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to large distances in the ionosphere and magnetosphere.
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Compared with other possibl e methods of generation, these methods appear to
have the advantage of reliability and versatility . However, both the construc-
tion costs and the power requirements for these systems are large.
peninsula method is particularly attractive because it would minimize these
latter disadvantages.

Experiments conducted in 1975 and 1976 with a small peninsula on
Chappaquiddick Island , Massachusetts, show that the sea (or salt) water
surrounding a peninsula can indeed function as a conducting loop and that
this loop can be used to produce ULF magnetic fields above the peninsula. A
model ing study based on the results of these experiments indicates that the
peninsula method is very efficient: the magnetic field produced at E region
height by an electric current flowing through the sea water surrounding the
peninsula can be up to 49 times larger than the magnetic field that would
be generated by the same current flowing through a wire loop laid along the
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the sea water path, the power required to drive the current through the sea
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than the power required to drive the same current through the wi re loop. Thus
the magnetic field produced per unit of input power is substantially higher
for the peninsula current loop than it is for a large horizontal wi re loop
on the ground . The estimated cost of constructing a peninsula ULF generator
is found to be over an order of magnitude less than the estimated cost of
a horizontal wire loop system of similar capability . We conclude that the
peninsula method of ULF wave generation is feasibl e and that further experi-
ments, particularly a full-scale ULF generation experiment, are desirable. 
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ABSTRACT

This report presents the results of an investigation of a proposed

method for the controlled artificial generation of ul tra-low-frequency

(ULF) hydromagnetic waves , primarily of class Pc 1 (0.2 to 5 Hz), in

the ionosphere and magnetosphere. The basis of this method , which is

• calle d the “peninsula method” (a second possibl e method , the “VLF

method ,” is discussed in a companion report), is the passage of a

ULF-modulated electric current around a relatively nonconducting

peninsula in the sea or in a large saline lake to form a ULF current -

loop that produces a ULF magnetic field in the lower i onosphere.

Provided the amplitude of the ULF magnetic field fluctuations is

sufficiently large , i.e., provided the maximum magnetic moment of

the peninsula current loop is greater than about 1013 ,~ 2 it is

predicted theoretically that ULF hydromagnetic waves can be generated

in a disturbed region of the lower ionosphere above the peninsula.

These waves can then propagate away to large distances in the

ionosphere and magnetosphere.

The peninsula method is a version of a particular class of ULF

wave generation methods based on the use of large ground-based

ULF current systems. Compared with other possible methods of genera-

tion , these methods appear to have the advantage of reliabilit y and

versatility . However, both the construction costs and the power

requirements for these systems are large . The peninsula method is

particularly attractive because it would minimize these latter

di sadvantages.
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Experiments conducted in 1975 and 1976 with a small penins ula on

Chappaquiddick Island , Massachusetts , show that the sea (or salt) water

surround ing a peninsula can indeed function as a conducti ng loop and

that this loop can be used to produce ULF magnetic fields above the

peninsula. A modeling study based on the results of these experiments

indicates that the peninsula method is very efficient: the magnetic

field produced at E region height by an electric current flowing

through the sea water surrounding the peninsula can be up to 49 times

larger than the magnetic field that would be generated by the same

current flowing through a wi re l oop laid along the shoreline of the

peninsula. In addition , because of the low resistance of the sea

water path , the power required to dri ve the current through the sea

water around the peninsula can be more than an order of magnitude

smaller than the power required to drive the same current through the

wire loop. Thus the magnetic field produced per unit of input power

is substantially higher for the peninsula current loop than it is

for a large horizontal wire loop on the ground . The estimated cost

of constructiig a peninsula ULF generator is found to be over an

order of magnitude less than the estimated cost of a horizontal wi re

loop system of simila r capability . We conclude that the peninsula

method of ULF wave generation is feasibl e and that further experiments ,

particularly a full-scale ULF generation experiment , are desirable.

lv

- :. ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ •



_ _ _ _ _ _ _

• ACKNOWLEDGMENTS

* We wish to thank Mr. and Mrs. George F. Hodder and the late Mr.

and Mrs. Eric Hartell for permission to set up our equipment on and

adjacent to their North Neck properties on Chappaquiddick Island. We

al so gratefull y acknowledge the assistance of Houghton Lewis during

• the 1975 and 1976 experiments , and the contribution of James L. Buxton,

who hel ped design and who constructed all the specialized equi pment

used during the experiments.

Special thanks are due to Lieutenant James L. Nupp and his crew

on the Patrol Wing Five aircraft from the U.S. Naval Air Station at

Brunswick, Maine, who made the airborne magnetometer measurements

during the 1976 experiments . The hel p given by Lieutenant Donald L.

Christiansen with the arrangements is also appreciated.

Finally, we thank our colleagues Belinda J. Lipa and Kenneth J.

Harker for their theoretical studies of (1) the magnetic fiel d fluc-

tuations that were likely to be produced in the lower ionosphere by

the peninsula “antenna ’1 (BJL), and (2) the ULF waves that could be

generated in the ionosphere by ground-based electric or magnetic

dipoles (KJH). These studies , together with the work of Carl and

Phyllis Greifi nger at RDA Inc. on ULF wave generation with ground-based

dipoles , provided a strong theoretical basis for our experiments.

Support for this work was provided by the Defense Advanced

Research Projects Agency (ARPA Order No. 1 733, AlO and All) through the

Office of Naval Research Contract No. N000l4-75-C-l095.

