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SUMMARY
PROBLEM

Discuss, in a form suitable for comparison, the most important characteristics of
underwater information-transfer methods. This information should help designers inter-
ested in underwater communications, navigation, detecticn. and identification.

RESULTS

1. Tradeoffs involved in the undersca detection of static and time-varving signals
were examined, and quantitative results were obtained.

2. Static electric and magnetic fields, radioactive fields, chemical systems.
extremely-low-frequency (ELF) electromagnetic radiation, light, and acoustics were
studied. and the results were summarized in chart form.

3. For time-varying fields, underwater light exhibits inferior range and ELF exhibits
inferior bandwidth when compared with acoustics.

4. When used as static markers. ranges to approximately 3 and 14 km can be achieved
for chemical and ELF sources, respectiveiy.

3. Considerations bevond the preliminary design stage are not discussed in this
report. and more detailed treatises. many of which are referenced. should be consulied.
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GLOSSARY

ampere
angstrom

Curie
centimeter
cycies per meter
decibel

degree
clectronvolt

feet

gauss

gram

henry

hour

hertz

inch

joulz
kiloelectrenvolt
Xilogram
kilohertz

kilometer
liter
pound
meter
megaclectronvolt
milligrain
mile
minute
megahertz
milliliter
millimeter
megawatt
Newton
oersted
radian
seconé
volt
microwatt
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INTRODUCTION

To those who are accustomed to air as the supporting or propagating mediur. the
underwater transfer c¢f information presents new problemis: In the ocean environment.
some standard information-transferring techniques which are used in the aimosphere are
nearly useless. and other techniques which are inappropriate in a gaseous environment per-
form well. For example. high-frequency electromagnetic radiation. the most widely used
information carrier on iand. is severely attenuated in conducting seawater: acoustic propa-
gation. however. exhibits lower attenuation in the sea than in the air.

The purpose of this report is to discuss. in a form suitable for companson, the
various techniques that are useful in the underwater transfer of information. As informa-
tion transfer is fundamental to problems of underwater markers. communization. naviga-
tion. detection. and identification. it is lioped that the comparisons in this report will be
useful to a wide variety of investigators who are unfamiliar with the special imitations
of the ocean environment. Although the various contributors have not given an exhausti.c
account of their subjects. it is believed that there is sufficieni information for the reader to
evaluate the tradeoffs involved. for example. in choosing a particular mode of marking a
given location or devising an underwater navigation system.

Secction 1 is a series of charts which present the tradeoffs invohved in various methods
of underwater information transfer or site marking. (The charts are in an extremely con-
densed form.) These charts are self-contained. and can be used without referring to their
corresponding texts in Section I1. It is stronghy recommended. however. that the appropriaic
text be consulted because some assumptions made by the authiors might vany from the
specific parameters envisioned for the reader’s sy stem. The charts particularly eraphasize
maximum range for threshold detectability because the background noise. dispersion.
and attenuation cncounterzd in the ocean often place severe restrictions on the usabhk
range. The ranges on the charts reflect as much as possible the natural emvironmonial
limitations on range. Considerations of additional noise created by detection or by incuifi-
cient state-of-the-art detection sensitivity are discussed in Section il

Section 1. which contains articles corresponding to the charts in Scction 1. eaplains
in detail the methods of calculating the values which appear on the charts. In addition. the
problems involved in implementing the various methods are discussed. Inview of the
sponsor’s interest in navigation applications. some of the articles are writicn more directh
towards that goal. althougii much of the material is applicable in other arcas  The last
article in Section 1. necessarily more qualitative than the others and lacking a correspond-
ing chart. reviews undersca mechanical navigation aids.
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SECTION I: CHARTS

This section consists of charts which tabuiate the iradeoffs between the various
metheds of underwater marking znd infermation transfer. The juxtaposition of the charts
makes comparisons convenient. The charts. however. should be used only in conjunction
with their corresponding articles in Section 1I because the charts are the direct contributions
of the various authors and are written irom sligk:tiv different perspectives.

Some charts were prepared assuming coherent detection, while others zssumed
incoherent ¢etection. Slight differences in the signal-tc-noise-ratio criteria appcar among
tse varicis suthors. The ranges in some of the charts are obtainatle with current . (iupment
or techniques, while others are based on what is available in the near term. ror hese rea
sons. the charis must bs used with carc. and the corresponding articles showid oe read belose
~exnngful comparnisons are made.
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STATIC ELECTRIC AND MAGNETIC FIELDS
INTRODUCTION

A technique that has been used to detect and locate submerged objects is the observa-
tion of their associated electric or magnetic ficlds. Objects consisting of more than one type
of metal usually experience electrolytic decomposition in the sea. The electric field caused
by this process is detectable at a distance generally greater than the dimensions of the object
being sought. These fields and the objects producing them have been located by tewing
electrodes from surface vessels. a method which has been used to locate sunken torpedgss.
ships. and planes (ref. 1).

Towed magnetometers have also been used o locate submerged objecis which are
magnetized or magnetizable in the carth’s field. This tvpe of object superimposes on the
carth’s ficld a short wavelength anomaly that can be detected by the magnetometer. The
magnetometer trace of the sunken USS THRESHER is a good example (ref. 2).

The present article is concerned with the detection of various types of static electric
and magnetic sources which are located on or near the ocean bottom. It will be assemed that
these objects are beine searched for with a detector that is also near the bottom. for exzample.
a magnetometer mounted on a towed fish or submersible. The basic questions that this
article will address are listed beiow.

1. What is the maximum range at which an clectric or magnetic source can be
detected given a sct of parameters describing the source and surrounding environment?

2. How does the maximum range change as these parameterss are varied?

In the calculaiions which follow. two assumptions ensure that the ranges obtained
are ine upper bounds to rangzs which can be obtained in practi~<. In the fisst condition.

th the signal and the noise statistics are assumed known and «oherent detection is used.
In an sctual attempt to !ocate an object. often very little can be assumed about the expected
type of signal and noise. If bounds can be placed on the distance and.or the direction 1o the
source, however. some information. which can be used in processing the received signals. is
available concemning the signal’s amplitude. frequency specirum. ctc. The gicater the
a priori knowledge of the expected signal. the closer the ranges obtained in an actual search
wiil approximate those given in this zrticle. The second factor. which probably establishes
the ranges as the upper bounds, is the neglect of any increase in ambiznt notse due to the
detection process. Possible noise. caused by equipment aboard the submersibie. turbulence
created by the platform, cicctrolyiic action. etc.. has not been considered. Orly the noise
processes over which the searcher kas ne control have been included in the present
calculations.

Certain parameters pertaining to the occan environment and to the method of scarch
have been assigned numerical values which will be listed ia this article. The dependence of
the detection range on some of these parameters is given in Chart 1, Section 1. Both the
scurce and detector are assumed near the bottom in 4 km of water: this depth is almost the
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average depth of the oceans (ref. 3). The static magnetic field, By, has been assigned a value
of 10.000 gammas. and the seawater conductivity. &, is 4 mhos/m. The bottom current and
the velocity of the detector are 0.1 knot and 1.0 knot, respectively. The permeability of the
ocean and the seabed have been assigned the value of the permeability of free space.

B=Fy = 4z x 1077 NJA2. The rationalized mks system is used throughout this article.

BASIC APPROACH

The search scheme used is shown in figure 1.

S
-
ol |
IR
I
p |

X=-Xq N_ x=0 X=X,

Frgure 1. Scarch wheme.

Thie platform. P. carrving the detector is assumed to move along a straight horizontal
line with the detector at the same depth: as the source. S, The platform is assumed to start at
some point.-Xg. along this line. it then proceeds with the detector past the poini of closest
approach of the search path with the source and on to X = #Xg. At this point. a decision is
made conceming the presence or absence of the source. The orientation of the source’™s
dipole moment is asumed horizontal and perpendicular to the platferm’s path. The angle
between the dipole moment of the source and the line drawa from the source to the detector
is 0. The distance sleng the platfonn’s path measured from the point of losest approach.

X = 0. is then given by X =R 1an 9. In the following discussion. we will be concerned with the
spatial variation of signals and the spatial spectral density of noise. although cne can also
consider their time vanation. as secn by the detector. with equivalent results. The connection
between the time and the spatial vaniation is :aade through the relation. X = VT Xg. where
V is the platform’s velocity and T is the tuac.

The detector is assumed to be 2 single component {scalar) detector. such as a flux-
eate magnetometer or clectric dipole. It is assumed that this detector is alway s onicaied so
that tne signal lics along its sensitive direction. This is consistent with our assumption of a
coherent search. We will also assume that ihe noise is independent of the antenna’s
orientation.

The ficld due to an infinitesimzal dipole in the infinite ocean is

— 2 cos 0%+ sin 68). (h

D
R2\3

-
(X~

where D = ¢ dzowhen F = E. the clectric field. and D = pgM/47 when F = B. the magnetic
ficld (refs. 4 and 5). Tne current and magnetic dipole moments of the sources are p and M.
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respectively. The unit vector,?, is directed from the source io the detector, and /8\ is & unit
vector pointing in the direction of increasing 8. The use of Eq. 1 is justified for the sources
9 considered. providing we are far from the source compared with its dimensions. Because both
the source and detector are near the bottom, the electiic field for a consiant dipcle moment
; can rise to a value twice that given by Eq. 1 (ref. 5). In view of the porcsity of the seabed

~ and the inherent uncertainties in the ambient noise. £q. 1 will be used. For the magnetic
- dipcle. Eq. 1 is correct provided that the parmeability of the ocean and the seabed are equal
H (as assumed) and that the coil is sufficiently insulated so that its electric field is negligible
outside the coil.

At the end of the tow. at point Xg. a decision is made concemning the presence or
absence of the source. This decision is effected by passing the output of the detector
through the appropnate linear filter. which is matched to ihe signal and ambient noise.

This “matched filter™ technique will maximize the filter's outpui signal-to-noise ratio at pomnt
Xp(refs. 6 and 7). The output at point Xois then compared with a fixed decision level.
related to the detection and false alarm probabilities. and the presence or absence ol the
source’s signal is decided.

For an infinite measuring time. the relationship between the signal. noise. and
signal-to-noise ratio (ref. §) is given by

P2 0

” -
=] i’ dw

d(w) 2z -
VN -

where d is the signal-to-noise ratio. wis the time radian frequency . Stw) is the time Founer

transform of the signal. and $(w) i the time noise spectrat power densityv. LUsing the relztion-
. . By ST T ) . . -

ships = VK. |St=)- = [[S(K)}-1 T]VI-1. and $(K) = VDw). Eq. 2 bccomes

[~

()
n
&
D
=
[
-

where K is the spatial angular frequency. Vs the deiecior’s velociiy. StK ) is the spatial
Fourier transform of the magnitude of Eq. 1. and $(K) is the spatial notse spectral power

) deasity. [Uis inicresting to note thai the form of Eqs 2 and 3 is indifferent as to whether we
measure in the time or spatial domazin: however. we will coniinue 1o use the spailal viewpomt
because we are dealing with siatic sources. Two assumptions implicit in Eqs. 2 and 3 should

be mentioned. Both Egs. 2 and 3 refer to infinite tow paths: however, because of the rapid 2

‘-,{_ decay of Eq. 1 for iarge X. Egs. 2 and 3 apply providing we take | Xp! S 3R. Ao, both E
’ Eqgs. 2 and 3 arc applicable only o noise which is stationan and gaussizn.

Taking the Fourier transform of Eq. 1. we find that [S(K)]- is almost constant for VX

[K] < 1 'R and decreases rapidiy for [K] > 1/R. In view of this property. we 1ake [S(K)]< 1o be
constant for |K| < 1/R ard zero otherwise. With this simplification and the use of Parseval's
theorem. we obtain
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where §, is the effective upper cut-off frequency:
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The left-hand integral in Eq. 4 has the value

(- »]
A1 - {21
f E'F’de=.f)=—r§ (2:)0 =) (5A)

where r = 2zR and the term in the bracket in Eq. 4 is the average of the reciprocal of the
noise density over the spectrum of the signal. ie..0<f<1/2z
Both the magnetic and electric noise were fit to a noise power density of the form

| : dc.m (K)= EC-K_"' +Ce.m. (5B)

where ¢ refers to the electric noise. m refers to the magnetic noise. and Be.m and Ce.m are a
set of four constants. For this noise spectrum. the bracketed term in Eq. 4 is

:‘-D‘ L

l Br 2=C
— |l ——In {1 + =2~ }]. (6)
' 1 cl "I\ T .
{ Egs. 5 and 6 cz2n ve combined to give
; 1 P = G Br 2=zC =
== {1 - In {1+=2%]] . )
g d- 2=C B ‘

where G = D2C (25)0 (21/32).

The value chosen for d. the signal-to-noise ratio, will determine the false alarm proba-
1 bility and tae detection probability for a gvea run. in the present calvulations. asalue of two
is used. This value comresponds to a detection probability of 0.9 and a fake alarm probability
of 0.2 {ref 8). For the same value of d. ore can obiain a greater probability of detection at
the capense of a zreater false alarm probability and vice versa. Greater yvalues of d will enhance

1 the probability of detection or lessen the false alarm probabilits when the other is consiant.
k- The dependence of the detection range on d s given in Chart 1. Section L.
1 Before using Eq. 7 to calculate numerical resulis for the eleciric and magnetic cases. .
1 - - - -
: we will derive its asvmptotic forms. Ferr<<(2zC)/B. (Br)/(2=C) << 1 and \
; ’ < '
‘ / G 1/5
Y T = _-, - (s)
| yu

Fort > (2=zC)/B. (sB)/(2=C) > 1 and
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Thus, r varies as the one-fifth power of G for small r and as the one-sixth power of G
for large r. where r is to be compared with 0= (2=C)/B.

