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FOREWORD

This report documents the development of an experimental method to attempt

to trigger and direct a natural lightning discharge using a pulsed laser . This

• e f for t  was performed by the Electromagnetic Hazards Group (FES) of the Air

- Force Flight Dynamics Laboratory (AFFDL) as part of the Thunderstorm Research

International Program (TRIP 77) during July — August 1977 , at Kennedy Space

Center, Florida. The project engineer was Mr. Jack Lippert (AFFDL/FES)

The author gratefully acknowledges the cooperation of personnel from the

NASA Langley Research Center for providing the laser, the Air .Force Orientation

Group for logistics assistance, and the Kennedy Space Center for on—site support.

These concer ted efforts made this project possible in the short lead time

available .
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SECTION I

INTRODUCTION
t.

1. PURPOSE OF PROGR AM

The Laser Induced Lightning Experimental (LILE) program was intended to

develop a method for triggering natural lightning discharges using pulsed

lasers . The capability to trigger natural lightning discharges at a selected

locale will facilitate the collection of much needed data on the nature of

this phenomenon. The data can be used to attain greater realism in lightning

simulation tests (LST) and , hence , more accurate lightning transient

analyses. This, in turn , will result in better design criteria for protect-

ing aircraft and other systems against the lightning hazard . Although a

theoretical basis for this approach exists , experiments to verify the theory

had not been conducted .

2. PROGRAM OBJECTIVES

In order to achieve the intended purpose of the LILE program, several

related objectives had to be attained. These objectives are summarized below:

a. Experiment Design — Development of an experimental method was the

first requirement since no previous work had been performed in the area of

inducing lightning with lasers.

b. Selection of Test Locale - Based on the experiment design, an appro-

priate test locale with the required terrain , envi ronment , and support personne l

and facilities had to be sp.cif ted and selected.

c. Selection of Test Parameters — To support the exper iment, test pa ra meters

and their ranges had to be defined analytically or experi mentally . -

d. Test Apparatus — Test app aratu s to perfor m th. experiment had to be
designed and/or specified and transported to the test site.

1 . .  
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r e. Test Instrumentation— To measure and record test measurements and

monitor test apparatus performance , instrumentation had to be selected ,

acquired, checked out , and transported to the test site.

3. UCKCROUND

A major obstacle in lightning studies is the erratic nature of the phenomenon

itself and its occurrence. Due to the inherent uncertainties of the discharge

times and locations , years may be required to obtain sufficient data on even

distant strikes. Several schemes have been devised over the years to obtain

close hand examination and accelerate studies of the natural phenomenon.

In initial studies, tall structures were erected to increase the lightning

strike probability. In more active approaches to artificial triggering of

lightning, attempts were made using water plumes, tethered ballons and rocker

launched wires, each with some limited success. However , each concept that

involves an ohmic conductor over a substantial percentage of the discharge

path risks altering some parameters of the phenomena being studied . In the

rocket—launched wire case , for example, the lightning current will promptly

vaporize the wire and form an ionization channel of metallic plasma . Due to

conductivity and recombination rate differences of the plasma from those of

air, there exists a probability that the resulting strike would not be

representative of a natural discharge.

The ability of high—powered lasers to produce ionization in air suggests

that they may be effective in triggering lightning. The process of laser

triggering would theoretically result in the lightning following an ionized

air pathway similar in nature to the channel formed by the natural lightning’s

pilot leader. Therefore, laser—induced discharges should provide an opportunity

to study strikes similar to those occurring naturally. In addition, the

ability to choose the time and place of the discharge without injecting

2
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substances not ordinarily present will substantially increase the quantity

and quality of the data.

4. GENERAL THEORY

Although the precise mechanisms of a lightning discharge are currently

undefined one can gain insight into the phenomena by comparing the clouds and

earth to the parallel plates of a capacitor with an air dielectric (for

the purpose of this experiment, cloud—to—cloud lightning is not considered).

In this analogy as the “plates” become charged, the electric field between

the ground and cloud increases until, when sufficiently high, the air

“dielectric” breaks down and lightning occurs . In reality, of course,

this process is substantially more complicated.

Several schemes have been postulated using a laser to cause the desired

lightning discharge. The schemes can be divided into two applications of the

laser: either produce ionization (an increased electron density) or form a

rarefied channel. The laser can be focused to cause ionization from the

ground to as high an altitude as the available power permits . This would

simulate the conductivity of a tall tower or lightning rod by elevating the

ground plane. Another method is to form the ionization at the base of the

cloud in hopes of stimulating a pilot leader to propagate naturally from

that point (Ref 1). A still more ambitious approach is to produce a column

of ionization from the cloud to the ground to simulate the function of the

pilot leader. If there exists any charge buildup, this method should result

in a discharge as would shorting a capacitor (to use the earlier analogy).

All of these methods are fast acting with regard to charge distribution,

the reby introducing the assumed important dynamic changes to the present

field (Ref 2). However , as will be shown, the power required to form this

ionization over paths in the kilometer range is substantial.

3



A more subtle approach is to form a rarefied channel and thus weaken the

“dielectric insulation” in a particular spot. Then as a pilot leader forms

and propagates , it will tend to follow the easiest path to ground and break

through this weakened spot. Since the formation and persistence time is short,

the dynamic condition is retained. The disadvantage of this method is that

it depends on lightning about to strike somewhere in the vicinity. The size

of the vicinity affected is unknown, but is likely to be a function of channel

strength (density) and height.

The details of laser produced ionization over kilometer—long pathways

are quite complex and are published in Reference 3. In this section, only

the highlights of this process are presented. Representative data is Included

in the Appendix to demonstrate the magnitude of the power required.