V

- ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ t~~~~ __.~~~~~~~~~~

__ 
~~

,-‘.1 — -



~-.-.,—.. . —,-—- 

~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~—__• — ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.-‘
~
.-- - — -

~~~~~~~ 
-
~~ 

_ _ _ _ _ _ _ _ _ _

Note: In this report we use the abbreviation ULF (ultra-

low—frequencies) for frequencies less than 5 Hz.

Pc 1 geomagnetic pul sations are observed in the

upper part of this frequency range (0.2 to 5 Hz).

ELF (extremely-low-frequencies) is used to designate

frequencies in the range 5 Hz to 3 kHz, and VLF

(very-low-frequencies) is used for frequencies in

the range 3 to 30 kHz.
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I. INTRODUCTION

In 1972, Fraser-Smith et al . (1972) and Grei finger (1972) proposed

that the ULF-modulated magnetic field from a large ground-based current

loop dri ven by a ULF oscillator woul d disturb the l ower ionosphere and

produce ULF hydromagnetic waves that could propagate away to large

distances in the ionosphere and magnetosphere . This proposal was soon

followed by several other suggestions for possible ULF signal generators .

The suggestions included a large horizontal electric dipole antenna

(Greifinger and Greifinger , 1974; Harker, 1975), a large vertical

electric dipole antenna (Harker, 1 975), direct modification of currents

in the l ower ionosphere (Davis and Willis , 1974), and the use of VLF

radio transmissions into the magnetosphere (Harker et al., 1974 a, b;

Bel l , 1976). The ground-based current loop antenna and horizontal

electric dipole antenna methods appear to have the advantage of

• reliability and versatility , but , to generate observable pulsations ,

• the dipole moments of the antennas must be large , i.e., the antennas

must be physically large and their power requirement is many megawatts .

It was for this reason that the peninsula method for the generation of

ULF sig nal s was proposed .

The peninsula method is a version of the ground-based current loop

method for ULF signal generation , in which a ULF-modulated electric cur-

rent is passed around a rel atively nonconducting peninsula in the sea or

in a l arge saline lake . By using the sea water as a conductor it is

no l onger necessary to construct a large wire loop, with a consequent

large saving in construction costs. Furthermore , the land requirements

- ~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~ -~~~~~-~~~~~
• ,
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a

are great’y reduced , and , because of the large volume of sea water

involved and the subsequent low resistance of the sea water circuit ,

the power required to drive a large loop current is comparatively

small.

The essential condition for ULF hydromagnetic wave generation in

the ionosphere by a large ground-based current l oop is that the loop

should have a large peak magnetic moment. To illustrate , Fraser-Smith

et al. (1972) and Greifinger (1972) deduced that l oops with peak moments

in the range 1013 to 1014 Am2 would be necessary if significant hydro-

magnetic wave ampl i tudes were to be produced in the ionosphere , and the

work of Harker (1975) supported this conclusion. To produce a moment in

this range , a single- or multi-turn loop with a radius of the order of

50 km and a current of the order of 3000 A is required . The power

required to dri ve this current through the loop depends on the resistance

and therefore on the composition and gauge of the wire : for moderately

heavy (2000 mcm) al uminum wire the power requirement for a single-turn

loop can be as great as 100 MW . (Note that in this case, for a single-

turn loop , the magnetic field produced at an altitude of 100 km is

approximately 5i.) There is no doubt , therefore, that the peninsula

required for ULF wave generation should have as large an area as

- 
- possible.

Lipa et al. (1975) analyzed a peninsula model consisting of a

circular island connected to the shiwe of a large circular sea by a

narrow neck. All the sea boundarias , including the sea floor , were

assumed to be insulating , and the physical dimensions chosen for this

model were : island radius , 10 km; sea radius , 100 km; neck length,

2

~~~ . 
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100 m; sea depth , 50 m. It was assumed that an electric current of

3000 A was dri ven around the island by a ULF potential difference

between two electrodes located on either side and completely coveri ng

the neck. The amplitude of the magnetic field generated directly over

the island by this model peninsula system was approximately 41 at an

altitude of 100 km , and the power required to dri ve the 3000 A current

:1 was 2.4 MW.

Compari ng the model peninsul a system wi th the single-turn , 50 km

radius loop , we see that they both produce comparable magnetic field

ampl i tudes at an altitude of 100 km if the currents are the same.

However, the power required to dri ve the current around the peninsula

is between 10 and 100 times smal l er than the power required to dri ve

the same current through the wi re loop.

Although the work of Lipa et al. (1975) suggests that the generation

of ULF hydromagnetic waves in the ionosphere by the peninsula method has

several important advantages over the basic wi re loop method , there are

a number of assumptions in the peninsula method theory that must be

largely satisfied in practice if the method is to be effective. One

of the most important properties required for an actual peninsula is

a high electrical resistance across its neck. If this resistance is

low , current will leak through the neck instead of passing around the

peni nsul a, and the overall loop magnetic moment will be correspondi ngly

reduced .

Most of the assumptions made by Lipa et al. (1975) are difficult

to assess theoretically. Thus , to provide practical data , experi ments

were conducted during the summers of 1975 and 1976 on a small peninsula

•
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on Chappaquiddick Island , Massachusetts. The peninsula chosen , cal l ed

North Neck , projects into the almost totally enclosed Cape Poge Bay.

It does not rise very high above normal sea level , and it is largely

composed of sand and is marshy in places ; nevertheless, the peninsula

contai ns fresh ground water, and the electrical resistance across it

proved to be high enough to allow useful experiments to be conducted.

The results of these experiments and of the modelling effort that

resulted from them are described in the fol l owing chapters.

This report is one of a pair whose common topic is the control l ed

artificial generation of ULF geomagnetic pul sations. The second report

presents the results of a study of the “VLF method” of generation , i.e.,

the use of pulsed VLF transmissions into the magnetos phere from a

large ground-based VLF transmitter to produce IJLF hydromagnetic waves

in the ionosphere and magnetosphere . 
•

It
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• • II. ULF RECORDING EXPERIMENT , 1975

As a first test of the peni nsu l a generation concept, it was decided

• in 1975 to attempt an exploratory passive ULF recording experiment using

the sea water around a peninsula as a recei vi ng l oop . There were two

reasons for attempting this experiment as a fi rst test of the generation

concept. First , it would require little experimental equipment , and

yet if successful it would provide strong evidence for the existence

of a usable conducting path around the peninsula. Second , the experi-

ment would provide an introduction to the difficulties that were likely

to be encountered during a generation experiment.

F. Figure 1 shows a schematic representation of the experiment: a

ULF receiver is connected to two electrodes on either side of the

peninsul a, and ULF signals are recorded by using the sea surrounding the

peninsula as a distributed loop antenna. The figure emphasizes two

desirabl e features for the peninsula: (1) a narrow, nonconducti ng

neck , to minimize the l ength of wire required to connect the electrodes

to the ULF receiver , and (2) a l arge peninsula area beyond the neck, to

ensure a large minimum receiving area for the ULF “antenna.”

As noted in Chapter 1 , the peninsul a chosen for the experiment

was ~)fl Chappaquiddick Island , Massachusetts. Figure 2 shows a map of

the actual peninsula and surrounding area. Having the peninsula within

an almost totally enclosed bay was particularly advantageous , since the

experimental configuration then closely resembled the one studied

theoretically by Lipa et al. (1975), and the existence of well-defined

boundaries to the sea water enclosing the peninsula greatly simplified

5
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~ Figure 1. Schematic geometry of the peninsula ULF receiving experiment ,

1975.
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Figure 2. Map of Chappaquiddick Island , Massachusetts . The experiment
was conducted on North Neck , which projects into Cape Poge Bay (upper
right), and the location of the electrodes on either side of the Neck
is superimposed on the map. To indicate scale , the longitude lines
are 2.8 km apart . The compass rose points to geomagnetic north .
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later calculations of the magnetic fields produced by electric currents
• flowing in the sea water.