MAGNETIC FIELDS

The first type of magnetic source to be considered is a copper torus through which
current is passed. The coil is assumed sufficiently insulated to ensure that there s essentially
no current outside the windings. The magnetic moment. M. of such a coil is given by

3\1/2

p2

M=

where A is the cross-sectional area (through the windings). P is the power input. r; is the
larze radius of the torus. and p is the resistivity of the windings. Using values of A ==(0.1 m)"
=314x102m2.P= IOW.ry=1m. andp=17x 10'3 Q-m (i.c.. the resistivity of copper),
one obtains a magnetic moment of 5.44 x 103 A-m2. The magnetic momen: for different
tvpes of ooils and input power can be calculated from Eg. 10. It is interesting to note that
larger magnetic moments for a tixed coil displacement arc possible by increasing the coil's
diameter at ine expense of its cr(m-sccnona. arca. For the parameters choszn. the coil’s
wreight is abou? 2 tons and displaces 0.2 m3. Fora 30day opcmnno life. this coil will
require 170 Ib of silver-zinc batteries which displace aboui 2113,

The second type of source to be considered is the permanent magnet. This source
has the advantage of not requiring any power. but the disadvantage of not having 115 magne-
tization readily controllable once 1t is in the water. Usiag Alnico 5. we can obtain a perma-
nent magnei with a remnant magnetic inguction of 13.100 G (ref. 9). which corresponds to
a magnetization of 1 .05 x 106 A/m. Again assuming a magnet weighi of 2 tons. we obiain
a volume of 0.23 m3. vielding a net dipole moment of 2.61 x 103A-m- for this souse.

A third type of source is a soienoid that is filled with 2 high permeability material.
The magnetic-field intensity in a solenoid. which is long compared with its diametzr. can be
written as H =f{1/( "-'r~L)l(P\\’/pf )”- where r3 is the solenoid’s radius. L is its iength.
W is the weight of du windings. :xnd p and p. arc the winding’s resistivity and weight density.
respectively. This formula is strictly true only as the length-to-diameter ratio approaches
infinity: however, because of the large value of the ratio in the present case. it is an excellent
approximation. Choosing values of r3=0.1 m. L =2z m. P=70W. and W= 2 tons. the sesult-
ing ficld intensity for copper (p,, = 8 96x 103kg/m3. p=1.7x 1089-m)is ~¢3 Oz. Filling
the solenoid with a high permeability material will lower the magnetic-ficld intensity from
the value previously given due to the opposing magnctization ficld. For this geometrny. the
demagnetization factor. N/4=.is 431 x 10° 3 (ref. 9). Assuming the solenoid to be filled
with Supermendur. a net magnetic-field intensity of 10 Oe is obtaisicd from its magnetization
cunve (ref. 9) and the demagnctization factor. At this field strength. the magnetic induction

1s 20.000 G. and the magnetization is 1.6 x 100 A/m. which is near saturation. Thn perme-

able core has a volume of ~0.2 m3 so that the total magnetic dipole momentis 3.2 x 105 A-m-.
In addition tu the 2-ton weight of the copoer. the Supermendur weighs about 1.8 tons and the
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battery weight for 1 month of operation is about 0.6 ton. It is interesting to note that the

coppzr coil previously considered, when run at a power level of 70 W, will vieid a dipole 3

moment of 1.4 x 104 A/m, a factor approximately 20 times lower than that for the fiiled :

solenoid.

The last source to be considered is a superconducting coil. Recent proposals have
indicated the feasibility of constructing large superconducting coils with magnetic moments
of approximately 10/ A-m2. Fora superconducting coil of 1-m radius. a magnetic moment
of 3.56 x 16% A-m2 appears feasible using a matrix of tvpe Il superconductor and normal
metal. Because the critical ficld for the best superconductors is about one order of magnitude
higher than that for the saturation induction of the highest permeability materials. the order-
of-magnitude increase in the dipole moment upon moving from the filled solenoid to the
superconducting coil is rcasonable.

Natural magnetic noise arises from such temporal sources as solar activity. ionospheric
aciivity. and the motion of seawater through e earth’s magnetic field. Except for occa-
sional disturbed periods and the diumnal variations. these noise sources are associated with daily
excursions of approximately a few gammas [ 1Y = 1072 G]. In a search for static magnetic
fields. Spiess. Mudie. and Lowenstien (SML) (ref. 10) have shown that the major environ-
mental limitation comes from short wavelength anomalies superimposed on the carth’s dipole
field. Their results wili be used to estimate the magnetic noise that might be encountered on
a search as proposed in this article. Due to the necessity of interpolating data from SML’s
eraphs. an error in our noise figures of a factor of two should be allowed. Because the range
varies as the fifth power of the reciprocal of the average noise. this error. howsver. represents
only a small error in the estimated range.

Based on Eqg. 53B. two relationships will be needed to specify the noise power density.
Thus. an expanded scale version of SML’s magnetometer trace was obtained and 2 10-km
portion was digitized and Fourier analvzed. It was noted that the resulting spectrum mcreased
rapidly for spatial frequencies less than 0.001 cpm. Because € in Eq. 3B increases rapidiv for
f < B/(2=C). B/(2z0) was set equal 10 0.001 Hz. A second reiationship was obtained by relai-
ing the variance of the filicred spectrum given by SML to the integral of the noise power spec-
trum across their bandpass. The rms value of the filiered noise. obtained from the SML
spectrum. was halved in an attempt to include the fact that their spectirum was taken in an
arca of “high magnetic roughness.” The resulting rms noise was then reduced by another
factor of 1,73 10 account for the reduction in noisc. assuming isotropy. that would be
) obtained by replacing the SML total fieléd magnetometer with the oaccomponent magne-
tomcter assumied in this article. This finai adjusted value of s noise was compared with the
' integral of @ across the SML bandpass to yicid the second condition on B and C. The result-

; ing vaiues arc B= 19.6272 and C = 7.897 x 103 v>m. These valucs plus the values for ihe
magnetization and the formulas previously given are sufficient 1o estimate the maxiimum range

v‘...Q

: in a magnetic search.

: 2 :
i ELECTRIC FIELDS i
i For the present calculation. the source of the electric ficld is considercd to be an

h
¥ insulated linear conductor terminated in conducting spheres. 1t is asumed that the diameter

of the conductor-insulator combination is small witen compared with the diameter of the A
sphere and thai the IR drop along the wire is negligible when compared with the apphicd

FMF. The EMF is assumed 20 be insericd along a length of the antenna and to have an inter- . -
nal resistapce that is small compared with the antenna’s. -




Because of the remarks made in the section, Basic Approach, the input resistance will
be that of the antenna in infinite space. Because of the assumption made concerning the
antenna wire, the input resistance will be the resistance between the two terminating spheres
in the absence of wire. For this case, we can use the resistance capacitance analogy which
relates the resistance, R, between the spheres in an infinite medium of conductivity. o. to
their capacitance. C'. in racuo through the relationship R= (OID'C *(ref. 11). The capacity

between two spheres of radius 1 with their centers a distance d apart is given by

oc
C= 2:(0!'5 sinh Z [esch(2n - 1)B + csch 2a8].
n=1

where coshf8 = d,‘lrS (ref.12). Choosingd = 2% m and = 0.1 m.we have d>» Ig for which
C" =2zeqrg- The resistance is then given by

i
2% SU'

R=

From Eqs. 5and 7.

1 [P of21)
G—C-i 7)’3/

wherep=I1d= (P/R)”: (d is the dipole moment). Using values of 7 = 0.1 mand d = 2z m.
we find that

1585 x 103 [pIv2m?
C

where |Plis the power expressed in watis.

Natural electric noise arises from three sources. The first source corresponds to ivm-
poral fluctuations arising outside of the carth and propagating beneath the ocean’s surface.
1sing noisc figures given by Licbermann (ref. 13) and Cox ez al tief. 14 and .mummo an
infinitely deep sca. we find the clectric noise ranges from 1.0 10 1.0\ 10°13 ¢v m)2"Hz for
frequencies between 0.003 to 0.001 Hz. Viewed asa spatial variation. this corresponds to a
noise power density of 0.51 to 2.6 x 19713 ¢V m)2/cpm for frequencies between 0.002 and
0.006 cpm for a detector speed of 1 knot.

The interaction between the movement of the water and the ambient magnetic field
will also cause an electric field. The magnitude of this field depends 1o somie extent upon
the ability of the surrounding wuter 1o “short circuit™ the potential across the water in the
vicinity of the receiving antenna. For the completely shori-uircuited case. the electric field
along the antenna is given by the product of Vi and Byy. where Vyy is the component of
velocity perpendicular to the antenna and By is the vertical magnetic ficld (ref. 15). 1f we
divide both By; and V' into their (spatially ) constant and vary ing componcnts. the resulting
product will contain four ierms. Once of these terms will be constant and can be neglected
because it wili be rejected by our matched filter. A second term. relating the two spatially
aning parts. will be small. The remaining two terms represent the interaction of the constant
part of the velocity with the varving part of the magnctic ficld and vice versa. The former
term is the product of the square of the mean velocity and the magnetic-noise power spectrum. y




L e ahed
i

which was calculated earlier. At a frequency of 0.001 cpm, thisis 4 x 107 i5 (V/m)zlcpm.

Both these sources are dominated by velecity fluctuations interacting with the earth’s i
field. The velocity fluctuations used in this article were measured 0.75 to 1.75 m off the bot-
tom in water 12 to 20 m deep in an area off Red Wharf Bay (~53°20'N — 4°10'W). Whether -
the form of the turbulence specirum is maintained in deeper water has not been determined.
Four points of the low-frequency end of the Red Wharf Bay data were fit to a straight line of
the form &(w) = A’/f,,, + B’, where $(w) is the turbulent noise power measured on the boitom,
f,, is the time frequency, and A’ and B' are constants depending on the mean current. To
obtain the needed values, 1t was necessary 1o extrapolate the observed data by a factor of 10:
however. the straight line fit had a correlation coefficient of 0.97. The velocity noise spec-
trum. viewed as carried along with the mean current. was then found to be $(X) = (0.1021))2
(7.93Usec + 0.04656/f,). where Ui Is the rms current and { is the spatial frequency. The elec-
tric noise power dcnsm' wili be Bv times this value. lns;mno values of U=0.] knot and
B, = 40,000 gammas and comparing the result with Eq. 3B, we obtain B= 1.3 x 10-14 (V/m)2
andC=18x1014m (V/m)?- for the electric-noise coefficients. These corfficients. plus the
expression for the electric signal, allow us to calculate range as a furiction of input power by
the method outlined in the section, Basic Approach.

It should be noted that electric “velocity™ noisc dominates “atmospheric™ noise only
if the mean current exceeds a certain minimum. For the values of noise in this article. this
minimum current is 0.1 cm/fsec. The present analysis does not extend to currents lower than
this valuc.

RESULTS AND DiSCUSSION

Figure 2 shows the vanation of range with increasing magnetic moment. 1t is interest-
ing to note that increasing the source’s magnetic moment by a factor of 103 increases the
maximum range by less than a factor of 10. Ncara ma«nct:z:mon M=1x102 A-m-. the
raige increases as R~ ~ MO -’90, while for M near 1 x 107 A-m2.R ~M0-348_ Over the eniire
range. I x 102 A-m2< M< 1 x 107 A-m2. R~ MI-370. The variation of the slope with mag-
nectization is indicative of the competition between the “white™ and 1/f portions of the roise
spectrum. Knowing the variation of R with M and the dependence of M on various parameters.
the variation of R with these parameters can be determined. This dependence is listed in
Chart 1. Section 1. The variation of R with these parameters is unexceptional except for the
laree increase in range with the diameter of the copper coii as compared with an increase in
its input power.

The range of an electric dipole as a function of input power is given in figure 3. The
range obevs a pl/6 dependence on the power at all power levels between 10! and 104 W.

This behavior is duc to the dominance of 1/f-type noise.

It is interesting to note the strength of the signal at the distance of clcsest approach
for the magnetic and electric cases. At this point, the magnetic field has a value of 74 gammas
for a dipole strength of 100 A-m- and a value of 22 gammas for a dipole strength of 107 A-m=.
These values arc well within the sensitivity of conventional mzgnetometers. and sensitivities of
this type have been exhibited in the ocean environment. For the efectric ficid. the potential
across the ends of an antenna of length 27 m will be about 2 V. This level can be measured aN
by standard potentiomeier terhnigques: however. care must dbe exercised to minimize thermai
EMF’s. turbulence introduced into the water by the detector or platform. and electroivtic
action on the rexeiving electrodes. B
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The question still remains as to whetker the ranges predicted in this article are typical
of the oceanic environmeni s a whole: Range will change in different geographical locations
due to vzriations in the effective noise power density. if it is assumed that the form of this
function changes very littie from the form in this article. the nuise spectrum will be proportional
to the variance of the noise across the passband. For the magnetic casc. it s estimated that on
a worldwide basis the rms neise can vary by a factor of six: this implies that the obtainable
range can vary btV a factor of about two. For the electricaj case, deep ocean currents can
assume values of approximately 0.0i to 0.5 knot (ref. 16). These values imply ranges varving
from a factor 2.3 times greater to a factor 1.8 times smaller than those in s article. The
large variability of the maximum range obtained thus emphasizes the dependence of search
eifectiveness on environmenta! parameiers.
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DETECTION OF RADIOACTIVE BEACONS IN THE OCEAN

Two approaches to the detection of radioactive beacons in water are discussed in this
article: detection of a point source of radioactivity on the botiom or in open water and detec-
tion of induced activity from a neutron scurce in open waier.