The data in Tables A—i and A—2 were calculated based on the accepted

value of 3GW/cm2 for the clean air breakdown threshold. From the first

entry in Table A—i, the power density (Smax) required for a continuous path

of ionization one kilometer long (Z
F
) is 2.79 GW/cm

2. For a laser pulse of

one microsecond duration (t
E
) and a 8.21 cm aperture radius (WL

) the total

laser energy required is 591 x 1O3 joules. This value results from multipli-

cation of power density, pulse duration and aperture area values.

Although this power magnitude is obtainable by adding many laser outputs

together , the result is of the same order of magnitude as an actual pilot

leader and is , therefore, an undesirable option . It should be noted , however ,

that an air breakdown threshold has been experimentally observed with power

in the 500 megawatt range and is attributed to “dirty air particles .” By a

similar process as used in the above example, the laser energy for the first

four WL values in Table A—2 at ZB — 374 m can be computed to be 197, 94, 97

and 118 respectively. This suggests that aperture size dependent energy

H
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minima exist f or breakdown at a given distance . Another significant

observation that can be made, which also demonstrates how the data in

Reference 3 can be used, is that focusing range (Z
F
) has an effect on both

the optics size and the power required, that in turn results in total power

reduction of almost one order of magnitude. This can be demonstrated, as for

an example, by comparing the corresponding values from Tables A—i and A—2

at a ZB 
of 375 m for the approximately equal size optics in lines 1 and 2 ,

respectively. For these two conditions, the computed powers differ by a

• factor greater than 5.

Analysis of lightning fields gradients indicate that it is not the

electron density, but the space gradient over which it acts that should be

maximized. (Ref 4). This suggests that a long column of relatively weak

ionization (levels far below breakdown thceshold) , may be sufficient to result

in a discharge stroke.

TTT ~ T~~-



SECTION II

EXPERIMENTAL CONCEPT
I

Because an experiment of this nature, at least on a full—scale basis,

had not previously been performed, the first objective of the program was

to develop an experimental concept that would result in a practical experi-

ment within the constraints of available technology, hardware, locale and

environment. It was decided that combining the subtle approach of attempting

to form a rarefied channel with the gradual focusing to near breakdown intensi-

ties would be the best chance to cause a pilot leader to propagate in the

chosen area at which the laser energy was aimed.

The subtle approach presented does not depend on ionization but rather

uses the laser energy to rarefy a channel in the atmosphere. Since the “fast”

recomblna tion rates of free electrons are not a factor, laser pulse times

are limited by diffusion and wind shear of the air molecules outside the

laser beam. Experiments by Koopman and Saum5 indicate that a rarefied channel

must be lowered to .67 ambient air density to establish a preferential path-

way to guide a spark discharge. Using this value, the approximate flux

density required to form a kilometer—long channel was plotted versts pulse

length for a channel radius by Schubert 3 and is shown in Figure 1. The

effects of wind shear were not included as it would require longer than lO~~

seconds to dissipate a 1 cm channel with a 20 mph (890 cm/sec) wind. The

necessary f lux intensities are further reduced at laser wavelengths tha t

exhibit a high molecular attenuation in the atmosphere.

This approach, in turn, influenced the selection of the test site and

time of year during which favorable climatic conditions could be anticipated.

The approach permitted the use of laser energies attainable with portable

6
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t
units. The energy levels required influenced the type of laser used as did

the atmospheric transmission properties at the available laser wavelengths.

The laser selection played a major role in other aspects of the experiment

involving test appara tus components, instrumentation , and procedures ,

particularly in the area of personnel safety.

~J2

*

I $4 108

r.1~~106

r — 1 cm

lO~ 

- 

1O~ 10~ 

- 

],~0 1.0*

Pulse Length (s.c)

Figure 1 • Flux Versus Pulse—Length Criterion for Maint.~~ ance
- of Rarefied Channel by CO2 Radiation (Takan f rom

Reference 3).

- -

I~~I-

-—  

.



1. SELECTION OF TEST LOCALE

The LILE experiment was conducted at the Fire Rescue Training Area on

Merritt Island at the John F. Kennedy Space Center, Florida. This site

was selected for several reasons. Included among these is the fact that the

thunderstorm season in the area is the most severe in the continental U.S.

Consequently, the site was selected for conducting the Thunderstorm Research

International Program (TRIP 77)6 Also, in support of TRIP 77, a number of

experiments being conducted involved using research instrumentation whose data

could be useful to the LILE experiment.

The test site was an open clearing of about 500 meters in diameter,

totally flat (except for a weather tower), at sea level, and devoid of

underbrush .

Facilities at the site , or site area , consisted of a network of 25

electric field mills dispersed through a 10 by 20 mile area , a Lightning

Detection and Ranging System (LDAR) , an AN/FPS—77 Storm Detection Metereo-

logical Radar Set, Digitized Automatic Radar Tracking System (DARTS),

Cape Canaveral Air Force Station (CCAFS) Launch Pad Lightning Warning System

(LPLWS), Weather Information Network Display System (WINDS) and~ assorted data

processing and recording facilities.

2. SELECTION OF TEST PARAMETERS

Some of the experimental parameters were, in part, dictated by the

theoretical analysis of Reference 3. This included the laser wavelength

(10.6 micrometers) which is a characteristic of CO2 
lasers. At this wave—

length , there is a rslativsly low air breakdown threshold and reasonable

atmospheric propagation because of the transmissive and absorptive properties

of air. Also, CO2 lasers are usual ly relativel y high power and energy devices

for their size.

~~: 
:1 — 
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I 
- The range of one kilometer for the experiment was partially dictated

by the optical properties of the laser and the predominant ground to cloud

height in the area. The maximum focal length of 500 meters was limited by

the beam divergence and available optics.

The beam width and focusing were selected to maximize power and energy

5 
and to maintain the power energy density through the desired distance.

Horizontal propagation of the laser beam to a turning mirror 100 ft.

distant and then directed through electrodes atop a fifty foot tower, was to

protect the laser from possible “flashback” in the event of successf ul

lightning triggering.