The equipment for the experiment was set up during August 1975. In

its or iginal form It cons isted of two copper el ectrodes , which were

constructed of thin copper sheet about 0.45 m square, connected by

shielded cables to the input of an electronics package consisting of a

ULF differential ampl i fier, a timer, a cal i brator, and a l ow-pass fil ter.

The output of the electronics package was recorded with both a monitoring

paper chart recorder and with a slow-speed analog magnetic tape recorder.

The location of the electrodes and cable is superimposed on the map of

the peninsula shown in Figure 2. One electrode was immersed in the

relatively deep water of Cape Poge Gut and was connected to the

electronics package by approximately 100 m of cable; the other elec-

trode was immersed in the relatively shal low water of Cape Poge Bay

and was connected to the electronics package by approximately 200 m

of cable. Shiel ded cable was required to reduce the input of sferic

noise. The resistance of the cable-electrode-sea water-electrode-

cable circuit , as seen by the electronics package, was approximately

12 ~~~. About 10 c~ of this resistance was due to the cables , i.e., the

res i stance between the two elec trodes was roughly 2 ~~~ .

The amplifier had a bandpass of 0.1 to 15 Hz, a voltage gain that

was adjustable In the range 500 to 500,000 , and an input impedance of

2 McL For the first 30 seconds of each hour , the timer automatically

turned on the calibrator , whi ch applied a 1 Hz square wave current

source to the input terminal of the ampl i fier. In normal operation the

output of the ampl ifier was passed through the filter before It was

8
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• 
- recorded. The filter was used to reduce the strong power line signals

that were picked up; it had a voltage gain of two at frequencies below

15 Hz (the 3 db point of the fi l ter occurred at 20 Hz), and it attenu-

ated 60 Hz signals by more than 60 db.

During prelimi nary tests of the ULF recorder, it was found that

instabilities were caused by dc potential differences in the range

0.01-0.03 V that occurred between the two electrodes. These potential

differences were removed by the insertion of a single-stage balanced

RC high-pass fi l ter (R = 75 kc2, C = 0.8 i.iF) between the electrodes
inputs and the ampl i fier. With this modification , and with the

ampl i fier gain setting that was selected for the experiment , the overall

system voltage gain measured from the electrodes to the recorder input

was 200 at a frequency of 1 Hz.

Recordings of IJLF geomagnetic pulsation activity were made using

the peninsula “antenna ” for each night in the interval 26 August through

5 September 1975. Well-defi ned Pc 1 pulsation events of comparatively

short duration (15-30 minutes) were recorded on a number of these

nights , thus demonstrating the validity of the peninsula ULF “antenna ”

• concept. Toward the end of the recording interval , a particu lar l.y

long-lasting and large-amplitude Pc 1 pulsation event was observed. A

spectrogram of this event, as recorded at Chappaquiddick Island (CH),

is displayed in Figure 3, together with spectrograms of the same event

as seen at Roberval , Quebec (RO ) and at Stanford, Cal iforn i a (SI).

Figure 4 shows the loca tions of the Roberval and Stanford recordi ng

sites rel ative to Chappaquiddick.

9
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The Pc 1 pulsation activity at Roberval and at Stanford was recorded

with i dentical North-South solenoid antennas , and thus it is the time

variation of the North-South horizontal component of the geomagnetic

field at these two sites that is displ ayed in Figure 3. The

Chappaquiddick data, on the other hand , probably represent the time

variation of the vertical component of the geomagnetic field. The

ampl i tude of the vertical magnetic field fl uctuations that occur during

a Pc 1 pulsation event is usually considerably smaller than the ampl i-

tude of the horizontal magnetic field fluctuations. Thus, the

strength and duration of the Chappaquiddick Pc 1 pulsation event in

Figure 3 suggests that the peninsula “antenna ” was highly sensitive .

In conclusion , the passive ULF recording experiment of August-

September 1975 demonstrated that the sea water conducting path around

a peninsula cou ld be used as part of a ULF “antenna ,” with the impl ica-

tion that the conducting path could also be used as the principal

component of a current l oop capable of generating ULF magnetic fields.

As a result of this encouraging result , planning went ahead for an

• exploratory active experiment using the North Neck peninsula during the

summer of 1976 .

10
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Figure 4. Map of North Ameri ca , showing the relative geographic loca-

tions of the IJLF recording stations at Chappaquiddick , Massachuse tts ;
Roberval , Quebec; and Stanford, Cal iforn ia.
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• . III. ULF MAGNETIC FIELD GENERATION EXPERIMENT , 1976

• The object of this experiment was to use the peninsula “antenna”

to produce a IJLF magneti c field and, by su itab le measurement and

ca l cula ti on, to establish the experimental conditions for a full-scale

ULF generation experiment. Once again , it was an exploratory exper iment.

However, unlike the ULF recording experiment in 1975, whose object was

to verify the peninsula “antenna” conce pt, the 1976 experiment was

intended to verify the advantages of the peninsula “antenna” for ULF

generation as compared with a large wire loop laid on the ground.

The experiment took place during the summer of 1976 , and once

again it made use of the North Neck peninsula on Chappaquiddick Island.

Electrodes were installed at the same location as during 1975, but they

were of different design from those used the previous year. They were

constructed of 2 m l engths of standard galvanized iron pipe (outer

diameter 2.5 cm), and assembly was in the form of the letter H, with

the long members 4 m long and separated by a cross-bar of length 2

m. The electrodes were connected to the ULF current source by #4

insulated aluminum wire (wire diameter 0.518 cm). The distance between

the electrode in the Gut and the current source l ocated on North Neck

was about 40 m , and the distance between the electrode on the other

s ide of the pen insula and the current source was about 140 m. Thus

the electrodes were about 180 m apart. Connection of the wire to the

electrodes was made by means of worm-gear hose clamps at the center

of the cross-bar , and the connec ti on was taped and sea l ed before the
- - electrodes were imersed in the sea water. The object of the large

elec trodes and thick a l uminum w i re was to minimize the res i stance of

13

!~~~A!~~~~2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

- - •



•—— -..--••---—- -------•• - - -

~~

-- - -•--.-

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- .. --. -

the wi re-electrode-sea water-electrode-wire circuit. This object was

achieved , because the measured resistance of the circuit was approxi-

mately 0.4 c2, compared with approximately 12 ~ the previous year.

Power for the experiment was provided by two 12 V automobile

batteries connected in series. The current flow from these batteries

was checked both before and after the tests , and it was found to be the

same in all cases. The ULF current controller was designed and

constructed in a joint effort with SRI International . Its specifica-

tions stated that it should del i ver 100 A into a 0.1 ~2 l oad for frequen-

cies in the range 0.5 Hz through 5 Hz when connected to the 24 V

automobile battery power supply. In addition , it was specified that

the keying cycle should be an on-off cycle of seven stepwise approximated

sine waves fol l owed by an off period equivalent to one period in duration .