DETECTION Or A RADIOACTIVE POINT SOURCE UNDERWATER

The range of nuclear radiation in water is quit2 limited. This is true whether consider-
ing alpha. beta. or gamma rays. or neutrons. all of which are readily attenuated by water.
For gamma rays, the ‘niensity from a point source can be calculated from the following
relationship:

where R is the range from the source: pis the linear attenuation coefficient (for enerzv): Bis a
buildup factor to account for photons thai have been scatiered and Iost energy. but have not
been lost to the beam: N is the original intensity: and l is the photon density at R. At very
short ranges (pR << 1). the inverse square term. 1/(4= R2). controls the changs in photon den-

sity as a function of distance. At three mean-free-paths (the distance Rg = 1.p). the inverse
square and attenuation are equally eifective: beyond three Rg. the attenuaiion term becomes
progressively more dominant. In air. Rg is approaimaiely hundreds of feei (219 fi ai 1.0 M)
(ref. 1). but underwater Rg is very short (14 cm at 1 MeV and a2 maximum of 60 cm for enengies
ercater than 23 MeV). For a 100-Ci point source of 60Co. the detection range underwater is
approximaiely 9 ft (1 is equal 1o the gamma-ray background of seawater). Even wiih a ngh-
cncrgy machine (23 Me V). the range for 2 yvield equivalent to 100 Ci will be no more than 28 1t
At best. gamma-ray sources are short-range beacons.

Neutron sources are equally short range when considering detection of the source nen-
tron. For [ast ncutrons from a fission source. i.c.. ~2~Cf. the flux density decreases by a .actor
of 10 every 10 cm (at a 1-ft range) to 20 cm (at a 3-ft increase in range). Ncutrons from a 101l
nisec source (s large source by present standards) will hardhy be detectabie bevond 3 fi.

Among the nuclear particles. only neutsinos pencirate water readily . Tiieir low inter-
action rate with maiter makes detection extremely inefficient and establishes a very high
background flux. primarily from extraterrestial sources. Both facets. the fack of a suitable
detecter and the probable fiigh background. negate consideration of a neutrino heacon.

””I‘.
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DETECTION OF NEUTRON-INDUCED ACTIVITY IN SEAWATER

Most neutrons from a point source in water are thermalized and captured within
approximately 1 ft of the source. In the process. a scries of radioactive isotopes is induced 1
in the scawater stirounding the source. Most prominent among the gamma-ray emitiers s




induced by this process are 38¢i (38 min) and 24N, (15 hr). If the seawater surrounding the
source flows past the source, the induced activity will be carried from the source in the same
manner that smoke is carried by air from a campfire. The induced activity can be detected, at
a considerable range from a point source, as a distributed source of active waier. For a neusron
source of 1011 nfsec in a current of 1 knot, the mduccd actmtv in seawater passing within 1 ft
of the source. is approximatelv 6 x 102 Cif1. Thisis 2 x 102 times the natural background of
seawater. Assume thai the cross sectional area of thlssmeam of active solution. which isapproxi-
mately 0.28 m=. gradualily increases as it is carried away by the current. The activity. 1 hr
later. will be 1 km downstream with a frontal area of 500 m=. a nominal diffusion egrowth
(ref. 2): however. it will still be readily and unambiguously detected with present undenwater
detection systems. If the currents are neglizible :md if the activity drifts around so that the
general region becomes activaied (i.e.. smokey). 10° ' pfsec will induce enough activity to
double the background in 8 x 103 m3 of scawater. In practical situations. the activity will
not be uniformly distributed and the “sinoke™ will constitute a tiail to be followed 1o the
source. In the final approach to a neutron source in seawater. the _aptured gamma rays.
which are emitted cach time a nentron is captured. will clearly defing the area (ref. 3). These
captured rays from szawater are high-energy gamma rays that can probably be detected at
16-f1 ~ees from a 10! L-a/sec source.

The problem of hazard. primarily to the environment. is nonexisient a few fet from
a gamma ciitter: however. the problem should stiil be considered when neutron sources are
used to induce activity in scawater. This problem can be discussed in terms of the AEC require-
ment for disposal of radioisotopes into sewers. For 24Na and 381 the ma\lmum permissibic
concentration in water for continuous exposure to the popuiation at large is 3 x 107 TG
{ref. 4). This is 50 times the concertration calculated for the initial activation of seawater
flowing at |1 knot past a 10! Ln/sec source. If the flow is so slight that the activity is essen-
tially distributed by diffusion. the concentration of 24Na becomes the principal hazard. At
cquifibrium. where the decay rate equals the rate of formation. the tetal 24Na activity in sea-
water from a 101 -n/sec source is 0.03 C3. If this is distributed or averaged over a volume of
102m3* or more. this concentration will be equal 1o or below the AEC maximum permissible
concentration. The equilibrium period for 24Na is 21.6 hr: thus. if the flow is such that the
water is exchanged within 14 fi of the source at least once in 21.6 hr. the volume of water with
a concentration above the AEC limit will be even smaller. Diffusion rates near the botiom
ecnerally exceed this flow rate (ref. 2). 2ad it is unlikely that a neutron source implanied in
the oczan will over constitute a hazard to the envirenment bevond a few feet of the source.

BEACON SYSTEM

A radioactive beacon system consicis of a source impianted above the bottom and 2
detector aboard the search vessel. The source. a radioisotope in a cerrosion-resistant housing.
will not require auxiliary power. and it can be selected 1o last “indefinitely ™ compared with
probable periods of use. When 2 bare source 1s handled in the water, immediate contact must
be avoided. and it is probable that a small shield will be necessary to facilitate implantment
and removal. Some form of shield must be provided on the surface to protect personnel dur-
ing transport of relatively large sources. While the implantment of sources in the boitom is
possible. the background radioxctivity of the bottom is generallhy 10 to 1000 times that of
open scawater. and the detection range (above background) will be shortened several feet.

“TEs 15 cqual 30 & cube cpproximzrdly 157t por side.
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In most instances, it is desirable to locate the source € ft or more above the bottom. This is

particularly true when the flow of seawater containing activation products is used to exiend
the detection range.

The receivers for a beacon system will be scintillation detectors. Underwater sys-

tems using Nal detectors, which measure either 4 in. in diameter x 4-in. thick or 2 in. in
diameter x 8-in. long, have beer: successfully used to measure the natural activity levels in
seawater. The small diameter systems are extrensely rugged and have been assembled 1n arrays
capabie of detecting activity changes of 2 to 5 percent of the 40k backeround. A levei of

10 percent of the 40K activity was uscd in the previous range calculations (this can be
obtained with a single detector).

The cost of a beacon system using camma-ray emitters vould be nominal. less than

S5K for the source and S20K for a detector-ratemeter system (assuming the R& D costs <an be
spread across several systems). Pricing of high-intensity neutron systems is uncesiain. A pro-
jected price for 252C1 in 1980 is S25K for 1011 nfsec (AEC) or approximately 20 mg. This
amounted to the world supply a few years ago. Availability is dependent on a pending AEC
decision to produce 252Cfin relatively large quantities. No other neutron sources appear
satisfactory for this application.
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CHEMICAL SYSTEMS AS POTENTIAL UNDERSEA NAVIGATIONAL AIDS

INTRODUCTION

This article summarizes a variety of chemical methods whick might serve as poiential
undersea navigation aids. In this _unvey. two general categories will be considered: mapping
of the natural chemical environment and introduction of chemical markers into the ocean-
bottom environment. This discussion will be limit~d to those chemical parameters which can
be measured in sity by remote probes or samplers. These parameters and the background levels
for average ocean water are in table 1. It should b noted that ihis table lists enly those parame-
ters for which direct in situ measurement systems are currently available: develepment of new
in sine measurement techniques would expand this list. In addition. the number of potential
methods would be increased if laboraton -ty pe measurementis were included because such
methods are more plentiful and are generzlly more seasttive and accurate.

MAPPING OF THE NATURAL CHEMICAL ENVIRONMENT

We define chemical mapping as the e of natural variaitons in 2 givep chemical
parameicer or vanations in the distribution of several chemical parameters as navigationad aids.
Fither the <cawater or the bottom sediment can be mapped: the former. howerer. is probahly
Iess reliable due to the dvnamic nature of ihe water mass.

Boitom Seawater

A scarch of the fiterature revealed essentially no informeiion regarding horizontal
variaiions in the chemical constituency of deep ocean boitom water over a relatnely small
area. e, several square miles. In fact. there is little information on the vertical distnbt.tion
of chemicals near the bottom. 1t is probably reasonable to assume that ithere will be hitle or
no horizontal vanation in cither the major chemical constituenis or the composiic parameters
tsuch as salinity or density): however. there might be marked 1ariations in the concentraiions
of trace constituenis. Unfortunately. this is cne region of the ocean for which hitle 15 known
conceriing the chemistry.

Botiom Sediments

There is considerable information in the literature regarding the chemical composition
of deep sea sediments. Composition varies with the nature of the sediment. its location, par-
ticke size. absorptive properties. cte. Again. however. little is known about vanability over a
relztively small area of the bottom. Therefore, no statement can presently be made concerning
the uscfulness of sediment mapping for navigational purposes.
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UV SCANS. Because a number of compounds that fluoresce under ultravioiet radiation

e\isi in the sediment, an ultraviolet scan of the bottom might be a useful adjunct 10 visual
observations.

Summary

Mapping of the chemical environment. either of the scawater or of the sediment. dovs
not appear proimasing. Too little is known about variations in the chemical parameters over ¢
relatively small area of the ocean bottom.

CHEMICAL MARKERS

Any chemical agent that can be introduced into the sea and then be detecied can poten-

tially serve as a marker. For the purposes of this discussion. the marken are dinided into two
categories: soluble and insoluble chemical sysiems.

Soluble Markers

Soluble markers have the advaniazs of being mote easily detected than insoluble

markers. but they are also subject to the vazaries of the transport processes that ocuur in the
ocean cavironment.

There are three possible ways by which these markers can be introduced: instantancous
release: pulsed release at either fixed time intervals or upon interrogation. and continuous
release. Release of soluble markers will generate concentration fields whose features wiil
depend upon parameters which describe ihe transport processes in the ocean. (These paramie-
ters are factors such as currents. eddy diffusion. and shear forces.) Detailed calculations based
«n an occan diffusion model of these concentration ficlds have been made by Mikhail and his
associates (refs. 10 and 11). The discussion which follow. is based entirely on their resalts.

It should be noted that the model used by Mikhail assumed an infinite ocean environment.
thus. it is not strictly applicable to a situation in which material is released at or near the bot-
tom. Mikhail's results. however. are useful for this article because the vertical dimensions of
the marker patches are relatively small when compared with the hornizontal dimensions. A
second point to note is that the discussion is based on calculations made for ocean conditions
off Cape Kennedy in August (table 2). The actual conditions in any given zone of the occan
at any given time can. of course. be quite different: however. the results of Mikhail's calcula-
tions arc representative of at Ieast one set of actual conditions encouniered in the ocean.

Tuble 2. Standard Ocean Conditions. Based on Conditiens Existing
Ofi Cape Kennedy in August (Ref. 10).

Condition Measurcment
Eddy diffusivity in X direction 1400 m-"hr
Eddy diffusivity in Y dircction 1400 m=/hr
Eddy diffusivity in Z direction 047 m3/r
Honzontal shear 0.0 hrl
Vertical shear 23.8 hr'l
Mean current velocity 360 m/hr (10 cm/sec)
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INSTANTANEOUS RELEASE. When a poiit source containing a quantity, Mg.oi'a

i soliable chemical is instantaneously reieased into the sea, an ellinenidal patch is formed that
eapands with time and drifts downstream with the current. The volume of the patch within
which the concentration exceeds the minimum detectable amount, Dg- will increase to a maxi-
mum. V. .. with time and then decrease to zero. Figure 1 shows changes in the horizontal

] dimensions of the patch with time: these changes were calculated by Mikhail for standard ocean 4
'L conditions (table 2)in which the ratio of the amount released to the minimum deiectable amount.
Mg Dg. was 2.2 x 109 m3. The shapes in figure 1 are essentially representative of the overall
shapes becavse thie vertical dimensions arc very small when compared with the horizontal dimen-
stons. Because the patch drifts along with the current. the center of each paich in the figure will
also move with the current and its position will depend upor the magnitude and the direction

of the current.

Therefore. although concentration gradienis exist within the patch. the instantancous
release method can be used for navigation purposes only if the magnitude and direction of the
current are known and if they are uniform over the area of interest during the patch’s lifetime.
< The patch volume at a given time sfter release is directly proportional to the ratio.
Mg/Dg. The time of the maximum paich volume and the patch’s lifetime are also related io
MpiDg (but not lincarly). Hence. patch size and lifeiime will be rlatively small if a smail
smount of material is releasca andjor if the minimum detectable concentration for the sutstance
is high. These factors are illustrated for Rhodamine B dye in table 3.

Dday e e

Table 3. Instantancous Release of Rhodamine B Dye: Patch Size and Lifetime
as a Function of Amount Released Under Ocean Conditions Listed
in Table 2. Minimum Detection Limit. Dg. = 0.01 ppb.