3. TEST APPARATUS

The test apparatus consisted of a fifty foot aluminum tower with three

pointed electrodes on top, which was erected and guided by non—conductive

polypropolene cords. The tower was sunk into the sandy soil and an additional

grounding rod attached. The ohmic reading of the tower was less than 15 ohms

to ground and would provide a positive hookup for analysis instrumentation

while providing a more direct path to ground than the laser beam f or any

triggered lightning discharge. Figure 2 shows the tower erected at the test

site .

The apparatus was transported to the Florida site in a 30 foot semi—trailer

and a 25 foot van loaded atop a flatbed trailer . At the site , the semi—traile..~

housed the laser and propagating optics while the van served as a control room

and Faraday cage for the instrumentation.

The laser employed was a comsercial ly available Systems , a Science and

Sof tware (S3) model number 400 provided by the NASA Langley Research Center .

The siz. limitation of the semi—trailer was compensated for by employing a
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pulse transformer power supply for laser f iring instead of the standard

I
’ bulky Marx generator discharge supply. The laser (Fig. 3) is a pulsed CO

2

laser operating at 10.6 micrometers (infrared). Figure 4 shows the laser’s

control console which was installed in the control van for real—time control

over detectors and laser firing as well as for personnel safety. The laser

system was aligned by attaching a five milliwatt ReNe laser to the cavity

bracket as shown in Figure 5. A 1mm hole in the resonator cavity mirror

passing the HeNe beamallowed for positive alignment of the laser cavity

mirrors and the beam propagation optics. The relative positions of the

various hardware items are shown in the facility layout in Figure 6.

The beam expander consisted of a Cassegrain telescope with a magnifica-

tion of 7.5. It had a 30 cm diameter primary gold—plated concave mirror (made

of Cervit) of 0.841 meter focal length. The secondary mirror was a 6 cm

diameter water—cooled metal convex mirror with a 0.127 meter focal length

and dielectric multilayer coating. The secondary rested on a translation

stage to allow focusing of the beam. A cervit flat was mounted 450 to the

expanded beam and directed the beam out of the top of the housing to a pointing

mirror. The interior of the expander can be seen through the reflection in the

pointing mirror atup the white expander housing in Figure 7.

The pointing mirror aimed the beam at a field flat mirror (Figure 8) which

relayed the beam skyward past the 50 foot lightning rod tower. Close inspection

of the rectangular reflection in Figure 8 reveals the tower electrodes.

The purpose of the beam expander in the LILE tests was to enlarge the

10 x 10 cm square annular beam from the laser to allow tighter focusing far

out in the atmosp here. Since the beam was too lar ge to enter the expander

in its normal configuration, the expander was reversed and the secondary mirror

removed. Two double convex NaC1 (salt) lenses were used to reduce the beam to

11
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Figure 4. Laser System Control Console

Figure 5. HeNe Laser Attachment for Alignment of
Infrared Laser
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I
Figure 7. Beam Expand ing Cassegrain -

Telescope and Pointing Mirror

Figure 8. Flat Field Mirror
(Note Tower Electrodes
in Rectangular Area of
Reflection)
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I,

a 3 x 3 cm cross sectional area and then re—expand it to 25 x 25 cm at the

field mirror (See Figure 8). To protect the salt lenses from the high ambient

humidity, dry heated air was circulated continuously (24 hours a day) around

them. This required that the air conditioning system be also operated con-

tinuously to cool the rest of the equipment. The laser was projected through

a hole in the wall whiTh was plugged when experiments were not in progress.

Because in this configuration the lenses could not withstand full laser

power without damage, power was reduced and tests were conducted using only

the laser generated gain switch spike output.

In an attempt to increase power at the focal point, the secondary mirror

was reinstalled in place of the double convex salt lens and the expander was

returned to its original position. The other salt lens was replaced by a

15 cm diameter concave copper mirror with a 5 meter radius of curvature.

The dimensions and relative position of the optical elements along the

calculation made to derive these dimensions are given in Figure 9.

The power of the laser was then increased to over 350 joules with a pulse

duration of 1 microsecond and the experiments continued. The convex mirror

finish was damaged by the beam and was twice rotated 1200 in its holder to

move the damaged surface out of the beam. The beam shape at the output of the

laser and at the convex mirror are shown in Figure 10.

Figures 11 and 12 are a night time exposure of the laser beam path emitted

from the semi—trailer and , after reflection off the field flat mirror , illumina-

ting the tower electrodes and proceeding out into the night sky.

16
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Turning
10 x 10 cm Flat Mirror
S3 Beam l.lOm1~

NaC 1 Lens
1.9 meter f. 1.

NaC1 Lens
16.8 cm f. 1.

..67 m

a. Optical Configuration of Expander System
Using Salt Lenses

Mirror 3 — .841 m f .  1.

lOxlO cm beam Mirro r 2
.l2i m f .  1.