This keying made it possible to determi ne the phase of the received

signal . The unit del i vered used four automobile starter relays in a

bridge circuit to produce the pseudo sine wave al ternating current,

and it matched or exceeded all its specifications. When connected to

the electrodes through the aluminum wi res, it del i vered a maximum of

60 A into the 0.4 c~ load , and its frequency was adjustabl e from less

than 0.5 Hz up to nearly 12 Hz.

The ULF generation experiment , us ing the ULF current source and

electrodes just described , had three components as follows . First ,

ground measurements were made of the magnetic field produced on the

peninsula and its vicinity . Second, the currents produced in the sea

water were measured using a three-axis current probe. Third , with the

cooperation of the Office of Naval Research and Patrol Wing Five

14
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- personnel at the U.S. Naval Air Station at Brunswick , Maine , measure-

ments of the magnetic field produced by the ULF current source and

peninsula “an tenna ” were made in the air above the peninsula using the

MAD magnetometer on a P-3C aircraft .

A two-axis fluxgate magnetometer built by Superconducting Technol-

ogy Inc. (Model F2l2) was used for the ground measurements of magnetic

field. This instrument had a flat frequency response from dc up to

frequenc ies we ll above the ULF range , and its noise level was approxi-

mately 1-2 y in the 0.2-5 Hz band . Preliminary calculations indicated

that a magnetometer with this sensitivity could make useful measurements

of the IJLF magnetic fields produced along the peninsula during the

generation experiment, and this proved to be the case in practice .

A specially-constructed three-axis current probe/preampl i fier

system wa s used to measure the ULF curren ts i n the sea wa ter surroun di ng

North Neck. This system was constructed by SRI International , and it

delivered signal voltages proportional to the three orthogonal components

of current at a single l ocation in the sea water. The probe had three

pairs of contacts , and the spacing between the contacts was 0.5 m.

Each contact pair fed a preamplifier with a vol tage gain of 100 and a

bandpass of 0.5 to 5 Hz (3 db points), and the outputs from the

preamplifiers were recorded sequentially on a Gulton portable chart

recorder.

• All three components of the experiment provided useful data . The

• magnetic field measurements along the peni nsula were largely dominated

by the magnetic field from the two electrode feed wires , which together

could be considered to form a single straight segment of wire , of

15
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l ength 180 m , crossing the peninsula at a right angle. Thus , the

magnetic field close to the wire was largely vertical , and it varied

inversely with distance from the wire . The ampl i tudes of the calculated

fields at various locations were always higher than the actual measured

• values. For example , the amplitude of the vertical component of th€~
field measured at a perpendicular distance of 30.5 m from the wire was

310 y (for a maximum current of 60 A) compared with a calculated value

of 393 1. The difference of approximately 20% between the calculated

and measured values is attributed to current flow through the peninsula.
& 

Since the magnetic field generated by the feed wi res was directly

proportional to the current flow, it appears that about 20% of the

current leaving one electrode flowed directly back through the peninsula

to the other electrode .

The principal result of the current probe measurements in the

sea water around the electrodes was the determi nation that the current

• close to the electrodes flowed predominantly radially away from the

electrodes. Because of current flow through the peninsula , the compo-

nent of the radial flow directly i nward toward the peninsula was to

be expected . Also anticipated , and actually observed , wa s a componen t

of current flow roughly parallel to the peninsula and directed toward

the seaward end . The component of the current flow directed away from

the peninsula was less certainly expected , but its existence was

predicted theoretically for the i deal peninsula model considered by

Lipa et al . (1975). Current flow directed away from the peninsula is

desirable for ULF generation , because it  feeds current loops of large

area In the sea and therefore ultimately leads to a l arge overa l l

16
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magnetic moment for the peninsula loop “antenna .” Thus the current

probe measurements close to the elec trodes were cons i stent w ith , and

provided support for, the ex istence of a sea water current loop around

the peninsula.

There was considerable background noise in the current probe

measurements caused by motion of the boat used in the experiment and

by the related motion of the probe in the water. Because of this back-

ground no i se, it was not poss ib le to make measurements of the current

flow at distances of more than about 160 m from the electrodes. Thus ,

it was not possible to investigate the flow of current around the end

of the peninsula or at other large distances from the electrodes.

The total field magnetometer on the P-3C Orion detected the

magnetic field from the currents flowing around the peninsula on all

of its eight passes , which were made at altitudes in the range 160 to

320 m. The sensitivity of the recording system was reduced after each

pass , and even on the l ast pass , with minimum sensitivity , the peninsula

current loop produced off-scale readings. The magnetic “anomaly” was

reported to resemble a large merc hant ship seen at low al titude. These

measurements demonstrated that the peninsul a current loop could indeed

generate large magnetic fields above the peninsula with a comparatively

modest power supply--in this case two automobile batteries .

It had become clear during the 1976 series of ULF generation

experiments that the concept of generating ULF magnetic fields by

pass i ng a ULF current through the sea water around a peninsula was

feasible. It still remained to demonstrate the great gain in magnetic

field strength produced in the ionosphere by a peninsula current loop

17
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compared w ith a w i re current loop of the same dimens ions as the

peninsula. For this reason, we Initi ated a theoretical program where

we modeled the North Neck peninsula and surround ing Cape Poge Bay and,

in a series of computer calcula tions , determined the magnetic field

that could be produced in the E region of the ionosphere.

18
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IV. MODEL CALCULATIONS

• The primary object of this theoretical program was to deri ve the

magneti c f ields produced above the sea , and in particular in the lower

ionosphere , by the ULF electric currents flowing around the North Neck

peninsula. It was hoped that the method used to deri ve the magnetic

f ields wou ld be suffic iently general to cover other peninsula/sea water

configurations that might be used in a ful l scale ULF generation

experiment. The method now to be described satisfied this requirement.

The theoretical modeling program proceeded along the followi ng

steps: (1) A model of Cape Poge Bay, the North Neck peninsula , and the

electrodes was constructed in a form suitabl e for computer computation.

(2) The potential distribution in the water due to unit potential dif-

ference across the elec trodes was computed by us ing a relaxa tion method

of so lution for Lap lace ’s equation . (3) The electric currents

arising from this potential distribution were determined . (4) The

magnetic fields produced by these currents above the sea were computed

at selected points .