Case | Case 2
1 Mg Dy Poo22x10° 44x10°
: !
Mg ; 22 ke i 44 ke
; B ! b
Paich lifetiine i75hr § 23t hr
i
L 4 ) N . :
Time of maximum volume 96 r : i27hr
3 i
¥ i
X Dimensions of maximum volume i
gi-. X 21.600 m 33.060 m
H -
Y SO0 m 1.030 m
9 -
. Z S3m I35 m
¢
1
1
! From ths brici discussion. it is apparent that an instantancous release marker would e
useful only n situations where a relatively short-lived marker is desired and where the water
movement is both known and uniform. The latter requirement can be difficult to fultill. Boi- \
tom currents are complex ard vary with topography. depth. surface and middepth current
dynamics. tidal forces, and sediment slope stability. They have been found to van from O to
25 cmysec although they more common!y range from a few tenths to approximatei: 3 cm sec® 1

‘W F Ponter. NUC. parcte communicstion,
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In addition. the magnitude and direction of hottom currents at z given point vary with time.*
Thus. the usefulness of instantaneous release markers appears to be highly limited.

PULSED RELEASE. Ir this case, there is a series of insiantancous releases. If the
time interval between successive releases is long relative tc the patch lifetime, there will be a
nuinber of independent patches which emanate from thic same point and behave as those
described in the previous section. IT the time interval is short when compared with the paich
liletime, the situation will be similar to that of continuous release. Fir.ally, if the time interval
between releases is ncither very long nor very short, the situaticn will be confusing. Thus,
this mede of release will be unsuitable for navigation purposes.

CONTINUOUS RELTASE. When a soluble substance is continuously released into
the sca, a steady statz will be established in which ihere are concentraticn gradients. The
shapes of the isoconcentration suriaces will depend on the values of the parameters which
define the transport prccess. For a given ocean state, the volume of the patch within which
the concertration eXceeds the minimum deteciable amonnt is a function of the release rate,
Ry. and the detection limit, Dj. For the standard ocean conditicns adopted by Mikhail and
for a current of 360 m/hr (10 cmi/sec). the patch volume, V., is giver by

V=1.18x 106 (Ry/Dp)>0m3 .

In the following discussion, the ratio Ry! Dyis 106 m3/hr. For this value of Rg/Dg at
a carrent speed of 360 m/hr and under standard ocean conditions (table 2). the conceniration
gradicrt alung the directicn of the carrent at sieady state is shiown in figure 2. Under thess
cirvumstiances. the patch extends more than 3 km dowsnstseam. The maximum width of the
patch is 270 m: the maximium height. 5 m: and the time o achicve steady state. 2.5 hr. This
type of patch will. theretore, have 2 potential range of 3 km and can be used to locate a fixed
roint on the acean fioor. A current speed of 10 em/fsec is somewhat higher than the speed
gencrally encountered near the bottom ai 10,000 to 20,000 ft: currents in these regions range
from 5 te 2.5 cmfsec.®  Mikhail's caiculations show that the patch voiume increases when
the current speed is reduced  Patch shapes as calculateé by Mikhail for three curreni velocities
are shown iz figure 3. One can see that the patch dimension in the direction of the current
remains essentially the same, while the dimension normal to the current increases as current
speed is reduced. In fact. the maximum patch width is roughiy proportional to V-'% where
Vis the current velceity.

The effects of the release rate. R(. the mininium detectable concentration. Dg. and the
curreat velocity on the range of continuous release markers can be seen in figures 2 and 3. In
figure 2. the range downstream is plotied as a function of conceniration (in units of Dg) for a
fixed ratio of ROIDO. If the figure is replotted in ierms of Rg/Dg- the range is found to be
directly proportiona! to R(}lDO' Figure 3 indicates that a reduction in curtent velocity de-
<reases the downstream range and increases the upstream and lateral ranges.

The amount of material required. the relcasce rate, the cost of a 1006-hr opeiation. and
the range were calculated for several chemical paraiacters. The resuits are in Chart 2. Section 1.
It is obvious that a continuous release marker is feasibie unly if the substance cai be detected
at concentrations below 0.1 ppb: oiherwise. a prohibitive quantity of matenal wiil be required.

DISPOSITION OF SOURCES. To cover an area as wide as 10 mi=. more than cne
marker will be required. Unfortunately. in the case of soluble markers. it is not possible to
distinzuish the patch of cne marker from that of another. An obvious way to overcome this

“W F Potter. NUC, private communicetion.
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disadvantage is 1o use a different chemical in cach marker. For example. cach marker could
contain a different dye whose fiuorescent radiation wavelengih would differ irom these of
the other markers.

Insoluble Markers

Tzie basic sdvantage of insolubic markers is thze they are unaffecied by wiior nrotion.
Because chemicals ase largely passive. however, they cannot be easily deteciad by probes. In
addition. insoluble substances cannot be casily coliccted by samiplers for analvsis. Thus. these
markers hase to be stimuiated by some activator. and the stimulated emissien has 1o be de-
iected remoiely. The efficiency of such a svsten. will depend on the range of the activator in
seawaier: the acdvator-to-ma. ker geometry: the activation officiency: the raree of stimuiaicd
cmission in scawater: and the marker-to-detector geometry.

There are three possible miethods by which insclubic markers can be lecaded: ncutron
activation, x-r2v {luorescence. and photoluminescence.

NEUTRON ACTIVATION. A ncuiron source (either a radioisotope or a gencrsior)
and a gamma-ray detection system are required for this method of locaiion. In scawster. the
rance »f neutrons from typical sources requires that the source be placed within approximately
10 10 20 cm of ihe marker. Gamma iays emitted from neuwtron-acinated marlers have cnergies
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of approximately 0.5 to 1 MeV. Hali~thicknesses™ for total attenuation and totai absorption
H Or ganmae rays in this energy range are about 45 and 13 cm, respectively. Obviously.
any neutron-activation svstein will have an extremely short range.

To obtain informaticn of navigationai value with neutron-activation insoluble marker
systems. extended markers, i-e., sifips laid on the bottom in a grid pattem. are r2quired: the
amoun: of material needed for such a svstem i< considerable. For exampile. if a gnd covering
a 3-km x 3-km square is formed by laying strips 500 m apzrt, the toial marker !ength is 14 km.
Assuming 190 g of marker material per meter, a total of 14,600 ke or 13 tons of material is
placed on the ocean floor.

X-RAY FLUORESCENCE. Eitker a radioisotopic or electron-gun x-ray source is
needed for this system. The emitted radiations are x-rays of slightly iower energy than ihose
absorbed by the marker. Unfortunately, the range of x-rayvs in water is so short that this
method is nearly impracticable. For example. attenuation half-thickness in water for +0-keV
x-rays is 2 cm. Thus. the x-ray source and detector are placed very close to the marker.

PHOTOLUMINESCENCE. Uniraviolet or visible radiztion can be used io stimulate
phototuminescent markers. Both UV and visible fighi have a range of abeut 30 m in seawater.
Thus either “point™ or extended markers that photoluminesce can be readily detected on the
sea floor by scanning with UV or a lighi source.

SUMMARY

Bascd on this suney of potentiai chemical methods for navigation systems. the foliow-
ing conclusions can be mads.

1. Mapping of the natural chemical eavironment does not appear promising hevause
there is noi cnough data on the vanations of chemical parameters over a relatively small area
of ik bottom.

2. Iestantaneous release of soluble markers has limited potential. The markem can
onl, be used if the current is known and untform and it a short-lived marker is desired.

3. Continuous release of solubie markers is a promising method if the subsiance can
b detected at concenirations 00w 0.1 ppb. There are a number of ineapensive dyes which
can be used for this pur ,oco:zm > these dves are Rhodamine B. Pontacyi Brilhant Pink B.
Rhodainine WT. and Fluvoareso_in.

4. A fairly wide -egica of the bottom can be covered by using several continuous-
release markers. cach of which cortains a differcnt substance.

An array of insoluble markers. composed of matenals that photoluminesce under
UV or visible fighe, can be used.

6. There is little data on the chemistny of the coean bottom at depths below several
thousand foei. This information is ~ss2ntial if man 1s to operzic and weord in this zone of the
ot

3

It shouid be reitezated that enly those chemical parameters for which 2 sizu measure-
: i H

N

meat i ems are curnensiz avaiiable were cons dered in this survey . iinong the 92 natural
clemenis. 43 are picsont in tie ocean at concentraticns bulew 0.1 ppt and i sife measurement
meihods are not availabie for mexi of thicm. In addition. there are great numbers of waier
soluble chemical compounds which are nosexisizet in scawaicr and. again. for whelh @ sitn
measuremen? methods have not beess Jeveloped. Thus. the number of potcnuially wseful chem-
ical parametens can be considerabiy incieased by developing new analy tical techniques for

in situ measurements and by improvement and. or modification of enisting technigues.
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THE DETECTION RANGE OF EXTREMELY-LOW-FREQUENCY V-ﬁ
ELECTROMAGNETIC WAVES IN THE SEA

INTRODUCTION

The propagation of electromagnetic (EM) radiation in the sea is considerably different
from its propagation in air. Scawater is an electrical conductor that severely atienuates I\
waves which deliver their eneray 16 the charged ions. The electric field of 2 plane wave i, &-
water has the form (ref. 1)

E=Eqge™ 14)x/5 (h

sl
somy

where 8 is the attenuation length given by
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where fg is the wave frequency. £=4z x {07 "Hmis the permeability of seawater and free -
space. and 6 = 4 (ohm m) ! is the corductivity of scawater. In a distance of 1 attenuatieon !
length. the wave’'s enerzy is attenuated by 9 dB.

The greatest ranzes of detection will be obtzined for long atienuation fengths which
occur in the extremeiv-low-frequency (ELF) range (1< £ <100 Hz)y.

This article will predict an upper bound to the expecied raage for praciical sources
the FLF range where the attenuation length is 25 m< 8 < 250 m. The range of detection wall
depend upon the parameters which are outlined below and examined in greater <dctail in the
following scctions.

POWER. Range depends on tite power radiated by the source. which ts assumed to e
4 IGW.ic..P=10W.

ANTENNA CONFIGURATION. The coupling efficicncy of the availabic poner to
the wave ficlds will depend on the 8y pe and size of the anicana. In the section. Compartson
of Fleciric Antennas. the common underwater electric anieanas are examined. und rosults
show that the short-circuited coanial clecinic dipole antenna couples best to the ware fickds e
scawaier. This anienna is used in this article with the asumption itat Hs length » 10m
{ Longer antennas have betler coupling: however. 10 m is the longest fength that i of praciiai
wse. In the section. Magnctic Dipole Radiation in tlic Decp Ocean. the range of Jdetection
from a magnetic-loop antenna is shown to be appronimately cqual to the range for the short-
circuited clectric dipole anfenna.

] FREQUENCY. The most sensitive dependence on frequency is through the attenuation
\ length. Noise and the coupling of an antenna to ficlds in seanater are also dependent on fre-
quency . The short antennas previously mentioned couple beiter to ficlds at higher frequencies.
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Tue analysis in the section, Electric Dipole Radiation in the Decp Ocea:, shows that ihe best
frequencies are in the ELF range.

NOISE. In the sectior., Signal Detection: and Noise in the Sea. the sources of EM noise
in tiie ccean are examined. [t is concluded that atmospheric noise within a few attenuation
iengths of the surface dominates the results. Below this depth, detection is limited by receiver
sepsitivity.  The ranges obtained are extremely sensitive to the assumptions concerning the
Noise Specirum.

DEPTH. At depths less than an attenuation length, the underwater antenna can couple
to surface waves which propagate unattenuated through the air. The main propagation loss is
atienuation in the paths between the source and the surface and the receiver and tire surface.

HEIGHT ABOVE BOTTOM. Near the bottom. the submerzed 2ntennz couples to bot-
tom fields which propagatc with less attenvation than in the water. In the average bottom.
the attenuation length is longer by a factor of approximately 6. The ranges obtained for
propagation near the bottom are sensitive to the bottom-conductivity vaiue which can vary
by an order of magnitude depending on the iype of bottom materiai.

OBSERVATION TIME. The coherent detection of signals in noise is also discussed in
this article. The detection of a signal in noise is improved if the bandwidth of the detector1s
very narrow. which is cquivalent to obscrving the signal for a long time. It is assumed that the
observation time is a maximum of 100 sec. producing a bandwidth of 10-2 Hz.

The results of the computations are in tables 1 through 3. These ranges. which are
order-of-magnitude estimates for the best source-receiver orientation. represent the distance
from the souarce at which the signal-to-noise ratio for voherent detection is unity for the obser-
vation of 100 scc.

PLANE WAVES ABOVE. IN. AND BELOW THE SEA

The detection range of EM waves from sources in the sea 1s relaied to the charactens-
tic propertics of plane-wave propagation in the air. the sea, and the ocean bottom.

The electric ficlds of plane waves in a conducting dielectric medium have the following
dependence on time. 1. and position. X:

(3
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where wis the angular frequenay and X is the complen propagation constani ginen by the dis-
persion relation (ref. 1):
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where u. €. and G are the permeability. permittivity . and conductivity of ihe medium. respectinely. ;
In air. o€ << 1. and X is real and given by
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where A, is the wavelengih in air and ¢ is the speed of light.




In and below the sea for frequencies below 1 MHz, 6f/w€ >> 1 and k is complex and
given by

k=(1+j)5, - (6)

The attenuation length, 8, ,. is given by

8\\',b = wHo, 1 ° Q)

where 0, 3 is the conductivity of the water or bottom. In this case, the electric field of a plane

wave has the form

E= Eocj@l-xlﬁ)c-xm ] (8)

At a distance of 1 attenuation length, the field strength is down by 4.3 dB.

The attenuation lengths in scawater and in the ocean floor are plotted as a function of
frequency in figure 1. The conductivity of seawater is assumed to be Gy = 4 mhofm (ref. 1),
and the conductivity of the bottom is assumed to be 6, = 0.1 mho/m (ref. 1). Also plotted
forairis Aalz';. For the ranges. r, of interest
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Using Maxwell's equations for a plane wave. it can be shown that the magnetic ficld is
related to the clectric freld by the intrinsic impedance of water

- —_. (i)
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This relationship is true for all ficlds which are more than a wavelength away from the source.