14 cm
diagonal ~~ ~~~~~

. 5 cin
~~~>

2.5 m f. 1. ~~~~~~~ .~~~~ —~~
—-

-:___.

Copper Mirror

Focus
200 meters

_ _ _ _ _ _ _ _ _ _ _ _ _ _  a —  1.607 m _ _ _ _ _ _ _ _ _ _

~ f — 2.5 m 
________1

b. Optical Configurat ion of Expander System
Using All Mirrors

Figure 9. Dimensions and Relative Positions of Optical Elements
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Figure 11. Beam Path from the Semi—Trailer
Arrangement

t

Figure 12. Beam Path Illuminating Tower Electrodes
and Propagating Outwards
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4. TEST INSTRUMENTATION

i~~~~~~~H Detecting and analyzing equipment included: (1) a current transformer

(CT) capable of 100,000 amp with a reduction factor of 6 ,800 to 1 (the CT
t.

was installed around one of the tower ’s uprights as shown in Figure 13),

(2) a magnetic field detector (Fig. 14) aligned for maximum sensitivity

along the laser beam path, (3) an electric field dipole antenna (Fig. 15)

placed atop the control van, (4) a potential gradient field mill (Fig. 16)

calibrated by the Air Force Geophysics Laboratory (AFGL) positioned directly

under the beam path, (5) a prototype “Stormacope” (Fig . 17) that displays

relative direction and approximate range of electrical activity from a

combined E—field and ADF antenna system.

The detected signals were connected to BIOMATION Model 6lOB Transient

• Recorder for later playback and examination on a Tektronix 5000 series

Oscilloscope. This setup displaying a typical signal response is shown in

Fig. 18. To electrically isolate the instrumentation from the recording

equipment , fiber optic coupling was used.

5. TEST PROCEDURES

The LILE procedure was intended to optimize the chance of attaining a

lightning discharge . having all controls inside the van with the detectors

and monitors allowed real time control over the equipment . The potential

field gradient was monitored to detect charge accumulation overhead . As

this value started increasing, both the laser and Marx generator were charged

and readied for firing. At high field readings (favorable discharge conditions),

the system would be fired . A thirt y second waiti ng period for lightning dis—

charg. would be employed before repeating the procedure.

Procedures were developed for performi ng a number of small scale experi-

ments while climatic conditions were not suitable for the formation of active

1- - 20



Figure 13. Current Transformer (CT)
Installation
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4
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Figure 14. Magnetic Field
Detecto r
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Figure 15. Electric Field
Dipole

Figure 16. Potential Gradient Field Mill
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Figure 17. Stormscope Display

Figure 18. Transient Recorder and Oscilloscope Setup
with a Typical Signal Display
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thunderstorms. These included a spark—gap triggering, laser effects on

• electromagnetic fields and laser power/energy scaling experiments.

a. Spark—Gap Triggering Experiment Procedure
I

Two f ive inch diameter aluminum corona balls were attached to the

positive and negative electrodes of a 100 XV Marx generator power supply and

spaced to result in an air spark gap. The gap assembly was placed in the

laser beam path and aligned using burn patterns on the Thermofax paper at

the spark gap. The voltage required for arc discharge was determined and

repeated to insure that the gap was stable and free from fluctuation. The

gap was then charged to a slightly lower voltage and the laser beam pulsed

between the corona balls. An arc discharge occurred. This process was re-

peated until no arc discharge occurred to determine the limit of the gap’s

breakdown voltage due to the laser energy. The laser’s optical propagation

system was then altered to move the beam ’s focal point and thereby change the

energy density of the beam within the spark gap. The entire process of gap

breakdown testing was repeated to investigate the energy/power dependency

of the breakdown voltage reduction phenomena. A diagram of the spark gap

arrangement is shown in Figure 19.

/ 
~~~~~~ Low Energy Density

High Energy Density

Spa rk Gap Elect rodes

Figure 19. Laser Triggered Spark 0ap Arrangement



b. Electromagnetic Field Effects Experiment

The laser beam was focused at different positions along the beam path

and the resulting effects were compared on oscilloscope tracings. This iso-

lated the effec ts due to the beam itself from those of the associated power

supply equipment. In addition, a field—mill calibrated by the Air Force

Geophysics Laboratory was located under the horizontal leg of the beam to

measure any disturbance to the potential field gradient.

A megavolt Marx generator (Figure 20) was used to pulse the grounding

tower in hopes of promoting streamering at the tower top electrodes . When

discharged simultaneously with the laser, it was hoped the chances of inducing

lightning would increase. The Marx generator was connected to the tower

below the current transformer (closer to ground) so that any current detected

would be moving towards the top, away from ground .

c. Laser Power/Scaling Experiment

Although the exact contributions from laser power versus laser energy

on the pathway channeling effect are not certain, tt appears that the more sig-

nificant parameter for this experiment was the laser power. This is determined

by the fact that present hardware can produce required laser powers at longer

pulse lengths more readily than the h igh required laser energies at the shor ter

pulse lengths. These pulse lengths correspond to the - power and energy dependent

sides of the clean air breakdown curve in Figure 21 (taken from Reference 1).

The 002 laser wavelength was chosen due to the combined high energies and

powers available from present devices as well as the relatively low breakdown

threshold of air due to cascade ionization at 10.6 microseconds. The compara-

tive effectiveness in wavelength where multiphoton ionization predominates (as

in liv lasers) were not addressed due to the nonavailability of high-power

devices at those wavelengths .
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Figure 20. Megavolt Marx Impulse
Generator
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Figure 21. Breakdown Criteria , Clean Air at lO .631m
(Taken from Reference 1).
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The requirements for a transportable laser system limited the

size of the device and its power supply and restricted the power and

energy provided by the laser device to levels below the state of tech—

nology. The laser system used which was capable of 350 j oules in a micro—

second with a gain switch spike of 40 joules in 70 nanaseconds , is weak

when compared to permanent laser facilities capable of kilo—joules energy

levels or peak power in gigawatts.

A qualitative comparison was performed using an Army’s Cold Cathode

Electron Beam Laser (CCEBL) located at Redstone Arsenal in Huntsville,

Alabama. The CCEBL can produce a single 1600 joule pulse of approximately
7 1

2 to 3 microseconds and is capable of being pulsed at 100 Hz at lower energies

per pulse. To duplicate a demonstration of optical. air breakdown performed

at the Florida test site, a single CCEBL pulse of less than 600 joules, which

is comparable in power to the Florida test, was used to show the value of

additional energy. The beam pattern on mylar of a typical pulse is shown in

Figure 22 and can be compared with that of the CO
2 
laser in Figure 10.