The model used in the electric current ca l cula tions i s shown in

Figure 5. The shore of the bay is represented in an idealized fashion

by straight line segments which intersect at angles which are integer

multiples of 45°. The inlet to the actual bay, just above the peninsula,

i s c losed , as are other minor pools and inlets around the bay. It was

assumed (and later confi rmed by the calculations) that the electrical

current flow across these boundaries would be negligible. The bay was

assumed to be uniformly 1 meter deep ; because of the linearity of the

prob lem , other depths could be taken Into account by simple scaling .

19
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The elec trodes were modeled as points at A and B, and for simplicity ,

the bay shore and bottom were assumed to be nonconducting .

The first major task was to compute the two-dimensional electric

current density T(x,y) in the water. In a watery medium of conductivity
a, we have

J(x,y) = ar(x,y) 
* 

( 1)

and

~Y(x ,y) = —avq(x ,y) , (2)

where ~ is the electrical potential in the medium . Since the medium

i s charge free , 4’ can be found by solving Laplace ’s equation

V 24’(x ,y) = 0

subject to the appropriate boundary conditions. Because the shore is 
- 

-

nonconducting, at the boundaries Y(x,y) must flow parallel to the

boundary . Thus we have

~1~~’~~boundary E 0 . (3)

and thus

— a( V 4 ’) .~r 0 , (4)

where ~r is the unit vector normal to the boundary at each point. Given

the potential at each electrode = — 0 5  v~ = +0.5 V), It was then

necessary to sol ve Laplace ’s equat ion with mixed Neumann-Dirichlet

boundary conditi ons. Th i s was done us ing a standard f inite di fference

20
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Figure 5. Model of Cape Poge Bay, Chappaquiddick Island. The actual
shoreline is shown by the lightweight dashed lIne; the straight line
segment approximation is shown by the heavy solid line . The elec-
trodes were at points A(—) and B(+). An element of the computational
grid (drawn to scale) is shown In the upper part of the figure.
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relaxation method with a mesh size ~x = ~y = 38.3 m. (This mesh size

resulted from tracing a 4x enlargement of the standard USGS 7.5 ft map

of the bay onto a 0.25 in. gri d in the process of constructing the

computer model.) Since pilot calcul ations using a simplified geometry

indicated that instabilities in the computations could arise using the

method of successive over-relaxation , the actual calculations were

carried out using simple relaxation . The iteration process was termi-

nated when the relative change in 4’(x,y) between successive blocks of

250 iterations was less than 0.1% over the entire bay. Altogether , a

total of 6000 iterations were necessary.

The current density components Jx Lnd Jy were then computed at

each mesh point using Eq. (2) with a = 4 mho/m, which is a representa-

tive conductivity for sea water. Finally, the magnetic field ~
(
~ ) was

calculated at the point represented by the displ acement vector ~ from

the Biot-Savart law

= 
~ f ~~x ,y) x 

~~ dV , (5)
V 

4~Ir — r i

where V is the volume containing the current J(x,y), i.e., the bay

water , and i~ is the displacement vector to J(x,y). The origin of the

coordinate system, from which F and ~F are measured , was set at the

midpoint of the feed wi re connecting the electrodes . In the actual

calculations , Eq. (5) was first expressed as a sum of the contributions

from the volumes v .~ bounded by the lines connecting the mesh points ,

in the form

22
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U ç-’ f~~~. x ( ~~~— j ~.)
B(F ) = 

~ 
Li j  1 

—. ~ 
dv~ - ( 6 )

• 
- 

all I v
~ ft r

~I

The integral remaining in Eq. (6) was evaluated by assuming that i(x,y)

varied linearly over eac h volume v
~
. Thus , represent ing the values of

i at the corner of v.~ by 1k’ the integral can be evaluated analytically,

and we have :

~ 
2~ Jk

X (~~~—r .)
integral = j

~ —~~ — 
, for square-top ~~

j~~ ft — r~ I

or

integral = (~~~~~~~

2
d 

~~~~ 

~~k ; I )  for triangle-top v~.

For the actual calculation of the magnetic field , the depth of the

bay was fixed at a uniform 2 m. The electrodes were fed via 180 m of

#4 AWG aluminum cabl e connected to two 12 V automobile batteries in

series. The resistance of the feed wire was 0.24 ~, and the above

computations showed that the current path in the water presented a

res i stance of 0.53 c~. The resulting current produced a total magnetic

field In the ionospheric E region (altitude = 100 km) of 0.017 my

which , because of the idealizations employed , is subject to an error

~~ 

. of approximately ±50%. This field Is not large In an absolute sense, -

but It is a surprisingly large field to be produced by two automobile

batteries in series with 180 m of wire , and a small peninsula.
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Furthermore, the region of max imum f ield covers a large area of the

E-region : the field is at or above 97% of its maximum val ue over a

circular area of about 10 km radius at 100 km altitude . It falls to

about 52% of the maximum at 100 km north or south of the point of

maximum field (directly above the peninsula) and to about 34% at 100 km

east or wes t.

To illustrate the great “ga i n ” of the peninsula system, we compare

the calculated fiel d (actual field) with the field that woul d be

generated by the same total current flowing through a wire laid along

the shoreline of the peninsula from one electrode to the other. We

calculate a dipole moment of 1.8 x 106 Am2 for this current loop, and

it woul d produce a magnetic field of 3.6 x l0~ my at a point 100 km

directly above . The fiel d produced by the model peninsula-sea water

combination is about 49 times larger than this comparison value , and ,

assuming a 20% loss of current through the peninsula (as suggested by

our magnetic field measurements), the fiel d produced by the actual

peninsula-sea water combination is about 35 to 40 times larger than

the comparison value . Note that this comparison does not take into

account the greater power that would be requi red to drive the current

through the wi re outlining the peninsula. For the same power , the

gain of the peninsula/sea water system over the peninsula /wire model

system is even larger than the factor of 35 to 49 that we have just

derived .
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V. DISCUSS iON AND CONCLUSION

Before we reach a final conclusion concerning the feasibility of

the peninsula method for ULF signal generation , there are severa l

possible problems with the method that need to be considered. These

problems include the loss of el ectric current through the peninsula ,

reduction of the magnetic fields by induced (eddy ) currents in the

sea floor , and poss ible detrimental env i ronmental effects.

We have already indicated in this report that it is desirable for

most of the current to flow in the sea water around the peninsula ,

with minimal current flow through or under the peninsula. Clearly,

any current that flows through the peninsula directly beneath the

electrode feed wires does not contribute to the magnetic moment of

the des i red hor izontal current loop . There are a number of poss ible

methods by which this current flow can be minimized ; for example , by

the choice of a relatively resistive peninsula , and by suitable

design , positioning , and orientation of the electrodes . However, even

with careful pl anning, it will probably be impossible to completely

avoid some current flow through or under the peninsula. Thus , it is

important for us to point out that this current flow is not necessarily - 1
wasted but may, on the contrary, contribute to the ULF wave generation

process.

Unless the current flow through the peninsula takes place di rectly 
—

beneath the electrode feed wires, the current will in general both H
contribute to the magnetic moment of the horizontal current loop and

• also produce a vertical current loop. The net contribution to the

-. — — - n•___~~~~_ _ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ -~~. - —- - -__.
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moment of the horizontal current loop will increase this moment and

contribute to the ULF wave generation process. Similarly, the curren t

forming the vertical loop is not necessarily lost, s ince a vertical

current loop can be as effective for the production of Pc 1 pulsations

as a horizontal current loop (Greifinger and Greifinger, 1974).

Our assumpti on of a nonconducting peninsu l a and sea floor not

only has the effect of eliminating current flow through the peninsula ,

but it also eliminates induced currents in the medium underlying the

effective horizontal current loop. These induced currents reduce the

magnetic field produced by the current loop and therefore reduce its

effectiveness for ULE wave generation. If the materials comprising

the sea floor were perfectly conducting , it would be possibl e to use

image techniques to calculate the magnetic fields produced by the

induced currents . However , since the materials comprising all

realistic sea floors are only imperfect conductors (often with conduc-

tivities 50 to 1000 times smaller than the conductivity of sea water),

it is necessary to work directly with the compl ete field expressions

for a two or more l ayered medium . Eval uation of these field expres-

sions is difficult. However, Fraser-Smith and Bubenik (1974) have

evaluated the field expressions for the case of a large horizontal

current loop lying on a semi-infinite homogeneous medium of conductiv-

ity a, and the results of this work can be used to estimate the effect

of a conducting sea floor on the magneti c f iel d produced at ionos pher ic

height by the electric currents flowing around a peninsula.

Fraser-Smith and Bubenik (1974) found that the magnetic field at

E region height directly above a horizontal current loop is reduced by

• 26

_________________________________________________________________________- • • . , , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -: — --~~ ~~~ . .. 
i-.~;~ 

•i- ~~~~~~~~~



• - ,•
~~~ • ~~~