COMPARISON OF ELECTRIC ANTENNAS

Ficlds. which arc at a great distance compared wath the antenna’s size. are the same as
fields from a point dipole ntenna with an equivalent dipole moment that is characteristic

of the antenna. The clectric fields are proportional to this dipole moment. In this scction. the
cquivalent dipole moments for the common undenwater anicnnas are compared: results show
that the shori-circuited coax:al dipole antenna has the best coupling to the ocean medivm and
gonerates the largest dipole moment and radiation ficlds.

Biconical! Antenna

Thie biconical antenna consists of two coaxial cones with their apices together at the
origin. Moore {ref. 2) has calculated the equivalent dipole moment and characteristic resistance.
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For an input power, P, the dipole moment for a biconical antenna is .

2/P 12059 .
Ppic = gl cos 8 = "/— Q. an .

Nz joe 2 v
\/ N{z log cot OOI._

where 6 is the conc angle, 1 is the length aleng the cone’s surface. and N= \/woil,’ o is the
intrinsic impedance of seawater. ForP=10W.1=3 m, 00 =30deg, f= 10 Hz:

30 deg
For 8 = 10 deg.
10 deg

pbic =490 A m. (13)

The dependence on 90 is not criticai for practical values in the range 10 deg < 96 < 50 deg.

Coaxial Antennas

The coaxial antenna is an insulated wire with scawater as the outer conductor. ihasiwo
practical configurations: short circuited to the waier at each end or open circuited with the
insulator covering cach end. Moore analyzed these antennas and obtained the tollowing
cquivalent dipole moments when the insulation thickness was small when compared with the
attenuztion length in water.

For an inpat power. P. the dipole moment for the short-circuited dipole antenna is
given by {rel. 2)

= ‘/SPl_ 00 : .
Pse = -w—p-IIOO.»\m 14H

forP=10W.1=3m.f=10Hz
The dipole moment for the open-circuited dipole antenna is given by (ref. 2)

Poc = \/%= 1480 A m (15)

for the above parameters.

Comparison of Electric Antennas

The ratio of the cquivalent dipole moments for the short- and open-circuited coaxial
anicnnas is

Psc _ in. (16 )
Poc \3 1
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which is indepzndent of all parameters. The short-circuited antenna has slightly better coupling
with the radiation fields.
The ratio of the dipoie moments for the shori-circuited coaxiai and biconical antennas is

e S A an
Ppic Nwpo )

At higher frequencies, the biconical antenna will have a greater dipole moment and a larger
radiation field: however, the losses due to attenuation at higher frequencies more than offset
the increase in the dipole moment.

These results show that the short-circuited coaxial anterna provides the best coupling
to the ocean medium. It is used in all calculations of electric dipole ficlds.

SIGNAL DETECTION AND NOISE IN THE SEA

Electromagnetic noise in the sea comes from three known sources.

1. The propagation and attenuation of natura! atmospheric noise at the depth of
the receiver.

2. Noise generated by iurbulence coupled with the magnetic ficld of the earth.

3. Thermal or Johnson noisc in the receiver which limits the receiver’s sensitivity.

These sources are the limiting factors which determine the detection range of a given
source configuration. In this section, the detection of signals in a noisy environment is
examined. and the sources of noise and the depths in the ocean where each is dominant are
discussed.

Detection in a Noisy Environment

Assume that the signzl is at frequency - A coherent phasc-locked detection sysiem
will be used, and the signal will be observed for a time, T. After this time. it will be decided
if the signal has been detected by determrining if the detector registers a signal greater than the
noise levei, i.e., if the signal-to-noise Ievel is greater than one.

The signal-to-noisc ratio for coherent detection is given by (ref. 3)

d2=f_5.2_(‘-"_) do (18)
o N 2=
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where N(w) is the power spectrum of the electric noise in V=/m~ Hz and S(w) is the ficld
spectrum of the signal. Because the cw signal is observed for a time T. the received electric
ficld is given by

-jAt
E(t) = ’ Eg(rese o 0<i<T (19)
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where r is the distance from the source. S(w) is given by the Fourier transform of E(1):

N o )
S((:J) = Eo\r::-’o)—.jtTo)_—- (—0)
Thus.
- R sin2@-wg)T/2
S*w) = Ed‘(r,wo)éi — - 20
(@-tp)?

Because Sz(. Yis peaked at @ =wq and is of width I/T. it is assumed that N(w) = N(wo) is con-
stanti over this range. For T > 1/2zw,, this assumption is very good. On performing the
w mitegration, the signal-to-noise ratio becomes

2

)
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N({x)o )
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Thevalue of Eg7(r) for marginal detection is determined by setting the signal-to-noise ratio egual
to ity

l-102= N(wo) (23)

T pevd

A similar calculation gives thie magnetic field for marginal detection in magnetic noise-

o \1((00)
Hy= -
0 T

. 2

whez M(wo) Is the magnetic-noise spectrum.
Atmxpheric Noise

Lightning is the main source of atmospheric FM noise in the 1- to 100-Hz range. When
thes waves propagate over the ocean, they are strongly affected by the boundary conditions
at tiz surface. Above a perfect conductor. only the normal electric field and the tangential
mazttic field exist. Scawater is not a perfect conductor. but noise at the surface is consider-
awy {ifferent from noise over land.

Soderberg and Finkle (ref. 4) have measured ELF atmospheric noise above and in the
sca. L1 their paper. they discuss the coupling of noisc above the sea te that below the surface.
Thevhave measured the noise spectrum in the 3- to $00-Hz range at 1 23-m depth. Their data
#1ll i extrapolated in this section to apply to various depths. Their data fits the approximate
ym
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= fo< 10 Hz
0
Nh(wO) - ¢
18,21
3.2x 10718:20/8 10 Hz < f < 100 Hz
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The masgnetic-noise spectrum Mh(fo), is related to Nh(fo) by the iatrinsic impedarce
of water (Eq. 10)

Myle,} = %ﬁ Nyl - (26)

Svstem Noise

The best recciving system that can be constructed will be limited in its sensitivity by
thermal noisc. This noice will be calculated and used to obtain an upper lirit on the detection
range. It should be emphasized, however, that this limit in receiver sensitivity is difficult ro
achieve in practice.

The thermal-neise voltage induced in an antenna is given by (ref. 5)

ve R 27)

where @ is the temperature measured in joules, R is the input resistance. and T is the m2suring
time. The electdc ficld at an electiic antenna 13 given by

n
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for a shori-circuited coaxial electric dipole antenna. R is given by (ref. 2

R=“4 g .
8

where R, is the resistance of the wire in the antenna. The noise spectrum of te receiver is
smallest when R, is negligible and is given by
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Nj(w) = 202 28) ‘
21 :
At normal water temperatures (300 °K)and for 1 = 10 m, ‘/
Ni(fp) = 1.7x10276, vZim? Ha. 29)

At 10 Hz, this theoretical minimum noise is 10 times lower than the noise in the syvstem used
by Soderberg and Finkle in their atmospheric-noise measurements. The predictions of range
using this limit will be an upper bound for the ranges obtained in actual measurements.

The magnetic-noise spectrum for a magnetic dipole antenna can also be calculated.
The voltage (Eq. 26) induces a magnetic field in the loop given by

V= wOp.NzazH, (30)

where a is the radius of the loop and N is the number of tums. The equivalent magnetic-noise
spectrum can be calculated using Eq. 24:

%/ 2 2
N=TV2 40RN2
Mjwy) = TH = ——5—5—7= 1 - Gh

2,22 2,22
WGrFa Oy 7a

For a magnetic dipole antenna, the input resistance. R. is given by (ref. 2)

R = 2uleadN? (32)
3
and the magnetic-noise spectrum is given by
. — 88g 33
Mj(coo) 3 - (33)
da~q
A comparison with Eq. 26 shows that g
_ 161 o .. k

. 2 . . . .. . .
The factor 37=af161 =1 so tha« the ratio of magnetic to clectric noise is approximateiy the
same for both system and atmosphenc noise.
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Water Turbulence

The noise from water turbulence is zenerated by that component of water flow per-
pendicular tc the earth’s magnetic field. The electric field is given by

E(t) = W(B ,

where v(t) is the velocity perpendicular to the earth’s magnetic ficld, Bp.

This electric field is nolarized in a direction perpendicular to By, and it has no magnetic
compencnt because the field is 1n the same vicinity as the source. This noise, which caa be dis-
ciiminated against with a magnetic dipole antenna, will nct be considered as an tmportasnt
noise source.

Comparison

At shallow depths, atmospheric noise will dominate and limit the range of detection.
For a wave frequency of 10 Hz, thermal noise will equal atmospheric noise a: a 720-m depth.
Below this depth, the range will! be maximum and limited by receiver noise. Figure 2 is a plot
of depth as a function of freauency for which the atmospheric and thermal noise are equal.

ELECTRIC DIPOLE RADIATION IN THE DEEP GCEAN

Radiation from a shoii-circuited dipole antenna in seawater of infinite exient will be
discussed in this section. Graphs are presented from which the detection ranz: of the signal
can be determined 25 a function of frequency, source power. ante .:a length, noise levei, 2nd
observation time.

Cylindrical geometry in which the dipole is aligned along the z axis at r = 3 wiil be
used (fig. 3). Tk surface and bottom are assumed tc be a few attenuation Iengths from the
source. Because the largest radiated ficids are at z = u. the range for the receiver will be calcu-
lated at z= 0. The Jominant electric ficld is in the z direction and is given by (ref. 1)

2.3 3 -2R
g ¢ -
g2 = PG £ (35)
R¥o R~
where
R=1/8y>1 (36)

is the range measured in water attenuation iengths ané p is the equivalent dipole moment of
the antcnna. The magnetic field. in the ¢ direction, is related to the clectric ficld by the
intrinsic impedance
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5 Figuse 3. Crlindrical geometry.

For the shori-circuited coaxial anienna. p is given by Eq. 14. Eq. 35 thus becomes

i I 3 -
Pl k6 o -R
I L (38)
3 z 4m= R= .

where Pis the input power and 1is the keagth of the antenna. For marginal detection. E, ~is
given by Eq. 23:

4z"Nwpy =K
2 ol L SR (39)
4 1 g 1O R~

The right-hand side of Eq. 39 is a function orly of the normalized range. It will be designated
by

: 2R
Fi( Ry==

-
-
"

R.—

R W~ Sl

where The subseript 3 designates thiss turwction for e infinite medium case. The kefi-hand side
of Eq. 39 15 2 fuactios of frequercy. i produst TP zrd the depth through tiie dependence

of the noise. It is designated by thie funciiva \
N H
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Using the atmospheric-noise spectrum from Eq. 25. the function G;(TPL. h. fg)is
plotted as a function of frequency in figure 4 for TP1=10% Wsec mand h = 0. 400, 860 m.
G; is also plotted for the deep ocean where the system noise of Eq. 29 dominates. In addition.
F;(R) is plotted as a furicticn of R in figure 4. To detenmnine range at a given frequency, .. the
R is found for which Gi(fO) = Fi(R) which, in turn, gives the range in attenuation lengths.
Figure 1 can be used o convert R to a rarge in meters.

The maximum ranges possible, found by using the curve for G; (system noise). are
obtained at depihs below those in figure 2. The curve for the range at the surface (G;(0)) is
included as an upper bound on Gi‘ Within a few attenuation lengths of the surface. the range
wiil be longer and the resulis from the section. Dipole Radiation Near the Surface. should be
used. If the source and receiver are near the bottom. the ranges wiil also be longer than those
in this section. and the results from the section. Dipole Radiazion Near the Bottom. should be
used.

Table 1 is a summary of ranges obtained in the ocean far from the surface and the
bottom.

Tabie 1. Range in tae Infinite Medium Approximation.
TPI= ;0% Wsec m.

Deptk: (h). Frequency
m (). Hz R(S,,) Range. m
0 10 125 1000*
0 00 16.7 260*
400 4 i35 1700
e 10 17 1360
800 4 16.3 2000
rrstem- >1300 4 19 2500
noise  ; > 720 16 20 1600
limited > 150 100 - <30
i
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MAGNETIC DIPOLE RADIATION IN THE DEEP OCEAN

Radiation from 2 magnetic dipol is similar to that from an clectric dipole with the

v {ref. 1)
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eleciric and magnctic ficlds interchanged. The ficids. maximum at z = 0 (see fig. 3). arc ganven
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where
R= H 1
=TI 6“, -

and m is the magnetic dipole mement. The magnetic field is related to the electric field by
the intrinsic impedance

i

o -

= |,

The equivalent magnetic memen?. . for a loop 2ntenna of radius 1, has tean calcuiated by
Moore (ref. 2)

~ 2
2_ _3=°Pa
2

. HCag
Jwlnle

2
Hz" then becomes

o 12 _ 3Pawpol 2R -
ira azf = Py

64 R=
Using the fzct that mag:ietic noise is given by

Miwg) = g Nwg) - 49

ihe following is obtained for marginal detection:

. N{w
% E;:TO)? = FR) =— —; G;(TPL h. fo) . (43
W u=g 3z~

For practical antennas. the factor

16

-
27
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a2nd the ranges obitaiacd are almost identical to those obtained for the electric dipole anienna.
When 3 mamnctic dotector is wsed in the sysiem-hoise-iimiicd regton. the exact squation ;Eq. 3%
resulis. This is not surprising when the symmetry between the ¢lectric and magnetic fizlds and
the noise in far-ficld ranges of the sourcss are considered.
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DIPOLE RADIATION NEAR THE SURFACE

When the source and receiver are at a depth much iess than the range predicied for
dipole radiation in the deep ocean, the range of propagaiion is considerably increaszd. In
subsurface-to-subsurface propagation, energy follows an up-over-down path, and the wave
suffers exponential attenuvation in the up-and-down rortions of the path. In air where the
wavelength is very long, geometrical losses dominate.

