 microns diameter by total internal reflection. To date, com­
munication applications have dominated work in the fiber optics field. However, 
a team of solid-state scientists at NRL recently decided to use the glass fibers to 
develop experimental dosimeters. 

Glass darkens upon exposure to high-energy radiation such as gamma rays. 
When exposed to the same amounts of radiation, some glasses darken more than 
others, and thus would serve as better dosimeter materials. By drawing such 
glasses into long fibers, the path which light can travel through the glasses is 
greatly increased; consequently, very small amounts of darkening (radiation) 
are detectable. The fibers may be coiled so that a long light path can be com­
pressed into a minimum amount of space. 

If a number of such wave guides or fibers are bundled together, the configura­
tion may be ~sed as a compact, low-cost, highly sensitive dosimeter to provide 
continuous real-time measurements of radiation exposure. 

In the NRL system, bundles of coiled fibers are used in conjunction with 
available solid-state light sources (light-emitting diodes) and photodiode detectors 
to monitor radiation in real-time for ships or aircraft. 

The amount of light received at the system terminus would be monitored by 
photodiode detectors whose output could be recorded graphically, thus providing 
a p~rmanent visual record of any fluctuations. Because irradiation of the fibers 
reduces their ability to transmit light, the exposure of the system to radiation 
would cause a measurable reduction in the photodiode output, which would 
appear on the graph. 

Currently, in NRL's ongoing research into the application of low-loss fiber 
optics for dosimeter systems, the response of a variety of fiber materials to 
radiation is being evaluated. These studies will hopefully lead to dosimeters of 
even greater sensitivity. 
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Sub-sea Permafrost

At a time when extensive offshore development is anticipated in Alaska, the

occurrence and characteristics of sub-sea permafrost along Alaska's coastline

becomes increasingly important. In April Dr. Robert Lewellen began his fifteenth

year doing basic research into permafrost at the Naval Arctic Research Labora-

tory. Dr. Lewellen will concentrate this year on the nature of sub-sea permafrost

in the Tapkaluk Islands fifteen miles east of NARL. His research is sponsored in

part by the Office of Naval Research.

The Naval Arctic Research Laboratory will assist Dr. Lewellen in establishing

a research site on the ice. This site will consist of three sled-mounted buildings: a

living hut, a laboratory and a building to house the diamond core drill used to

obtain sub-sea cores. With him at the research site will be Mr. Simeon Akpik and

Mr. Joe Ningeok, both NARL employees and arctic veterans experienced in using

heavy equipment. Drilling for sub-sea cores takes place while the shorefast ice is

safe and thick-from the middle of March until the end of May.

After analyzing numerous cores obtained on or along the shore as well as off-

shore, Dr. Lewellen has found permafrost throughout the cores down to a maxi-

mum of 300 feet below the surface, which was the extent of his drilling depth.

Throughout his years of gathering baseline permafrost data in the arctic he has

devised drilling techniques which are environmentally safe. This knowledge will

be pertinent to the establishment of engineering and design criteria for arctic

offshore public works or industrial development and is made available to the

public domain.

Dr. Lewellen, an independent contractor of arctic research, plans to continue

studying permafrost along the presently eroding arctic coastline, in the shallow

bays and lagoons and around the barrier islands, as well as the deeper waters at

sea from Cape Beaufort to Demarcation Point.

Meteorologist Modifies Air Structure Measuring Device

To most people, the atmosphere is either blue sky or clouds, or a combina-

tion of both. Not so for Louisiana State University (LSU) associate professor

Dr. S. A. Hsu! To him the atmosphere is a complex of layered air with ever-

changing meanings.

A research meteorologist of the LSU Coastal Studies Institute, in the Center

for Wetland Resources, Dr. Hsu's particular interest is the atmospheric structure

of air-land-water interfaces—in other words, the air over coasts. He describes his

specialty as "mesoscale processes" to distinguish it from the study of large, syn-

optic weather systems usually analyzed by weather forecasters.

Recently Dr. Hsu began experiments with equipment that may revolutionize

the study of atmospheric structure. He's modifying an acoustic sounder (which

measures atmospheric conditions by temperature variations) to produce a por-

table model.
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Sub-sea Permafrost 

At a time when extensive offshore development is anticipated in Alaska, the 
occurrence and characteristics of sub-sea permafrost along Alaska's coastline 
becomes increasingly important. In April Dr. Robert Lewellen began his fifteenth 
year doing basic research into permafrost at the Naval Arctic Research Labora­
tory. Dr. Lewellen will concentrate this year on the nature of sub-sea permafrost 
in the Tapkaluk Islands fifteen miles east of NARL. His research is sponsored in 
part by the Office of Naval Research. 