..

• - 
- less than 20% for frequencies close to 1 Hz and for a corresponding to

• 

- 
the conductivity at an average continental location (i.e., a l0~~

-

• 

mho/m). For a = lO~ mho/m the reduction would be about 51% and for

a = lO
_2 

mho/m the reduction would be 81%. Thus , induced currents

in the l ayer beneath the current loop can substantially reduce the

ionospheric magnetic fiel d produced by the current l oop if the l ayer

has an effective conductivity greater than about l0~ mho/m.

It is difficult to obtain sea floor conductivities that are rele-

vant to the present discussion of the peninsula method . Kermabon et al.

(1969) made measurements of the conductivity of the unconsolidated

sediments comprising the top 10 m of the Tyrrhenian abyssal pl ain west

of Naples and obtained values in the range 2 to 3 mho/m (the conduc-

tivity of the bottom water was about 4.5 mho/m). At greater depths

in the sea floor , as the sediments consolidate , it would be expected

that the conductivity would decrease. Kirkpatrick (1977), for example ,

reports conductivities in the range i0~ to 10—2 mho/m at depths of

160 to 400 in for drill holes in the floor of the Atlantic Ocean. The

skin depth of a 1 Hz electromagnetic signal in material of conductivity

l0~ mho/m is 1.6 km , and in material of conductivity 1 mho/m the skin

depth is 503 m. Thus , the ULF electromagnetic fields with which we are

concerned can obviously penetrate the comparatively highly conducting

• upper l ayers of the sea floor with only small to moderate loss of

ampl itude. At greater depths, particularly since the sea floor of

interest adjoins the shore, the conductivity shoul d become more typical

of the crustal materials underlying l and areas. The effective sea

floor conductivity for the 1 Hz electromagnetic fields under these

27
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conditions is more likely to be typical of the iaE~ mho/m value for
an average continental location (Fraser-Smith and Bubenik , 1974) than

it is of the 10—1 to l0 2 mho/m value for shallow depths in the sea

floor.

Longuet-Higg ins (1949) used observations of the potential differ-

ence between the ends of telephone cables to deduce a value of

6 x l0~ mho/m for the mean effective conductivity of the sea bed in

the English Channel . By choice of the location of the peninsul a in a

region where both the peninsula and underlying sea floor consist of

rock of low conductivity (such as granite), it should be possibl e to

have an effective sea floor conductivity that is signifi cantly less

than the 6 x l0~~ mho/m val ue for the English Channel , i.e., a

conductivity on the order of l0~~ mho/m. For this sub-surface conduc-

tivity , there is a reduction of about 50% in the magnetic fields

produced at E region height at 1 Hz by a horizontal current loop on

the surface; and a similar reduction is expected to occur in the

peninsula method for the same effective sea floor conductivity .

Although this is a substantial reduction , it is more than compensated

for by the much greater magnetic fields produced in the ionosphere

by the peninsula system for a given input current.

As we have seen , one of the principal advantages of the peninsula

“antenna ” for ULF wave generation , compared with a wire loop of

• comparable area , is the very low resistance of the greater part of

the current path . Thus it is possible to dri ve a large current, on

the order of 3000 to 5000 A , around the path wi th a comparatively

small voltage difference. For this reason , and because it is desirable

28
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for the peninsula to have a large area (on the order of 100 to 1000

~ 2) with a consequent large perimeter , the vol tage gradients produced

in the sea water surrounding the peninsul a are everywhere small

except possibly in the immediate vicini cy of the electrodes . Lipa

et al. (1975), for exam ple , calculated a current density of 0.01 A/m2

just off the extreme end of their peninsula , which implies a voltage

difference of only 0.005 V across the length (assumed to be 2 m) of

a swimer at that location . ~Note: the 0.03 V published by Lipa et

al. (1975) for this voltage difference across the swimmer is too large

by a factor of 6 (B. L. Lipa , personal communication , 1977)].

Similarly, because of the large volume of water involved , the

electric current density in the water surrounding the peninsula is

• 
~

- everywhere small except possibly in the imediate vicinity of the

electrodes. To illustrate , in the particular example considered by

Lipa et al . (1975) the current density in the sea is everywhere less

than 0.6 A/rn2 (the current density next to the electrodes), and

• throughout most of the sea the current density is less than 0.01 A/rn2.