The problem of electromagnetic waves near the surface has been investigated by Moore ;
(ref. 2) and Banos and Wesley (ref. 6). Their results ars summarized by Kraichman t(ref. 1). i
For propagation in and above scawater, the formulas in table 3.7 of Kraichman are applicable.
In this seciion. the geometry of figure 3. with the air-water interface at a height. h, above the
origin. wili be used. Formulas are given for the clectric and magnetic dipoles aligned in the
veriical (2) direction and in the horizontal (¢ = 0} dircction. Comparison of the field formulas
shows the following characteristics for distances 7 << A zir.

,_..,
m\“. 1

Vertical Electric Dipole (VED)

For the VED. the clectric field in the P direction. £ is larzer than the ficlds in the

other dircctions by a factor of r/8,, 2 1. The only magnetic field is in the é direction. and it
is related to E by

.
B | wi

=
jHgt -

(e

This fatio is the same as the ratio of the noise: thus. the ranges of both ficlds are cqual.

Horizontal Electric Dipoke (HED)

For the HED. the horizontai components of the electric field dominate the z component
by a factor of approximately

’ -
A-air =1
A“.l' i

The horizontal componcents of the magnetic ficld dominate H, by
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VED and HED Comparison

The ratic of the dominant electric fields in the VED and HED cases is given by

12 oY
B HED _ A
i AT
Ef vep e

n

> 1.

Thus. the HED has the larger ficld at a distance r. This orientation provides the greatest range.
and it will be used in this section to calculate the expected range.

Range will be calculated using two assumptions: (1) the source is a horizoatal dipole
aligned along the direction ? = 0. and (2) the receiver is at the same depth and is aligned to
receive the greatest electric field. The magaitude of this electric field has a very weak depen-
dence cn @and is given by (ref. 1)

2 33 -3h/&
2 p Wy p o " Cw 2 .M
gl = 0‘, e COS"Q 4 sin-o

) (46)
= R(’ 4

where R = 1/8, and we assume that /A, << 1. Using the equivalent dipole moment fora
short-circuited dipole antenna (Eq. 14) and choosing ¢= =/2. the following is obtzined:

29
’ Pl ‘—'“115 .
P = =087 e ¥ (A7)
72 RO

. ; 2.
For marginal detection. |E]- is given by Eq. 23:

hfd
:~:' ’(uo X

W

=_1 (48)
Tleo'u o R

The functions G(TPL h.wg) and Fy(R). analogous to Gj and F; for the infinite mxdium case.
are given by

2 4!)/5“,
= N(wg)e

> 19)
Ti’le:o'p‘o' !

G(TPLh.f ) =

- _ -0
IS(R)— 17K .

where s desiznates the functions for propagation near Ihc. surface.

. o~ ~ ~ualamton o frvr rndsnton crlm v 2o wBrrvnends -~
B‘:~2'~=S‘. !h“s LJ!;:-;:‘:vo S0¢ 1T TRQIBLON [CaT G SUMaSt, e SURTEEIITW Wi

will dominate and Ea. 25 will be used for N(eg).
Fy(R) is plotted as a function of R = 1/ in figure -G s(fp) is also plotted as 3 func-
tion of frequency for depthsh =0and 100 m and TPI= 10* W m sec. To find the range 21 2
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Firure 5. ¥Feactions F X Riand G s('l’l":. h. i} for propzration near the surfzce.
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given frequency, fo, the R at which Fg(R) = G((fp) is determined. R is the range measured in
units of ;. which can be converted into meters by using figure 1. Table 2 is a summary of
the ranges obtzined near the surface.

Table 2. Summary of Ranaes Obtained Near the Surface.

epth (h), m |Frequency (f), Hz R Range. m
0 4 90 11,250
0 10 170 13,600
0 100 750 19.000
100 4 63 7900
100 i0 95 7600
100 100 70 1700

An analysis of magnetic dipoles aligned vertically and horizontally shows that the hor-
izonial orientation has the larzer fields and that the ranges obtained are approximately ihe
same as ranges for the horizontal electric dipole. As previously stated, the difference in the
function G is a factor of 16]/(3'533) >1.

DIPOLE RADIATION NEAR THE BOTTOM

The problem of dipole radiation near the bottom is similar to the problem of radiation
near the surface. The main differences are listed below.

i 1. The wave is exponentially attenuated in the path through the bottom. while there is
no attenuation through the air.

2. The wavelength in the bottom is much longer than the wavelength through water so
that the formulas presented by Kraichman (ref. 1. table 3.7) are applicable. The range near the
bottom will be shorter than the range near the suriace. but longer than the range in the deep
occan.

E The analyses of the relative size of the field strengths for vertical and horizontal clectric
l. dipoles. similar to those previously discitssed. have the following results.

LlamEE Y Sl

1. The dominant clectric ficids from the VED and HED are in the horizontal planc
}_ paralle] 10 the botiom.

£ - 2. The electric field from an HED source is larger than the field from a VED source
1 by the factor r/8y, > 1. The best ranges wili be obtained from an HED source.

\ In the calculation of range at the bottem, it will be assumed that the source is a hori-
zontal clectric dipole aligned along the direction @ =0, 11 will alea ba assumed that both the
source and receiver are on the bottom and that the receiver is aligned to receive the langest
clectric ficld. This ficld is given by

[Lild

2 33 3 -2R 2 .
lEzl - PwogH O, o b cos"o sin“e . (50)
a2 2 2 4 2
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where Ry = r/8b > 1 is the range in units of the attenuation length in the bottom. Using the
dipole moment for the short-circuited coaxial antenna (Eq. 14) and using Eq. 23 for the value 5
of the ¢lectric fielé for marginal detection, the following is obtained: i

Gb(TPL fQ)' = Fb(Rb,c?) . & i)
where
-20. 2
Gp(TPLfy) = — _WN@) (52)
TP!&)Z[.LZO';
2Ry, 2 2,
-— 4 -—

Because these calculations ore for radiation near the bottom. it will be assumed that
atmospheric noise is smaller than s stem noise. and Eq. 29 will be used for N{w). In figure 6.
the function Fy is plotted as a funcdon of Ry, for ¢ =0. =/2. Gy is also plotied as a function
of f for TP = 107 W sec m. 0, = 4 mho/m. and oy, = 0.1 mho/m. As in figures 4 znd 5, the
range at frequency fO can be obtained by finding the Rb for which Gb(l'o) = Fb(Rb). The
range in units of the bottom attenuation length. 8y,. is Ry, = r/8y,. The range in meters can be
obtaincd by using figure 1. Table 3 is a summary of the ranges obtained at the bottom for
depihs below those in figure 2 where the system noise limits the range.

Table 3. Summary of Ranges Obtained at the Bottem

Frequency (0. Hz < R Range. m

4 =12 id : 11.200

4 0 18 14400

10 =2 158 8.200

i0 0 20 10400

100 =2 17.8 2850
100 0 21 3360

CONCLUSIONS

The resuits of caiculaitons i ilie deep OCCan. ndar ihie surface. snd on the hotiom o
summasized in Chart 4. Section 1. These ranges are those predicted for the assumed parameizsss
under the best possible conditions. Parametric fepiesentations which can be used to predict

range for other parameters are also given.
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These results show the following characteristics.
1. The longest ranges are obtained for propagation near the surface where the wave

propagates unattenuated through the air.

2. In the deep ocean, the range is longer near the bottom where propagation under-

goes less attenuation. This calculation is sznsitive to the locai value of the botium conductivity.

3. In the ocean far from the botton, the greatest ranges are oblained at low frequencies

and deep depths where atmospheric ncise is greatly attenuated.

REFERENCES

I.

N)

!.N

w

M. B. Kruichman. Handbook of Electromagneric Propagation in Conducting sfedia.
pp. 2-1. A-2, 3-2, 3-16. U. S. Government Printing Office, Washington, D. C., 1970.

R. K. Moore. Theory of Radio Conununication Benhween Submerged Submarines.
pp. 95, 132, 134, 141. Ph.D. Thesis, Comell University, 1951.

C. W. Helstrom. Statistical Theory of Signal Detection. p. 12i. Perzamon Press,
1968.

E_ F. Soderberg and M. Finkle. Electromagnetics in the Sca. AGARD Conferenc
Proc. No. 77. 1970.

Amierican Institute of Physics Handbook. pp. 6—200. McGraw-Hill Book Company.
New York. 1963.

A. Batvos and J. P. Wesley. The Horizontal Electric Dipele in a Conducting Half Space.
Scripps Institute of Oceanography Reference 33-33, 1953.

K
¥




>
)4\ 3

b

-
R et I

- —_ e R -~ k3 - 5 .
t - =
IS H -
. -
- - °

o ey oD
Ry 2 cAantsse ¢
it ‘
f"‘ .
PR i

Lt

UNT.£RWATER PROPAGATION OF LIGHT
by
A. Gordon
NUC

CONTENTS

Introdaction . . . . . . . . . .

Soarces . . . . oL L L. L. L oo ...

Rangein Distilled Water . . . . . . . . . . . . . . .. .
Detectors. . . . . . . . . . L L L. e e e e e .

Range in Clearest OccanWater . . . . . . . . . . . . . ..
Range in the Presence of Background Flux . . . . . . . . . . . e e e
Results and Discussion . . . . . . . . . . . . . . . . .. .. ..

References . - . . . . . . . . . o o . ..

"PRECEDING PACY BLARK-NOT PIiMzp,» f}
66

~I
(93]

~)
(9]

~)
~}

k




g

RS re

UNDERWATER PROPAGATION OF LIGHT

INTRODUCTION

Increased absorption (wavelength dependent) znd scattering by water and its pariiculate
and dissolved impunities differentiate the visibility problems encountered underwater frem
those encountered in the atmesphere. Much information on the 2ffects of water’s absorption
and scattering on image degradation is available (refs. 1 and 2). Within the present state-uf-the-
art, analytic results are available where the distance from the object to the observation point is
smali: however, at distances which are large compared with a scattering length. one is ofien
forced to use the Monte Carlo rayv-tracing methods.

The present article is concerned only with determining the maximum detection range
of an underwater light source. This maximum detection range will place an upper bound on
the distance obtainable in underwater viewing and the maximum operating distance of a light-
based dectection. navigation, or communication system.

In the following portions of this article, we will consider various light sources and show
that lasers appear to be most efficient for producing maximum on-axis ilumination. The
detection of light will be shown to be limited by the requirement that approximately 10 pho-
tons reach our detector in the required time interval. Calculations will then be made assuming
first distilled water and then clearest ocean water for the case of no background #llumination.
Finally. it will be shown that, for depths less than approximately 4000 m. beth bioluminescence
and daylight filtering in from the surface further limit the maximum attainable range.

SOURCES

Three types of sources. which appear most applicable to the underwater cavironment.
will be considered. Thie first two are lasers which have their power concentiated in warelengths
within the region of water’s greatest optical transmission. i.c.. between 4300 and 55G0 A. The
characteristics of these lasers. the ncodymium-doped frequency -doubled yitrium-aluminum-
camet (Nd.YAG) laser and the argon lascr. are listed in table 1. The characteristics listed for
the YAG lzaser are better than the state-of-the-art. and assume the near-term solution of the
collimation-conversion problem. The most significant differences between the two lasers are
listed below.

1. The availability of energy ncar 4750 A. which is often the wavelenzta of koast atten-
uation by clearest ocean water. tor the acgon laser.

2. The large peak powers available in the YAG laser.

The latter difference beccmes important when strong backeround flux limits the range
of the laser. Botk lasers have a similar total output: 5 J/sec for the YAG laser and 10 J.sec fo
the argon laser. These lasers also have the advantaze of a kigh degree of collimation. but the
offsetting disadvantage of low efficicncy.

The third source, 2 thallium-iodide (T1l) doped mercury arc lamp, offers the advantage
of a high efficiency output between 4500 and 5590 3 but it has a low inherent collimation.
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Efficiencies of 16 percent have been reporied (ref. 3) for Til doped mercury lights, and the
lamps have been constructed, with a reduced efficiency, with arcs as short as 1 mm (ref. 4).

For comparison purposes, the availability of a ill doped mercury lamp with ana efficiency of
16 percent and un arc length of 1 mm will be assumed.