6. TEST RESULTS AND CORRELATION

LILE Results

Although no active cloud—to—ground discharging storm cells appeared over

the Florida test site, one ocean—formed storm did “blow—in ” from the ocean .

The ocean—formed storms are generally less severe than those formed from

thermal heating over land during the same season. As this storm rolled in

from the ocean, distant thunder and the glow of high altitude cloud—to—cloud

strokes were observed. However, no cloud—to—ground discharges were noticed

in the vicinity of the test site.

The storm clouds appeared to roll in as frontal waves , parallel to the

coastline , with 5—10 minutes between the waves during the hour—long storm.

_ _ _ _ _ _ _ _ _ _  _ _ _
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Figure 22. Beam Pattern of Army ’s Cold Cathode Electron Beam
Laser (CCEBL).
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Both the laser and the Marx generator were fired simultaneously as the

clouds passed overhead. No cloud—to—ground discharges resulted ; however, the

random thunder of high altitude strokes continued. The laser and the Marx

system were fired periodically after about 3—4 minutes charging time. As

the parallel, cloud waves passed overhead, the formations began to dissipate

In the area over the middle of the site, producing two separate waves which

proceeded inland. One possible explanation is that the laser and Marx genera-

tor Were introducing enough ionization to locally affect the charge carriers

in the vicinity and cause the cloud disturbance. Whether this was the case

or some other coincidental parameter was the cause is not knowtk.

There is evidence to suggest that this storm’s electrical activity was

at too high an altitude to be affected by the relatively short effective

range of the laser system. The AFGL calibrated potential gradient field mill

located below the laser pathway recorded maximum field gradients on the order

of 2 KV/aeter. The sharp discontinuities in the readings associated with

lightning discharges did not show a change in sign but only a reduced absolute

value before increasing again. This indicated that these readings were

associated with more distant cloud—to—cloud discharges rather than nearby

cloud—to—ground discharges. The Number 19 Kennedy Space Center (KSC) potential

gradient field mill located close to the laser test site was not functioning

properly and could not be used for corroboration . Afte~~ termination of the

storm, the reading from KSC Lightning Detection and Ranging System (LDAR) was

examined to confirm the electrical activity present over the site. The

lowest altitude of recorded electrical activity over the site was 20,000 feet,

many times the effective range of the 500 meter or even a 1000 meter beam

path. At this distance, a continuous conductor would have only a marginal

effect and a preferential path an insignificant effect. The closest confirmed

~ 
1.: 
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cloud—to—ground discharge was approximately 5 miles west by northwest of

the site.

L a. Spark Gap Triggering Results

The data obtained in this experiment is presented in Table 1. The

low energy values in the table were mathematically calculated using geometric

optics since the 1 millisecond pulse energy density was too low to obtain

burn patterns using the thermofax paper method.

TABLE I

SPARK GAP TRIGGERING EXPERIMENT RESULTS

Laser Energy Self—Breakdown Gap Potential Arc Liinit/% Reduction

5 j/cm2 24.5 XV 22.5 yes

22. yes

21.5 yes

21. yes

20.5 no 20 .75/15%

20. no

20. no

20 j/cm2 25 XV 21. yes

20.5 yes

20 no 20.25/19%

20. no

20.5 yes

The significance of these results is that the gap ’s breakdown voltage was

• positively reduced even though the concentration of laser energy was two orders

of magnitude lower than that required for arc breakdown even under optimistic

31
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conditions. This indicates that even a low level of laser irradiation in the

presence of an electric field has the tendency to form a preferential pathway

- I - 
for electric flow (arc current). These results collaborate documented

results by other experimenters with laser triggered switches and guiding

long arc discharges (References 1, 7 and 8) . The implication is that a con-

tinuous column of ionization from cloud—to—ground is not required to induce

a lightning discharge and carry it to the desired ground point. It appears

that lower intensity laser radiation over a long, gradual, focus would form 6

an adequate preferential path for the intense field of a nearby pilot leader

to seek and follow to discharge. These reduced power levels correspondingly

reduce the beam handling and propagation problems and are within the state—

of—the—art of present day laser technology.

There are several possible explanations for the above phenomena. For

a laser pulse shorter than thermal or convective diffusion times but longer

than acoustic expansion times, an isobaric heating model can be used following

the equation:

Pi/Po — ~ P/(fP + (ely) ) (1)

p
1 

— final gas density

p
0 

— initial gas density

p — pressure

e — laser energy absorbed

v volume of gas

The effect of low level ionization is enhanced by the existence of

an electric field . Propagating streamers have been measured approaching

1O9 cm/sec. compared to velocities of 106 
— 10~ cm/sec for electron

avalanches without laser induced breakdowns • This is a strong parameter for

- - - 
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•
- localized phenomena as spark gaps and should be adaptable to the realistic

case of a natural pilot leader’s intense field. The growth of charge

carriers (n) for this application is governed by the equation:

axn — n  ex o (2)

n — initial concentration
0

a — Townsend ’s first ionization coefficient

x — distance of propagation

The initial concentration is determined by the laser power and the

target that is absorbing that power. For the case involving electrodes with

laser energy incident upon them, electrons and ions of thermionic origin are

emitted. In the atmosphere, the laser energy first affects the particulate

and aerosol “impurities” far below clean air breakdown power levels. The

ionization extends radially and increases through the duration of the laser

pulse. Gradual focusing compensates for the power loss due to propagation

resulting in a long column of low level ionization. Admittedly , the initial

concentration is less than that emitted from a laser irradiated electrode due

primarily to the transmissivity of air. Further analyses may determine that

it be more desirable to *~se a laser of a frequency that is more readily

absorbed by the air. However, the trade—off s of power available vs. power

required at those frequencies is another consideration. A possible benchmark

for required charge carriers reported by L.oeb9 was that l0~ ions/cm
3 
are

needed to modify normal streamer velocity. Also, in the realistic case,

the electron/ion density appears not as important as the space gradient of

that density. This further supports the premise that a preferential pathway

can be generated below laser intensities needed to cause optical breakdown

of the air.
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r
b. Electromagnetic Fields Effects Results

The laser effects on the nearby electric and magnetic fields and the

potential field gradients were measured. Since these measurements were

obtained in reasonably clear weather (field mill reading of 600 v/meter),

the laser effects with regard to potential field strength could not be

evaluated. Therefore, whether or not the effects would be increased due to

the stronger fields prevalent in an active thunderstorm is not certain.