The Naval Arctic Research Laboratory will assist Dr. Lewellen in establishing 
a research site on the ice. This site will consist of three sled-mounted buildings: a 
living hut, a laboratory and a building to house the diamond core drill used to 
obtain sub-sea cores. With him at the research site will be Mr. Simeon Akpik and 
Mr. Joe Ningeok, both NARL employees and arctic veterans experienced in using 
heavy equipment. Drilling for sub-sea cores takes place while the shorefast ice is 
safe and thick-from the middle of March until the end of May. 

After analyzing numerous cores obtained on or along the shore as well as off­
shore, Dr. Lewellen has found permafrost throughout the cores down to a maxi­
mum of 300 feet below the surface, which was the extent of his drilling depth. 
Throughout his years of gathering baseline permafrost data in the arctic he has 
devised drilling techniques which are environmentally safe. This knowledge will 
be pertinent to the establishment of engineering and design criteria for arctic 
offshore public works or industrial development and is made available to the 
public domain. 

Dr. Lewellen, an independent contractor of arctic research, plans to continue 
studying permafrost along the presently eroding arctic coastline, in the shallow 
bays and lagoons and around the barrier islands, as well as the deeper waters at 
sea from Cape Beaufort to Demarcation Point. 

Meteorologist Modifies Air Structure Measuring Device 

To most people. the atmosphere is either blue sky or clouds. or a combina­
tion of both. Not so for Louisiana State University ( LSU) associate professor 
Dr. S. A. Hsu! To him the atmosphere is a complex of layered air with ever­
changing meanings. 

A research meteorologist of the LSU Coastal Studies Institute, in the Center 
for Wetland Resources, Dr. Hsu's particular interest is the atmospheric structure 
of air-land-water interfaces-in other words, the air over coasts. He describes his 
specialty as "mesoscale processes" to distinguish it from the study of large. syn-. 
optic weather systems usually analyzed by weather forecasters. 

Recently Dr. Hsu began experiments with equipment that may revolutionize 
the study of atmospheric structure. He's modifying an acoustic sounder (which 
measures atmospheric conditions by temperature variations) to produce a por­
table model. 
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The acoustic sounder sends a puke of sound straight upward. As the pulse

hits an atmospheric boundary between the layers of differing density and tem-

perature, some of the energy is bounced back to earth as a sort of echo, while the

rest passes on to the next interface, and another partial reflection. This process

continues until all the energy in the upward-traveling pulse is spent. The echoes

are recorded on a chart, from which scientists can determine the heights and

thicknesses of atmospheric layers.

The major drawback to such systems is their immobility. Dr. Hsu said. Pre-

sent methods require the establishment of fixed measuring stations at various

ground sites and a correlation of profiles between sites. A detailed picture of

the layers is not produced, Dr. Hsu says, because the layers of the atmosphere

may undulate between measuring stations. Some land areas warm faster than

others- for example, where there are many buildings or a large concentration of

population. As the warm air rises, the surrounding air sinks, producing corre-

sponding changes in atmospheric layers.* This phenomenon is particularly rele-

vant along coastlines, where the temperature difference between land and sea

creates unique atmospheric structures.

In Dr. Hsu's experiments the sounder's dish-shaped antenna, four feet in diam-

eter, is maintained on top of a truck or boat, so that profiles along ground tra-

verses can be mapped quickly and in fine detail. Although his primary purpose

is to achieve—with other Coastal Studies Institute scientists—a comprehensive

understanding of the interactions between land, air, and sea along a particular

coast, Dr. Hsu says the movable system will work anywhere. The instrument will

have its first application this Spring when a team of LSU researchers studies the

northeastern coast of Brazil.

Dr. Hsu stresses that his field of expertise has particular relevance to man's

coastal and ncarshore marine development. For instance, many complicated fac-

tors enter into the selection of sites for such major developments as airports or

nuclear power plants. Some important ones are related to the weather system-

the wind regime, air turbulence, fog, smog, aerosols, and temperature. An overall

analysis of these weather tactors, evaluated with the aid of various formulas that

Dr. Hsu has developed tor predicting process interactions, can lead to the identi-

fication of the most suitable site.

New Technique Improves Air Filtration

Naval Research Laboratory scientists have taken an industrial-grade, fiber-

glass air filter, applied an electric voltage to it, and wound up with a filter ten

times more effective than it was.

George H. Fielding, the principal investigator for this Environmental Protec-

tion Agency funded program, says "Unlike electrostatic precipitators, with

which it is occasionally confused, the NRL "dielectrophoretic• filter requires

only very low current and power. Also the system requires no more voltage

than the power supply of a small portable TV set."