A cemparison between the on-axis illumination of the TII doped mercury lamp and the
arzon laser can easily be made for their in-air performance. At a distance R from either source.
ihe on-axis irradiance, H, wil! be approximately given by

g=_PE M

2.2
#R°O°

where P is the source’s input power, E is the efficiency. and @ is the divergence half-angle. By
inserting a two-lens collimator in front of the laser’s output, 6 becomes

. N
A7 l k4 (—

where A is the diameter of the entrance pupil. A, is the diameter of the exit pupil. and Bi is
the initia! divergence angle. For the Tl doped mercury lamp placed :n front of » parabolic
reflecior. we obtain a beam diverzence hzifangle of

=

1 (3)
Ra

where 1 is the lenzia of the lamp’s arc aiid R 4 is the radius of the reflector. Inserting Eqgs. 2

and 3 and using the ratio of fiie laser’s illumination. Hj . to that of the T source. Hyyj. we
have

He B 4

= L (4
B Bmn g7y,
1

where we have assumed equal power inputs and equal exit pupils. Inscrting the values Ey =
16, E-m =0.16.1=1 mm, 0i =0.45x 103, and Ap= 2.5 mm. we obtain HL =2x
104 Hyyp-

The illumination in the forward direction in air is then 2 x 107 times greater than that
proaduczd by the TH lamp. In water. however, this ratio will not be as great because of multiple
scatt 'ring cffects. These effects affect the laser and TH beam differcntly because the Tl beam
will have a larger divergence angle and a greater proportion cf the scattered flux will aiot be
scattered out of the bea. for equaliy sized optics. This means that tire effective cocfficient.
€ gp- will be closer to the tiue attenuation coefficient for the laser than for the Til bulb. This.
in fur. implies that the on-axis illumination will be attenuated more rapidly for the laser.
Beeause of the lack of measurcements or Monte Carlo data for the distances in which we are
interested. this discussion will be confined to the lasers listed in table 1. It wiil be assumed
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that these lasers are terminated in a 1-in. collirsator so that the beam divergence half-angle is
645 x 10% rad. In the next secticn. an argument wiil be given to show that at the ranges and
observation angles of interest, the laser beam is attenuated as e” @R where & is the true attens-
atien coefficicnt.

RANGE IN DISTILLED WATER

In this section. we will calculate the range of the lasers through distilied waier. which
must. of necessity, be an upper bound to ranges obtainable in natural water. It has been shown
that fiitered natural water. however. behaves like distilied -vater (ref. 5). in this discussion.
the data of Clarke and Jemes will be considered as representative of distilled waier's
attenuation. It will be also asstimed that the delector is capabie of deteciing single photons
(this will be discussed in the next section}. FGr the present calculations. 3 sec wili be the
decision time. i.¢., it wiil be required that the mean photon arrivai rate be 0.2 photonsjses.

A beam with an initia! circular beanwidil radius. r;. 2nd a half-divergonee angle. 6.
will produce in 2ir a spot of size r =vR282 + 1,2 at a distance R from: the seurce. If Fo is {ie
flux emitted by the {32t source. the on-axis intensity wili be aives by

r
H= — 6 3

F=_0-__ 16)

Thie abine forinuia s semewhat crioncous wiwen the spot size is smaller than the recoiver arar-
ture: however, wath: the simifardy sized optics wuscd ia this article. this crror 5 negligidie.

Because of scatiering a..d absomption losses. the fiux in water is less than the value
giver in Eq. 6. and Gecause of r-ltiple scattering effects. it has yet to be determined whether
the beam is exgoaentially attei.austed by the preduct of she range and the true atteavation
coetnicieni. Duatley (ref. 63 hus <one o0 work Jn this problem. Hisrigure Sispiotwed in
diffient forn: as figure 1 1t this articie. Tae ordirzie 15 J4c solid angic subtended by the
receiver divided by 2x. and the al-cis*a is the renge in tenuztion knglhs for which using
the true atienuaticn cocfficient gives a wrong answer by a factor of 10. The narower tie
ficid-of-view. the longer the rangze for which the use of the true attenuatior cocificient is
jusiified. Using a stmaight-line e~ trapolation tnrough the last two points of figare 1 and wsing
the present beam divergencs solid angle Q127 =167 x Tar 9 we find that the use of the true
attenvation cocfficient is justificd to a range of approximateiy 34 attenuation anzths. For
our caiculations. we cxpect tite frue attenuation corfiinat 17 be valid owr a ~omewhiat areater
range for ihe foliowing reasons.

1. Wo ue~d a linear extrapolation of figure 1. whereas the oCtaal curve exhibiis upwasd
cunvature.
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2. The waters which are used in this ariicle have a lower scattering-to-absorption ratio
than that reported by Duntley.

Because of these factors, the total fiux intercepted in water will be given by

}"Oh “te” aR
F= 2
\R" 6 =+ l’l-,

Throughout the rest of this article, t = 5 sec. #=4.5 x 10 rz2d, and =10

For distiiled water, the data of Clarke and Jamcs shows that for the arcon ion laser
@ =0.019/m at 4765 A and a=0. 047/m at 5300 A for the frequency-doubled YAG laser.
In the 5-sec observation time, the photon flux, F,T.is 1.2 x 1019 photons for the 4765-A line
of the argon ion laser and 6.68 x 1019 photons for the frequency-doubled YAG. Inserting
these valees in Eq. 7 and requiring that F = 1 photon in the 5sec observatior: interval. we find
that the range of the argon laser is 2170 m and the range of the YAG laser is 947 m. The next

section will show that the ranges actually obtainable in the ocean environment are Iess than
those calculated for distilled water.

DETECTORS

Photomultiplicr tubes are among the most sensitive detectors of light in the visible
region. One disadvantage of these detectors is the “dark noise,” ie.. the output current
observed at the photomultiplier anode in the absence of any light input. Iz hieh quality photo-
multiplicrs. the dark current can be reduced by ceoling. For example. data on the RCA tvpe
1P21 shows that the photocathode dark-current emission is approximately one photozsiectron
per sec at -150 °C (ref. 7). Because the residual dark current after cooling mainly consists of
multiple clectron pulses while the signal at low light levels is mainly single eleciron pulses. the
noisc can be additionally reduced by passing the output of the phctomultiplicr through a
pulse-height discziminator. Duc to the smail value of the dark current aficr cooling and the
possihility of discrimination aoainst the omaining dark curseni, we wiil negicct the photomul-
tiplier dark current in the calculations.

One source of noise which must be considered for any reatistic laser-rangs calculation
is the noise associated with the statistical distribution ¢f the photon amivs! times. Fora
Poisson distribution, the distribution of photoclectrons will also be Poisson (ref 8) with 3 mean
cmission raic equai to the quantum efficiency of the photocathods times the photon arfival
ratc. In the portion of the spectrum in which we are interested, a tvpical value for the quantum

efficicncy is 20 percent. To have a 90 percent probability of at least one photoclcctron being
cmitted during the observation interval. a mean photoclectron emission rate of 2.3 photo-
clectrons or a photen amrival rate of 11.5 photoas is required during the observation interval.
Thus. a value of 11.5 will be used for F in Eq. 7 in the calculations in the next section.

RANGE IN CLEAREST OCEAN WATER

In addition to the attcnuation produced by distilled water. ocear -ater contains particu-
latc maiter and dissolved organic substances which contribute to the -attering and absorp-
doxn. Burt (ref. 9) has iaken extensive data in the trepical Pacific on the variation of beam
attenuation with wavelength, depth, and location. For the present calculations. we will use
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his data for the clearest water he observed. This water, found at 450 m, has a transmittance
relative to distilled water which rises from 98 percent at 4500 & to 99 percent at 5500 A.
Burt’s clearest water is thus slightly clearer than the 98 percent transmission for low ocean
water ziven by Sverdrup, Johnson, and Fleming (ref. 10). Using Burt’s clearest water, we
obtain attenuation coefficienis of a = 0.039 for the 4765-A line of the argon laser and

@ = 0.06 for the 5300-A output of the YAG laser. Inserting these values into Eq. 7, we obtain
arange of 1030 m for the argon laser and 710 m for the frequencv-doubled YAG laser. These
ranges were calcuiated on the basis of no background ilicmination. The effect of a light back-
ground is discussed in the next section.

RANGE IN THE PRESENCE OF BACKGROUND FLUX

Ambient background flux makes the decision concerning ::1€ presence of the laser more
difficult, thus reducing the range below that given in the last section. The sources of background
illumination are blackbody radiation of the water medium, skylight which penetrates to the
laser’s uperating depth, and bioluminescence.

The total number of photons per unit area, per unit wavelength per second, emitted by
a blackbody can be expressed as (ref. 11)

Nl - 25¢ . (s)
A4(c€ / kT.] )

where c is the velocity of light =3 x 1010 cmfsec, A= 5300 R=353x103 ¢m, € is tie energy
of 2 5300-] photon = 2.34¢V,and kT = i/40 ¢V at room temperature. Inserting these values
in Eq. 8§, we find N =534 x 103 photons/sec cm3. Using a detector area of (1 in.)2 =
20.3cm2and 21008 =106 cm acceptance band. we find a photon flux due to blackbody
radiation of 1.08 x 10717 photons per sccond. This flux is extremely small: thus. the photon
flux caused by blackbody radiation is completely negligible.

(larke and Denton (ref. 12) aive 2 schematic diagram for the penetration of light into
the sea. Their figures are for a clear sunny day and for the clearest ocean water (diffuse attenu-
ation cocflicient = 0.033/m). Their data will be used assurng a constant spectral distribution
of flux in the region between 4500 and 5500 X and neglecting orientation effects. In using
data for brightest daylight. we will be considering the maximum possible limitation on range
due to penetration of surface light. This limitation extends to about 650 m. at which dcpth
bioluminescence becomes the dominant background.

Bioluminescence is the major source of background light at all deptas or dark nights
and at depths below about 630 m (the latter is valid even on the brightest days in the clearest
water). The extensive data in reference 12 shows that illumination due to bioluminescence has
average values of 1003 pW/cm2at 650 mtoab * 109 y.WIcm2 at 3750 m. Bioluminesceat
activity thus decreases with depth, but ot necesse Iy monotonically. The maximum bio-
luminescence observed at any depth greater than 62 m. however. does not appear to exceed
103 pW/em2.

For the detection of the laser beam in the p  -~nee of background illumination.
coherent detection will be assumed. This type of detection vields the greatest signal-to-noise
level. thus placing an upper bound on the range for a given source power and hackground

Y
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illumination. Coherent detection can be accomplished by feeding the output of the photo-
muliiplier into a noiszless (i.e.. cooled) load resistor and using the voltage across the resistor
as the input to the matched filter.

Current noise in the photomultiplier tubz causes a white spectral noise density, d(w),
equal to

&(w) = pel. 9

where g is the photomultiplier gain, ¢ is the electronic charge, and 1 is the time-averaged
photocathode curvent which is equal to

1= g+, . (10)
where ‘—s and 1_‘; arc the time-averazed laser and backzround photocathode <urrents.
respectively.

The instantancous signal anode current, ig. is given by
ig = Fune . (an

where 7 is the quantum cfficicncy (1 =0.2). Fis gi_:‘gn by Eq. 7 except that Fyi is replaced
by Fo'. the instantancous source flux (Fo' = 1.5 x 10-2 photons/scc for the YAG laser and
241 x 1618 photons/sec for the argon laser). The instantancous anode curreat due to back-
ground is

i, = HA7papue . (1)

where H is the background illumination in Wjem=: A is the defecior area iA =283 cmlipis
the number of photons/sec/W (241 x 1018 photon/sec/W at 47635 Sand 2.67x 1018 phoion,
sec’Wat 5300 X):and 7 is the fraction of illumination that is passed through any narrowband
filter which can be placed in front of the photomultiplier. Assuming a constant backeround
llumination within the band 4500 to 5500 &. an ideal 20-3 filter will vicld 7 =02\

Cokherent detection in the presence of white noise is govemed by the equation

T -~
f s=dt
0

d7 = — | (13)

d(w)
where s= = i, for our case. T is the observation time. and d is the signal-to-noise ratio. We
choose d = 2. which will yicld a false alarm probability of 0.2 st a detection probabiliiy of
0.85. Substituting Eqs. 10, 11.and 12 in Eq. 9. we hawe

H(w) = Uen(MF + HA7p). (19
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where the factor M is 1 for the arzon laser and 106 for the YAG laser. Substituting Eqgs. 11
and 14 in Eq. 13. we find

2 TMFZy
MF + HA7p

(15)

Setting T equal to 5 sec leaves an equation for F. the flux entering the detector in terms of

the background illumination H. Using the daylight penctration data of Clarke and Denton and
the bicluminescence data of Clarke and Hubbard, appropnate values for the ambient back-
ground for a given depth can be found. and F at this depth can be determined. The range at
this depth is determined by inserting the appropriate value of F into Eq. 7 and solving for R.

¢ . assumed independent of depth, is 0.039/m for the argon laser and 0.06/m for the YAG
laser as in the zero background calculations in the last section.

RESULTS AND DISCUSSION

The variation of maximum laser range with depth for bright daylight surface illumina-
tion is shown in figure 2 and Chart 5. Section 1. At the decpest depths. the bioluminescence
and daylight penctration are too weak to limit the laser’s range: thus. the range is photon
limited. For the argon laser. the range is photon limited in depths over 4060 m. while the YAG
laser retains the photon-limited range to 2500 m. The YAG laser is less affected primarily
because its radiation is chopped. and the coherent detecior is better at sckecting this signal from
the background than the cw output of the argon laser. At depths between 650 and 4000 m for
the argon laser and at depths between 650 and 2500 for the YAG laser. the range is limited by
bioluminescence. The 650-m upper timit for bioluminescence will become shallower at night
when the flux penctrating the surface is less. Various points. plotted on figure 2 for the dayvlight-
limited regime between 650 and 75 m. illustrate the difference between the argon and the
YAG ke in this region. the range of the YAG laser again decreasss more slowls because of
coherent detection. Although figure 2 shows that the argon laser has a greater range at a 75-m
depth. this is duc to the use of &= 0.039/m. The possibility of finding water with this clarity
near the surface is mote. and a value of & = 0.06/m is more appropriate. In this case. the
near-surface davlight range of the YAG laser will surpass that of the argon ion laser.