The oscillograms in Figure 23 are typical responses for a beam focused

at 200 meters, the tower top (80 meters ) and the horizontal leg (20 meters),

respectively. The 20 meter focus resulted in a laser initiated air breakdown

arc visible on television monitors and was recorded as a pulse on the Storm—

scope.

The top trace of the oscillograms is the response from the current

transformer on the grounding tower set on 10 mv/ cm sensitivity . The consis-

tent low reading is attributed to noise pick—up on the signal transmission

lines rather than a current flowing in the tower. The center trace is the

response of the loop dipole E—field sensor antenna at 20 mc/vm sensitivity.

Again the low value shows a negligible effect due to altering the laser focal

point. The bottom trace is the response of the H loop sensor whose signal

has been integrated to result in the H—field. Due to the equipment used for

integration, only the first 50 usec of the trace should be considered. Time

scales for all oscillograms are 25 u/cm. The H—field sensor sensitivity was

set at 10 mv/cm . The greater effect from the laser focus can be seen on the

H—field tracings . Comparing the traces, the most distant focus condition

resulted in the steepest risetime and the highest amplitude . The intermediate

position did not have as steep a risetime and levels off earlier in an

~

-
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- . - a. Potential field gradient
traces with beam focused
at 200 meters.

• U

b. Potential field grandient
traces with beam focused at
80 meters (tower top)

U
U...

U
c. Potential field gradient

traces with beam focused
at 20 meters (horizontal leg).

U
Figure 23. Typical Response at Three

Beam Focus Distance
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oscillatory fashion . The closest focus condition that terminated in an airr
breakdown arc, had a very gradual rise and did not appear to oscillate.

In addition, a potential field mill gradient calibrated by the Air

Force Geophysics Laboratory was located under the horizontal leg of the beam

to measure any disturbance to the potential field gradient. Each laser firing

resulted in a pulsed increase of the field gradient of approximately 150 v/ni.

Since these readings could not be compared to a stormy (strong field gradient)

day, it is not certain whether this is an explicit value or a percentage in-

crease of the existing field strength. The conclusion is that the laser beam

affected the surrounding fields but, at the powers and field strengths of the

experiment, that effect was minor and could be obtained more readily by other

means as described later.

Figure 24 is an oscillogram of the current transformer response to a

Marx discharge of 20,000 amps. With a reducing factor of 6,800 to 1, the

current transformer detected 1,900 amps. About 10% of the total current

dumped into the tower was away from ground toward the tower top electrodes.

The effect that the Marx discharge had on the fields was also measured.

An oscillogram of the electric and magnetic field response due to the Marx

discharge is shown in Figure 25. With the sensitivity at 4 v/cm and 2 v/cm ,

respectively, the resulting effec t to the surrounding f ields is orders of

magnitude greater than those caused solely by the laser, at least at the laser

powers tested . However , by careful alignment of the Marx produced fields and
0

simultaneous laser firing, a benefit to the lasers “channeling” effectiveness

may be realized (Reference 10) .

c. Power/Energy Scaling 1~~sults

The Florida demonstration involved using only the gain switch spike

and focusing that output to cause optical breakdown as distant from the laser

r -
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Figure 24. Current Transformer Response to a Marx
Discharge of 20 ,00 Amps .

4~
.

Figure 25. Electric (Top- Trace) and Magnetic (Bottom Trace)
Field Responses to Marx Discharge 
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as possible. A calculated value of 25 joules was transmitted through the

optical system to initiate air breakdown. A single spot “arc” with a faintly

audible “snap” resulted when the output beam was focused within 100 ft. of the

laser. Beyond this distance, -the attenuation and minimum spot size prevented

the energy density to initiate a visible or audible spark unless it impinged

on some material that would emit thermionic electrons or ions. However, this

does not suggest that some level of ionization was not present.

When focused at about 500 ft., the CCEBL caused two separate spots

of spark with one occurring at about 150 feet in front of the focus. Both

spots were extremely bright and resulted in loud “cracks” clearly audible at

200 f t .  distance . These spots ’ sizes were crudely estimated to be 2 — 5 inches

in diameter , since there was no measurable reference . Figure 26 shows the

Florida demonstration arc to the right of center photographed about 40 feet

distant. Figure 27 offers a visual comparison of the CCEBL produced arcs .

This f igure is a downrange view superimposing the two spots. The distance from

the camera to the first spot is about 300 ft.

- Repetitive pulsing the CCEBL at 10 hertz produced a long series of

“arc beads” as shown in Figure 28. The total length of the “beads” extended

approximately 200 — 250 feet and is more representative of a uniform energy

density throughout the region where the plasma beads form at some local inhomo—

g.ity (“dirty air” particles). From these results, one can begin to estimate

th. effect if the CCRBL output were maximized for power and energy or if one

of the still larger facilities were used for demonstration.

r
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Figure 26. Florida De~~nstration Arc

I
Figure 27. CCEBL Produced Arc
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Figure 28. CCEBL “Arc Beads” Produced at 10 Hertz
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SECTION III

( 
- 

;- CONCLUSIONS AND DISCUSSI ONS

Because conditions conducive to the formation of active cloud—to—ground -

discharging thunderstorms did not develop at the test site during the test

period , the principal objective of the LILE program was not accomplished.