The new technique uses high voltage to establish an electric field across the

fiberglass filter. This increases the efficiency of the filter for a 0.3 micron (0.0003

U. S. GOVERNMENT PRINTING OFFICE : i975 O - 5SR-35S
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The acoustic sounder sends a puke of total maigtlt 11pward. As the pulse 
hits an atmospheric boundary between the layers of differing density and tem­
perature, some of the energy is bounced back to earth as a sort of echo, while the 
rest passes on to the next interface, and another partial reflection. This process 
continues until all the energy in the upward-traveling pulse is spent. The echoes 
are recorded on a chart, from which scientists can determine the heights and 
thicknesses of atmospheric layers. 

The major drawback to such systems is their immobility, Dr. Hsu said. Pre­
sent methods require the establishment of fixed measuring stations at various 
ground sites and a correlation of profiles between sites. A detailed picture of 
the layers is not produced, Dr. Hsu says, because the layers of the atmosphere 
may undulate between measuring stations. Some land areas warm faster than 
others-- for example, where there are many buildings or a large concentration oi 
population. As the warm air rises. the surrounding air sinks, producing corre­
sponding changes in atmospheric layers.• This phenomenon is particularly rele­
vant along coastlines, where the temperature difference between land and sea 
creates unique atmospheric structures. 

In Dr. Hsu's experiments the sounder's dish-shaped antenna, four feet in diam­
eter, is maintained on top of a truck or boat, so that profiles along ground tra­
verses can be mapped quickly and in fine detail. Although his primary purpose 
is to achieve-with other Coastal Studies Institute scientists-a comprehensive 
understanding of the interactions between land, air, and sea along a particular 
coast, Dr. Hsu says the movable system will work anywhere. The instrument will 
have its first application this Spring when a team of LSU researchers studies the 
northeastern coast of Brazil. 

Dr. Hsu stresses that his field of expertise has particular relevance to man's 
coastal and nearshore marine development. For instance, many complicated fac­
tors enter into the selection of sites for such major developments as airports or 
nuclear power plants. Some important ones are related to the weather system­
the wind regime, air turbulence, fog, smog. aerosols, and temperature. An overall 
analysis of these weather factors, evalua tcd with the aid of various formulas that 
Dr. Hsu has developed for predicting process interactions, can lead to the identi­
fication of the most suitable site. 

New Technique Improves Air Filtration 

Naval Research Laboratory scientists have taken an industrial-grade. fiber­
glass air filter. applied an electric voltage to it. and wound up with a filter ten 
times more effective than it was. 

George H. Fielding. the principal investigator for this Environmental Protec­
tion Agency funded program. says "Unlike electrostatic precipitators, with 
which it is occasionally confused. the N RL 'dielectrophoretic • filter requires 
only very low current and power. Also the system requires no more voltage 
than the power supply of a small portable TV set." 

The new technique uses high voltage to establish an electric field across the 
fiberglass filter. This increases the efficiency of the filter for a 0.3 micron (0.0003 
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millimeter) aerosol from a normal 68 percent to 98 percent. Cigarette smoke

falls in the 0.3 to 0.7-micron range. For larger aerosols of one micron, the filtra-

tion efficiency increases from 78 to 99 percent.

In the NRL technique, the power supply is connected to the metal screens

on either side of the fiberglass filter. The electric field thus set up between the

screens polarizes the aerosols, while the glass fibers distort the electric field.

This accelerates the particles toward the fibers, where they are retained.

The method has many potential applications, especially for shipboard use.

Cigarette smoke, for example, an aerosol that has been particularly difficult to

filter, is especially troublesome in submarines and other closed spaces. This

makes the future of dielectrophoretic filters in such environments quite promising.

Other potential applications for the new technique include: prefiltration to

protect the very costly filters in nuclear reactor spaces, cleanroom filters for

hospitals or sensitive electronics areas, and inlet air filters for other nuclear,

biological, and chemical protection.
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millimeter) aerosol from a normal 68 percent to 98 percent. Cigarette smoke 
falls in the 0.3 to 0. 7-micron range. For larger aerosols of one micron. the filtra­
tion efficiency increases from 78 to 99 percent. 

In the N RL technique. the power supply is connected to the metal screens 
on either side of the fiberglass filter. The electric field thus set up between the 
screens polarizes the aerosols. while the glass fibers distort the electric field. 
This accelerates the particles toward the fibers. where they are retained. 

The method has many potential applications. especially for shipboard use. 
Cigarette smoke. for example. an aerosol that has been particularly difficult to 
tilter. is especially troublesome in submarines and other closed spaces. This 
makes the future of dielectrophoretic filters in such environments quite promising. 

Other potential applications for the new technique include: prefiltration to 
protect the very costly filters in nuclear reactor spaces. cleanroom filters for 
hospitals or sensitive electronics areas. and inlet air filters for other nuclear. 
biological. and chemical protection. 
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