The calculations in this article show that laser ranges in excess of 1000 m in the ocean
cnvironment are difficult to cbtain. To obtain detection ranges greater than those previoushy
discussed. it is necessary to increase the power input. receiving aperture area. or obsenation
time. For the photon-limited operation. an increase in any one of these by 2 factor of 10
increases the range by approximately 2 attenuation lengths: 2 attenuation lengths are approxi-
mately 32 m for the YAG laser and 50 m for the argon laser. Thus. it appears that veny little .
range wii! be gained by changing the system parameters used in this article.

The major limitztion concerning the accuracy of the calculations in this article is
the uncertainty cosncerning the correct attenuation cocffictent to use on-anis at long dis-
taaces.  The maxsinum possible range of the effective attenuation coefficient is from a. the
atsorption coclitcient of distilled waler. to 2. the atteaision coefficient. If a is the effec-
tive altenuation cocfficient. the range ia accan water can be as large zs the range for
distilled water. Dv.atlev’s results fref. 6). powever show (hat aisenuation cocfficients .
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used in the sections, Range in Clearest Ocean Water and Range in the Presence of
Eackground Flux, are probably more accurate. The final determination as to the cormrect
attenuation coefficient must come from some theoretical method, such as Monte Carlo methods
or experimental 11easurements. Monte Carlo ray tracing is difficult at long ranges and for small
receiver apertures. Duntley (ref. 6), however, indicated that it was possible for him to extend

= his small-angle measurements to at least 40 attenuation lengths. Based on the results of this
article, such experiments are desirable.

-«
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ACOUSTIC TRANSPONDERS FOR NAVIGATION REFERENCE POINTS

-

INTRODUCTION

raery

The prominent use of acoustics in the underwater environment is due to the ability of
sound to be propacgated over long distances and, at the same time, to carry a substantial amount
of information. Sound is used in underwater communicaiion, control, detection, and naviga-
don. The present article will examine the range, power, and frequency tradeoffs in an acoustic
transponder navigation svstem using pulse-burst signals.

TRANSPONDER CONSIDERATIONS

An acoustic transponder is a device which replies with an acoustic signal when it is
interrogated with an acoustic signal. The use of acoustic trunsponders in undersea navigation
is bascd on the fact that the speed of sound in water is nearly constant and that it can be mea-
sured or calculated when necessary. Thus, the time needed for an interrogatioa signal to travel
from the navigated vehicle to the transponder and for the reply signal to retumn to the vehicle
is a direct measurc of the range from the vehicle to the transponder. By a suitable choice of
signal encoding. the interrogations and replies of several different transponders can be dis-
tinguished, allowing the vse of several independent reference points in a navigation system.

Because acoustic interrogation follows the same path as a transponder reply and
because the iwe signals normally use adjacent frequency bands. this analysis will consider
only the onc-way travel path. It is assumed that the construction of both the trunsponder and
interrogator are similar. ©.g., receiver sensitivity, transmitter power output. and transducer size.

Transmitted power is limited by the power density. which can be applied to the trans-
miiting transducer, {0 no more than |1 W/cm2 near the surface. For this article. it has been
assurmed that the transmitting and receiving transducers are verticai cvlinders that are 1 wave-
length in diameter and length. Such a transducer has a 3-dB directional gain in the honzental

plane and a veriical beamwidth of 120 deg. The peak transmitted power is severcly limited at
1 high frequencies because the available arca decreases as the square of the frequency.

The power consunmption of a transponder is in two modes: listening power. perhaps
30 mW. and transmitting power, which will typically be approximateiy 0.2 percent of the peak
vi- transmitted power because of the limited duty <ycle. Thus, the totai power consumption of a
1 transponder whiie it is in acticn will be 30 mW to 2 W.

*l: ! The size of the transponder is primarily determined by the size of its battery pack
\ 3

Vosg

(3
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v, 1%
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because the size of the eiectronic components is much smaller than the batteries. Over the
frequency range considered, the size of the transponder might be iScmx ISecmx 1 m. The
weight will be 10 to 30 kg, and the cost will be $2000 to S5000.
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NOISE

The fundamental question in this section concems the range at which a signal can be
transmitted so that it can be recognized above the background noisc at the other end of the
path. If this is the interrogation signal, the transponder must recognize its interrogaticn to
generate a reply. Similariy, the receiving apparatus at the vehicle must recognize the reply from
the transponder to measure the acoustic travel time and thus to measure the range to the trans-
ponder. The assumption will be made that the signal energy in the received band must be at
least 10 dB greater than the background noise in the same band.

In the general frequency range of interest (10 kHz to 1 MHz), there are two noise
mechanisms. Up to approximately 30 kHz, the dominant noise, decreasing with increasing
frequency, is generated by wave motion at the sea surface; above 30 kHz, thermal noise,
increasing with increasing frequency, is dominant. The noise energy produced in the receiver
will be proportional to the spectrum level of the external noise and to the receiver bandwidth.
The receiver bandwidth should be matched to the bandwidth of the signal and hence to the
length of the signal and the range resolution of the system.

CALCULATION OF SIGNAL RANGE

The signal energy available at the receiver will depend on the strength of the transmitted
signal and on the loss which the signal uadergoes during its travel through the water. The deci-
bel loss of the signal as it passes from the transmitter to the receiver is a function of only the
medium and the range; it is given by

transmission loss = 20log R + @R, (1

where « is the (frequency dependent) attenuation coefficient and R is the range. The allow-
abie transmission loss is given by

allowable transmission loss = 71.6 + 10 log source power
+ directivity index (source)
+ directivity index (receiver) Q)
— 10 log bandwidth

— noise level — recognition differential |

where 71.6 is a unit conversion factor. The source power is determined by the transducer’s
area. proportional to the wavelength squared, and the cavitation limit of | W,’cmz. For the
transducers used in this article, the directivity index is 3 dB for both the source and the
receiver. A recognition differential of 10 dB is used, and the noise levels at various frequencies
are aiven in Chart 6, Section 1. For the present calculations, the resolutions are 1 m at 10 kHz
and 0.1 m at 1000 kHz. The resolutions used for the higher frequencies are considerably lower
than the maximum resolution; however, in the present calculation, resolution at the high fre-
quency is sacrificed for an increased pulsclength which lowers the bandwidth; this, in tum.
lowers the background noise and increases the range. By inserting the appropriate values in
Eqgs. 1 and 2 and equating them, the maximum range is obtained.
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RESULTS

Chart 6 of Section 1 illustrates the variation of maximum range with frequency. The
large decrease in range with increasing frequency is due mainly to the rapid rise in the acoustic i
attenuation coefficient. The favorable range-bandwidth characteristics are evident, especially 4
Z at frequencies of 100 kHz and below.

Figure 1 indicates the possible variation of maximum range with allowable transmission
loss. A 10-dB degradation of allowable loss is possible because the ambient noise level is higher
than the assumed threshold; however, 10-dB improvements are possible by using directive trans- a
ducers and signal processing to increase the effective transmitted power.
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MECHANICAL METHODS FOR DEEP SUBMERGENCE NAVIGATION

INTRODUCTION

Although mechanical navigation aids, the first to be developed, are ot the best or mosi
versatile means of navigating in the deep ocean. they are simple. economical. and reliabie. and if
ihey are combined with dead-reckoning methods. a usefui navigaiion system can be produced.

This article will describe some of the mechanical navigation aids that kave bzen used
aboard deep submerzence vehicles such as the bathyscaph TRIESTE (refs. 1 threugh 6).

EXAMPLES OF MECHANICAL AIDS
Plastic Markers

In 1963. TRIESTE wac used in thic search for the nuclear submarine USS THRESHER.
which disappeared in approximately 8500 ft of watsr 260 mi off the New Englang Coast. At
this time. TRIESTE was the oa'v Navy submersible capable of operaiing at such a depth.

Ouz of the first navigational difficuitics TRIESTE encountered wzs lecating useful
landmarks on the seafloor. A met! od that proved fairly satisfactory used 1441 plastic reference
markers which were placed every 38 ft as an 11-line end. The markers were numbered from 1
2t the south end to 131 at the north, and each fine was approximately 750 {t apart in the cast-
west direction (fig. 1).

The markers. tied to 10-1b sash weights. were dropped from an auxiilary ocean tug
every 6 sec. The tug used Decca purpic and areen lines to control the track. Because neither
the track nor the logistics of spacing could bz held constant at the surface and becaase each
marker took 2ppronimately 1 hr to reach the bottom. the eifects of vanable currenis consiasr-
ably distorted the actua! landines. These “fortune cookies,™* however, were effective in
identifving the vanious debris of the THRESHER. although 2 hi sometimes passed between
sightings of markers.

On oae dive. after initiating her descent with Decea daia supplicd by the support ship.
TRIESTE descended outside the grid line and proceeded on a fixed course away from the grid
because no markers were sichted. Thus, although the grid was approximately 13 >-mi square,
it was not l@rze 2nough to allow for error in posstion at the surface or for lateral movement
during descent.

In 1963, a second sct of plastic markers. which could always be read. was dropped in
the same arca. Both seis of markers and the THRESHER dcbris appeared in photogmaphs
taken ky cameras rigged on the TRIESTE or towed by surface ships.

*Trese merlers weve ccHled fortune cookies bocsse thes ked 1o urroll before o messsge could be rezd, zod moms foied
i~ open.
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Reference Lines

Bottom reference Yncs thai indicate position every 200 ft would be useful for sub-
merged navigation. These lines wouild eliminate thie possibility of passing between unsighied
markers. The lengih of these lines should be at least two standard errors-of-esiimate of surface-
position accuracy. but nct less than 1 mi in the open ocean.

For lincs laid in an east-west direction, a vehicle could dive approximately 1 mi north
of the estimated mudpoint and proceed in a southern direction untii the reference lines were
sizhizd. it wounld then advance to a pesition indicaior on the line 1o locaiz a reference point
to initiate a contmolled search.

The referznce points weuld ideally be indicated by acoustic/optical reflectors moored
approximately 10 ft above thic botiom. The points could also be indicated by pingers. flashing
fizhis. or transponders that reply only when queried with a proper code or frequancy.

nicss prohibited by the nature of the operation. reference lines could be laid by a
surface vessel or aircraft. Small anchors would be attached to marker points 1o hold the line
in place on the seafioor. The linc, however, should be weak enough i0 break. if fouled. without
disturbing adjacent secticns.

If surface ships or aircraft could not be used to lay the line. it could t done by a sub-
mersible. A method wouid have to be devised, however. for a submersible to lay a neutrally
buoyant or slizhily negatively buovant line sporiing periodic. anchored-moored. reference
points. If each reference point had a net negative buoyancy of 15 Ib, the submersible vouid
become positively buoyant by that amount for each poini laid. A 5000-ft line with markers
cvery 200 ft would cause 5 buovancy of 375 ib for the submersible. a buovancy requirning
conmpensation.

Reference Grooves

KReference grooves can be made by furrewing a line on the oocan fivor with 2 specially
desizadd ivvi. Markers can then be dropped into the furrow at regular intervals. These markers
weald probably remazin in place because there weuld be no attached lines to drag them out of
position. They could also be lighter than other markers because a negative buovancy of 2 1b
would probably keep them in place.
TRIESTE plowed grooves on the seafloor by drageging a 350-1b lead ball which was
attached afit by a short line for control. The baii left a definite groove witerever 11 was dragged
except on certain seck-strewn suifaces. The only problem the TRIESTE eacountered was
drag o slopes: at these instances. the work proceeded more slowly. Some trails made duning
the 1963 operations were siill detectable in 1964, and more 1ecent photographs from MiZAR
show thia? some of the bottoa: marks have lasted well bevond the short time they were needed
and used.
On some sca-floor termain. such as the rock-strewn boticm eacouniered in the
THRESHER seurch. scribed or scored grooves are larsely ineffective. The trail is usuuily
broken or cbscured where gullies or large rocks appear. and movement or deposition of sedi-
ment near the shore will fill the s:00ves. Bmiting their offectiveness. This disadvantage can
re gvercome if nyvion o7 other lines are used as adjuncts 1o the mark areas where plowing cannot
be nerformed.
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Wheel Devices .

Devices which trail 2 wheel over the bottom have been used to measure the speed of ¥
advance, which, when coordinated with gyro headings in a small computer, viclds a DR plot
automatically. Accuracy, hewever, is limited where the bottom is vullied or where currenis o ]
affect the vehicle and enter a component not sens2d by the wheel. = )/

The Perry Cubmarine tested a swiveled, weighted, bicvcle wheel rim and fork that
were rigidiy connected to a 6-ft galvanized pipz (ref. 7). The distance traveled was recorded
by a flexible cable-cennected odometer. The total cost of the system was $19 75. Wheels.
however, are not feasible aids in rocky terrain, on coral reefs. precipitous slopes, or sticky

T
i

bottoms.
CONCLUSION

Relatively effective mechanical methods are available for deep submergence navigation,
especially if they are augmented by acousticai, optical, and other attainuble systems. Basic
mechanical aids, however, can be used independently with compstent results. If submersibles
are designed with adequate cruising capabilitics and means for baisiast-loss compensation. they
can lay reference lines and markers without surfacz assistance, thus simplifying the operation.
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Tradeofts mvolwed in the undersea dztection of statx and trne-varying signzls are examined and the
quantitative resilts are dscusced m this repoit. Statx electie 2nd magnetic fields, radioactive fickds, chemucad
systems. exiremely-low~frequency (ELF) clectromagnctx radatien. light, 2né 2coustics were studizd. and the
1esults were tabulated m chart form. For tenevaryvins fieids. undemvaier light exhibits tnfenior rangz 2nd ELF
exhidiis imfestor bandaidth ahen compared atth xoustics. Ranzes from approximeiely 3 to 14 km 2re achin
2ble for cliemical 2nd ELF sources, respectively, when they are used a3 siatic markers
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