Thus, the theoretical predictions remain undemonstrated . However, the other

objectives of designing the experiment; selection of test locale, parameters

and instrumentation; and development of test locale, parameters and instru-

mentation; and development of test procedures were all met and should

significantly facilitate future experiments under favorable climatic condi-

tions. In addition, secondary experiments involving spark gap triggering,

electromagnetic field effects and power/energy scaling provided useful results

which contribute to the understanding of the phenomena involved and also pro-

vide further insight in the technology. These contributions are summarized

below:

1. Incident laser energy reduces the self—breakdown voltage in

locally affected spark gaps. The triggering phenomenon was observed at a

power density 1/100 of that required for optical breakdown of the air where no

electrodes or electric fields were present.

2. Laser irradiation at the power and energies tested has only a

marginal effect on the nearby electric field , magnetic field , and potential

field gradient and thus is not expected to contribute significantly to trigger—

ing lightning by disturbing the prevalent field. Much greater field perturba—

dons can he obtained by other means .

3. Evidence suggests that a continuous column of ionization may not

be requirc -1 to trigger a lightning discharge . Rarefaction of the air may

provide a preferential pathway f or a discharge to follow to ground.
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Although the lack of appropriate thunderstorm activity prevented a con-

clusive demonstration of the Laser Induced Lightning Experiment, analysis of

the phenomenon suggests that the concept should be feasible with suitable hard-

ware. If such a system proves successful, possible applications besides environ-

mental analysis could include local lightning protection for installatIons such

as missile launch sites, weather modification, and possibly even control of

tornados .

In recent years data has been collected suggesting that tornados are

associated with extremely high levels of electrical activity. Two such data

points were obtained with the LDAR on 28 January and 9 February 1973

(Reference 11). Figures 29 and 30 show the recorded LDAR signal strength

(bottom trace) and number of pulses (top trace ) versus time of day on days

when tornados were sighted. These signals dramatically illustrate that

electrical activity during a tornado is several orders of magnitude greater

than the storm ’s average background count.

The effect of discharging this high level of activity on the behavior of

the tornado is an interesting speculation . Possible applications such as

these should justify further investigation towards the development of a

laser—based lightning triggering system.
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During a Tornado, February 9 , 1973.
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APPENDIX

ANALYSIS OF SPECIFIC LASER—INDUCED IONIZED
PATHWAYS AND TYPICAL DATA FOR

ON E KILOMETER PATHWAY

The electron distr1~iü~ion produced by a laser lightning rod

system is defined by the following equation (Ref 3):

WF h [wL
2 

- 
V

/

’

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ) 2] 

½ (A-l)

miii (2AzF I W) ½ (A—2)

- [R
2w
L
2 + (1 - R2)w

F2] ½ (A—3)

a + (z — z )
- and S(0 , t) — ST 2 2 

exp (ATZB) 
—

a + Z
F

where R — (z F 
— z

B
)/

F 
(A—5)

ii 2
and a A w

F

The variables in the above equations are def ined as follows:

- 
— radius of final optical element for focusing the beam (cm)

WLMIN — minimum radius of final element that will allow focusing
at a given Z (cm)B

W
B 

— beam radius at point where breakdown begins (cm)

W~ — beam radius at beam waist (cm)
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— distance of beam waist from final optical elements,
1 

- focal lengths (in)

ZB 
— distance from final optical element to point where

breakdown is initiated (m)

S(O
~
t)
max 

— maximum flux intensity of laser pulse at final optical
element (GW/cm2 )

— pulseshape parameter

A — laser wavelength (~Jm)

te 
— laser pulse length (sec)

3
— free electron density (electrons/cm )

- Z — location of N from final optical element (in)max e max

Ne final — electron density at end of computer calculation
(electrons/cm3)

Z d — location of N final from final element (in)

F — effect of focusing factor

t These variables were used to reduce the electron distribution equation
(Eq, 2) into a solvable form. To permit computer solution, values
were specified for:

— atmosphere attenuation coefficient (.41)

- 5
T — breakdown threshold of air (3 GW)

— electron heating coefficient (2.35 x 10 cm )

These values were used in an iterative computer solution of the

breakdown initiation and electron distribution equations (Eq. A—i and

• A—8 , respectively) .

- - -
- - 

ST — Sm~~ 
exp J 0~~ [F(z) — A.3 dz (A— i)

and ~~~~~~~~~~~~~ 4TI(z) 
— 

— T fD t  — Dtj ]+ [F(z) — A.~]ln 
fl( 

- (A 8)

~ 
(
~~X [n(z) — c

where
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L Dt — 
S(o , t1) [A T - F(z)) (A-9)1 

~S(o ,t1 /~ t1 - -

Dt - 
S(o ,t 2 ) ~~ - F(z) + Kn(z) (A-b )2 3S(o ,t2~~ t 2
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-
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Tables A—i and A—2 that follow are representative of the

iterative solution by computer for two laser focal lengths (Z
F
) and

common wavelength, pulse length, electron heating coefficient and

at mospheric attenuation .
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4; TABLE A i

Typ ical Laser Rod Parameters for a i—Kilometer
Focal Length, Z~, (Taken from Reference 

3).