Adjacent to the electrodes the current density can be reduced to any

desired l evel (within broad l imits set by the particular peninsula/sea

configuration ) by increasing the size of the electrodes. Finally, we

note that larger total currents and probably much higher current

densities than those proposed for the peninsula method are produced

by other systems presently in operation without apparent harmful

env ironmental effects. For example , the Physics Bulletin of July

1977 (p. 239) quotes a maximum total current of 7200 A through sea

water for the active cathodic protection system that is to be installed

29

~~~~~~~~~~~~~~~~~~~ L~~ -~-:L —. — .‘.~--•-~~~~•— ~~~~ g - - 



F —-~
---- — ~~- - - ~~~~~ - - -~~

on and around an offshore platform in the North Sea, and similar active

cathodic protection systems are already in use at other locations.

Thus , provided care is taken with the electrode design and

• shielding is provided , if necessary , there are likel y to be no

undesirable environmental effects associated with the voltage gradients

and current densities in the sea water surrounding the peninsula.

ULF magnetic field fl uctuations with amplitudes in the range 100

to 1000 y will be produced on the peninsula and in its vicinity when

ULF wave generation experiments are conducted . Protection of telephone

and other conducting line systems would be necessary to prevent arcing

and other problems due to induced currents . Fortunately, a large

part of the area surrounding the peninsula is occupied by the sea ,

and the number of conducting line systems that are likely to be

affected by the peninsula “antenna ” will be reduced accordingly.

Possible biological effects of the magnetic fields produced by

the peninsula “an tenna ” (as well as those produced by

other ground-based current loop methods for ULF wave generation ) are

difficult to assess , since there have been few published studies of

the biological effects of magnetic field fluctuations below 10 Hz.

We note, however , that ULF geomagnetic field fluctuations with

ampl i tudes in the range 5 to 50 y can occur during geomagnetic storms

at high latitudes and during natural “giant” pulsation events. In

addition , modern mass transit systems such as the San Franc i sco Bay

Area Rapi d Trans it (BART) system can produce large amplitude ULF

magnetic field fluctuations on the ground (Fraser-Smith , 1977) and it 
• 

-

is probable that the ampl i tude of these fl uctuations can exceed 100 y
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for locations close to the tracks . Thus , although further studies are

clearly desirable , it appears likely that the magnetic fields produced

on the peninsula and in its vicinity will be harmless to living

organisms . Finally, we note that the peninsula “an tenna ” will not be

in continuous use. Infrequent use of the peninsu la “an tenna ” w i l l ,

of course , minimize the possibility of harmful environmental effects.

The most important simi l arities and differences between the

peninsula method for ULF wave generation in the ionosphere and

magnetosphere and the original ground-based current loop method (which -

requires a large horizontal wire l oop) can be summarized as follows:

(1) The ULF wave generation mechanisms for the two methods are

identical ; the primary requirement being the production of as large a

ULF magnetic field as possible in the l ower ionosphere .

(2) Fraser-Smith and Bubenik (1974) calculated that for an average

continental location the conducting earth would reduce the magnetic

field produced by a horizonta l wire loop at E region height by less

than about 20% for frequencies close to 1 Hz. In this report, we

deduce that the potentially higher effective conductivity of the

sea floor/peninsula combination may reduce the equivalent field

produced by the peninsula method by about 50%. Thus , from this point

of view , the horizontal wire 1oop method is likely to be ciore efficient -

than the peninsula method . It should be pointed out, never heiess.

that the two methods would probably have similar efficiencies , insofa r 
-

•

~ as losses produced by the conduc ting earth are concerned , if the wire
• loop had the same l ocation as the peninsula.

(3) Ca l culations indicate that the ULF magnetic field produced at

E region height by the peninsula method can be up to 50 times greater
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than the field produced by the same total ULF current passing through

a wi re conforming to the perimeter of the peninsula (it is assumed ,

in deriving this result , that the sea floor and peninsula are noncon-

ducting). In addition , the power expended to drive the IJLF current

around the peninsula is likely to be substantially less , by perhaps

an order of magnitude or more, than the power expended to drive the

same ULF current through the wire loop. Thus the ULF magnetic fiel d

generated per unit of input power is much greater for the peninsula

method than it is for the horizontal wi re loop method . This result

holds even when the possible differences in effective earth conduc-

tivity are taken into account.

(4) Because only a comparatively small amount of electrical

wi ring is required for the electrode feed wi res , the cost of construct-

ing a peninsula “antenna ” is likely to be much smaller than the cost

of constructing a horizontal wire loop. In addition , the cost of the

power system required for the peninsula “antenna ,” as well as its

runn i ng cos ts , will probably be less than the equivalent costs for the

horizontal wire loop.

A rough estimate of the cost of a peninsula “an tenna ” can be

obtained by reference to the earlier estimates obta i ned by Fraser-Smith

et al. (1972) for the cost of a horizontal wire loop system: this

cost varied from about $1 million for a single-turn loop of 10 km

radius to about $12 million for a three-turn loop of 50 km radius.

These costs should now be increased by perhaps 25% to allow for the

decline in purchasing power of the dollar in the interval 1972 to 1977.

The principal contribution to these estimated costs was the expense
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of the wire loop and its supports. (The wire loop is assumed to be

raised off the ground on supports in order to provide maximum heat

dissipation . Supports may also be required for the electrode feed

wires in the peninsula method.) In addition , even though heavy gauge

wi re is to be used, the resistances of the two loops are relatively

high (2 ~2 and 28 c~) compared with the resistances of possible sea
water loops , and the expense of the power systems required to dri ve

currents in the range 1000 to 3000 A through the loop adds substantially

to the estimated costs.

In the peninsula method , the principal expense is for the power

system. Fraser-Smith et al. (1972) used a cost figure of $50/kW for a

dc converter stage, with two converters needed in the one power system.

Including the effects of inflation , we adopt $62.5/kW as our new cost

figure , and we estimate that the dc converter stage required for a 2.5

MW peninsula power system would cost about $320,000. This system