1 — 10.6 6 8— 1000 t~ 10 (II) KA • 2.35 x 10
_i 

A
~ 

— 0.141

~L 
t
~e sax ~e final 

Zmax 2.nd ~~~~
125.0 8.21 3.81 El? 3,146 E12 162 2140 2.79

10.21 1.05 E13 1.07 El) 1140 168 2.50
12.21 1.20 El) 1.18 El) 1140 164 2.146
14.21 1.25 El) 1.26 El) 1140 162 2.44
16.21 1.27 El) 1.29 El) 1140 161 2.4
18.21 1.29 El) 1.26 El) 1140 160 2.4

250.0 8.21 3.145 El? 3.22 E12 288 377 2.60
10.21 1.21 El) 1.13 El) 264 289 2.04
12.21 1.41 E13 1.35 El) 279 283 1.95
114.21 1.38 El) 1.140 E13 260 281 1.91
16.21 1.40 El) 1.37 E13 260 280 1.89
18.21 1.46 E13 i,’#6 El) 260 279 1.88

375,0 8.21 3.10 E12 2.26 El2 429 528 2.43
10.21 1.37 El) 1.32 El) 392 408 1.62
12,21 1.56 El) 1,48 El) 384 40, 1.48
14.21 1.76 El) 1.64 El) 384 401 1.143
16.21 1.81 El) 1.76 El) 3814 1400 1.40
18.21 1.87 El) 1.85 El) 384 400 1.39

500.0 8.21 2.18 El2 3.53 Eli 558 765 2.30
10,21 1.40 El) 1.38 El) 510 531 1.25
12.21 1.95 El) 1.88 El) 508 524 1.07
14.21 2.17 El) 2.00 El) 508 521 1.00
16.21 2.31 El) 2.114 El) 508 521 0.97
18.21 2.36 El) 2.40 El) 507 520 0.95

625.0 8.21 6.06 Eli 0 732 927 2.21
10.21 1.52 El) 1,146 El) 6)4 654 0.94
12.21 2.30 El) 2.19 Fl) 632 646 0.72
14.21 2.78 El) 2.65 El) 6)6 642 0.64
16.21 2.82 El) 2.91 El) 630 6141 0.60
18.21 3.04 El) 3.02 El) 6)0 640 0.58

750.0 8, 21 9.67 0 770 8)2 2.17
10, 21 1.39 El) 1.17 El) 770 783 0.71
12.21 2.58 El) 2.38 El) 758 769 0.146
14.21 3.40 El) 3.31 El) 755 764 0,36
16.21 4,05 El) 4.02 El) 754 762 0.32
18.21 4,1+5 El) 4,144 El) 7514 761 0.30

875.0 8, 21 0 0 875 875 2.18
10.21 6.71 E12 8,24 Eli 899 966 0.57
12,21 1.95 El) 1.68 El) 883 900 0.30
14.21 5,28 El) 3.1) El) 879 889 0.1
16,21 4.91 El) 4.66 Fl) 879 885 0.1
18.21 5.73 El) 5.95 El) 877 88) 0.11
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TABLE A—2

Typical Laser Rod Parameters for a 0.5 Kilometer
Focal Length, ZF 

(Taken from Reference 3).

1 — 10.6 6 18
— 500 tE • 10 (II) KA • 2.35 x 10~ A7 . 0.141

~L ~. sax ~. final nU,~ X Z
11~~ Snax

— 
62.5 5.81 1.07 El) 9.14) El2 78 106 2.72

7.81 2.55 El) 2.142 El) 70 81 2.42
9.81 -2 .78 E13 2 ,64 El) 714 79 2.38
11.31 2,84 El) 2,814 El) 79 79 2,37
13.81 2.68 El) 2.68 El) 78 79 2.36
15.81 2.614 El) 2.62 El) 75 79 2.36

125.0 5.81 1.00 El) 9.51 El? 1140 171 2.47
7.81 2.67 El) 2.77 El) 1)0 1142 1.89
9.81 2.98 El) 3.11 El) 1)0 140 1.82

11.81 3,214 El) 3.01 El) 1)0 139 1.80
13.81 3.14 El) 3.20 El) 1)0 1)9 - 1.79
15.81 3,19 El) 3,09 El) 1)0 1)9 1.78

187.5 5.81 9.10 £12 8,11 £12 201+ 2)9 2. 25
7,81 3.22 El) 3.15 El) 192 202 1.43
9.81 3.70 El) 3.66 El) 192 200 1.33
11.81 3.85 £13 3.82 El) 192 200 1.29
13,81 4.03 El) 3.93 El) 192 199 1.28
15.81 3,99 El) 3.85 El) 192 199 1.27

250.0 5.81 7.18 £12 5,80 £12 269 318 2.08
7,61 3,62 El) 3.42 El) 2514 26) 1.014
9.81 4.61 El) 14.46 El) 2514 261 0.91
11.81 4.93 El) 4.92 El) 251+ 260 0.87
13,81 5.09 El) 4.92 El) 251+ 260 0.85
15.81 5.15 El) 5.15 El) 251+ 260 0,84

312.5 5.81 ~.l2 El2 1.27 £12 339 42p 1.94
7.81 ~.16 El) 3,73 El) 317 )~~ 0,72
9.81 5.55 £13 5.55 El) 321 321 0.57

11.61 ~~~~ El) ~.65 El) )l5 320 0.52
13.81 o.~3 El) o.60 El) 315 320 040
15.81 6.39 El) 6.73 El) 315 320 0.~ 9

375.0 5.81 1.05 £12 0 1+26 516 1.86
7.61 14,02 El) 3.61 El) ~79 387 0.149
~.6l 6.63 El) 6,1+4 11) 377 382 0.32

11.81 8.57 El) 8.46 El) 377 381 0.
13,61 9.52 El) 9.09 *13 377 380 0.
15.81 9.97 El) 9.08 El) 377 380 0.23

4)7.5 5.61 2,1+6 0 1+46 1+58 1.82
7.61 2.65 113 1.65 El) 1+44 4~7 0.35
9.6). 6.5~ E1~ 5.6~ ~l3 1+40 ~~5 0.17

11.61 1.us El. 9.~~ El~.) 1440 4142 0,11
13.81 1.~~ *11+ 1.22 Ei~ ~32 41+1 0.06
15.61 1.05 *114 1..s 1114 1+~o 1+40 0,07

r 
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