should be capable of driving a 3000 A ULF square wave current around a
peninsula of area equivalent to that of a 50 km radiu3 loop, and doing

so continuously for many hours or days , if required. If continuous

operation is not required , as may be the case for an initial full-scale

ULF generation exper iment, much s impler power systems could be used.

For example , a power system using ordinary automobile batteries could

probably be constructed for less than $100,000. Assuming the neck of

the peninsula is on the order of 1 km or less in width , it is unlikely

that the cost of the electrodes and their feed wires would approach

the estimated cost of $360 ,000 obtained by Fraser-Smith et al. (1972)

for the wire and its supports for the 10 km radius loop. We estimate
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a maximum of roughly $150 ,000 for the cost of the peninsula electrodes

and their feed wi res. Allowing for additional labor and contingencies ,

we estimate the cost of a peninsula antenna to be approximately in the

range $250,000 to $500,000. This cost estimate should be compared

with the approximately $15 million (in 1977 dollars) estimated by

• Fraser-Smith et al. (1972) for the three-turn 50 km radius horizontal

loop, which would have about the same ULF hydromagnetic wave generating

capability as the peninsula “antenna .” These cost estimates are

necessarily approximate , and they do not cover site-related contin-

gencies such as the need to purchase land or to substantially extend

a standard 60-70 kV power transmission line. Nevertheless , it is

• clear that the peninsula method , while having the same ULF wave

generation capability as a large horizontal wire loop, will cost wel l

over an order of magnitude less to impl ement.

In conc l us ion, the experimental and theoretical results we have

obta ined during this study indicate that the peninsula method for ULF

wave generati on i n the ionos phere and magnetos phere i s not only

feasible , but it is likely to have several substantial advantages over

a large horizontal wire loop used for ULF wave generation. These

probable advantages for the peninsula method include lower construction

amid running costs and the production of much greater ULF magnetic field

ampl i tudes in the lower ionosphere per unit of input power. Because

the two methods of ULF wave generation are otherwise equivalent ,

further experiments on the peninsula method and , in particular , a

full-scale ULF wave generation experiment using the peninsula method ,

appear to be des i rable.

34

_________________ __________________ _________ • 
- - ~~~~~~ --~ • - - • - • --



—

REFERENCES

Bell , 1. F., “ULF wave generation through particl e precipitation induced
by VLF transmitters ,” J. Geophys. Res., 81 , 3316, 1976.

Davis , c - i . R., and J. W. Willis , “A quest for a controllable ULF wave
source,” IEEE Trans. Communications, COM-22, 578, 1974 .

Fraser-Smith , A. C., K. c-I.  Harker , R. T. Bly, Jr. , and D. M. Bubenik , -
“Generation of artificial geomagnetic micropulsations with a large -
ground-based current loop,” Rep. SEL-72-023, Stanford Electron. Lab., -

Stanford University , Stanford , Cal ifornia , June 1972.

Fraser-Smith , A. C. , and D. M. Bubenik , “The effect of the conducting
earth on the micropulsation-generating capability of a ground-based
current loop ,” J. Geophys. Res ., 79, 1038, 1974.

Fraser-Smith , A. C., “Large amplitude ULF electromagnetic fields from
BART,” submitted for publ ication to Radio Science , 1977.

Greifinger , C., “Feasibility of ground-based generation of arti ficial
micropulsations ,” J. Geqphys. Res ., 77, 6761, 1972.

Greifinger , C., and Phyllis Greifinger , “Generation of ULF by a hori-
zontal electric dipole ,” ~~~ Sci ., 9, 533, 1974.

Harker , K. J., F. W. Crawford, and A. C. Fraser-Smith , “Generation of
Al fv~n waves in the magnetosphere by parametric interaction between
whistlers ,” J. Geophys. Res ., 79, 1836, l974a.

Harker, K. J., F. W. Crawford , and A. C. Fraser-Smith , Correc tion to
“Generation of Al fv~n waves -in the magnetosphere by parametric
interaction between whistlers,” J. Geophys. Res ., 79, 4827, 1974b.

Harker , K. J. , “Generation of ULF waves by electric or magnetic dipoles ,”
J. Geqphys. Res ., 80, 3100, 1975.

Ke rmabon , A., C. Gehi n , and P. Blavier , “A deep-sea electrical resistivity
probe for measuring porosity and density of unconsolidated sediments ,”
Geophysics, 34, 554, 1969.

Ki rkpatrick , R. J., “Results of downhole geophysical logging ; Hole 396 8,
DSDP Leg 4b (Glomar Challenger), ” Preprint , Scripps Institute of
Oceanography , 1977.

• Lipa , B. J., A. C. Fraser-Smith , 0. G. Villard , Jr. , and J~ R. Storey,“Controlled artificial generation of geomagnetic pulsations ,” Nature,
• 258, 311 , 1975.

Longuet-Higgins , M. S., “The electrical and magnetic effects of tidal
streams,” Mon. Nat. Royal Astron. Soc ., Geophys. Suppl ., 5t8), 285,
1949.

35



•• _i__ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DISTRIBUTION LIST

No. of No. of -
Organ i zation CoDies Organ i zation Copies

Di rector Naval Ocean Systems Center
Defense Advanced Research ATTN : Library 1
Projects Agency W. Moler Code 5324 2 

-

ATTN: Program Management 2 I. Rothmuller , Code
STO LTC G. Pepi n 2 5321 2

1400 Wilson Boul evard 271 Catalina Boulevard
Arl ington, VA 22209 San Diego, CA 92152

Defense Documentation Center 3 Naval Electroni c Systems
Cameron Station Command
Alexandria , VA 22314 ATTN : PME-117T 1

PME T1 7 21 2
Office of Naval Research Department of Navy
ATTN : Code 1021P 6 Washington , D.C. 20360

Code 461FP 2
800 N. Quincy Street Naval Underwater Systems
Arlington , VA 22217 Center

New London Laboratory
Off ice of Naval Research ATTN : P. Bannister 1
Resident Representative 1 A. Bruno 1
University of California J. Orr I

San Diego E. Soderberg 1
La Jolla , CA 92093 New London, CT 06320

Office of Nava l Researc h Naval Surface Wea pons
Res ident Representati ve 1 Center
Stanford University White Oak Laboratory
Room 165 - Durand Building ATTN: M. B. Kraichrnan 1
Stan-ford , CA 94305 P. Wessel 1

Silver Spring, MD 20910
Assistant Secretary of the

Navy (R , E&S) Director
ATTN : 1. P. Quinn 1 Defense Nuclear Agency
Pentagon ATTN : RAA E 3
Washington , D.C. 20350 DDST 1

RAEV 2
Naval Research Laboratory Washington , D.C. 20305
ATTN: Code 2627 6

J. R. Davis 1 R&D Associates
4555 Overlook Avenue, SW ATTN: C. Greiflnger 1
Washington , D.C. 20375 P.O. Box 9695

Marina del Rey, CA 90291
Pacific-Sierra Research Corp.
ATTN: E. C. Field 1
1456 Cloverfield Boulevard
Santa Monica , CA 90404

—l —

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ -- - - - - • -~~ - - • -~ —~~~~~ - —-•--— ~~~- - - - - -  - ~~~~~ -



DISTRIBUTION LIST (Continued)

No. of
Organization Copies

Lockheed Palo Al to Research
Laboratory

ATTN : J. B. Reagan 1
R. Meyerott 1
R. G. Johnson 1
W. Imhof 1

3251 Hanover Street
Palo Al to, CA 94304

Chief
A ir Force Techn ical

Applications Center 2
HQUSAF
Patrick AFB , FL 32925

Commander
Air Force Systems Command 4
Andrews AFB , MD 20331

Commander
A ir Force Geophys ical Lab
ATTN : Mr. James Ulw ick 3
Hanscom AFB , MA 01730

—2—


