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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. detec:ien. and identification.

RESULTS

I Tradeoffs involved in the undersea detection of sta:ic and time-varying 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. r•ages to approximately 3 and 14 km can be achieved
for chemical and ELF sources. respectively.

5. Considerations beyond the preliminary design stage are not discussed in this
report, and more detailed treatises, many of which are referenced, should be consulted.
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GLOSSARY

A - ampere kn - kilometer
A - angstrom I - liter
Ci -Curie lb - pound
cm - centimeter m - meter
cpm - cycles per meter MeV - meeaelectronvoh
dB - decibel mg - milligram
deg - degree mi - mile
"eV - electronvolt -nin - minute
ft - feet MHz - megahertz
G -gauss mi -milliliter

- gram mm - millimeter
H - henry MW - megavatt
yhr -hour N - Newton

Hz - hertz Oe - oersted

in. - inch rad - radian

J - joule sec - second

keV - kiloelectrcr.volt V -volt

kg - kilogram IiW - microwatt

kHz - kilohertz
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IhNTRODUCTION

To those who are accustomed to air as the supporting or propagating medium. the
underwater transfer of information presents new problems: In the ocean environment.
some standard information-transferring techniques which are used in the atmosphere are
nearly useless, and other techniques which are inappropriate in a gaseous en% ironment per-
form well. For example, high-frequency electromagnetic radiation. the most widely used
information carrier on land. is severely attenuated in conducting seawater: -coustic propa-

"gation. however, exhibits lower attenuation in the sea than in the air.
SThe purpose of this report is io discuss. in a form suitable for comparison, 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 hoped that the comparisons in this report will be
useful to a wide variety of investigators who are unfamiliar with the special limitations
of the ocean environment. Althouogi the various contributors have not given an exhausti.c
account of their subjects. it is believed that there is sufficient information for thc reader to
evaluate the tradeoffs involved, for example. in choosing a particular mode of marking a
given location or devising an underwater navigation system.

Section ! is a se-ies of charts which present the tradeoffs in'ohed in %arious minthods
of underwater information transfer or site marking. (The charts are ir. an extremely .on-
densed form.) Thefe charts are self-contained, and can be used without referring to their
corresponding texts in Section !I. It is strongly recommended. holoe'er. that the appropriate
text be consulted because some assumptions made by the authors might 1ar-. from the
specific parameters envisioned for the readers s% stem. The charts particularl. emrphasize
maximum range for threshold detectability because the background noise. dispersion.
and attenuation cncounter-td in the ocean often place severe restrictions on the usabkl
range. The ranges on the charts reflect as mrach as possible the natural environmcrital.
limitations on range. Con.iderations of additional nnis- created ]h dele-'ion or h% inmuffi-
cient state-of-the-art detection sensitivity are discussed in Section ii.

Section !1. which contains articles corresponding to the charts in Stction L. explains
in detail tie methods of calculating the values which appear on the charts. In addition. the
problems involved in implementing the various methods are liscussed. In -ieu of the

sponsor's interest in navigation applications, some of the articles are %%ritten morc direLtl|
towards that goal. alt hough much of the material is applicable in other areas The last
article in Section II. necessarily more qualitative than the others and lacking a correspond-
ing chart, reviews undersea mechanical navigation aids.

I r



SECTION I: CHARTS

This section consists of charts which tabulate the tradeoffs between the various
*, methods of underwater marking -nd information transfer. The juxtaposition of the charts

makes comparisons convenient. The charts. bowever. should be used only in cornunction
w;:h their corresponding articles in Section II because the charts are tile direct f.ontributions
of the various authors. and are written from slightly different perspectives.

Some charts were prepared assuming coherent detection, while others assumed
inconerent ,2ection. Slight differences in the Sign3l-to-noise-ratio criteria appear among
the "3rio0s authors. Tie ranges in some of the charts are obtainal-le with current .- .i;pmelnt
or techniques. while others are based on what is available in the near term. zor ihesc r,:.t
""ons. the charts must bt. used with care. and the correspondine articles shon:d oe read ht.-:f,re
.- M2.,.1ngful comparisons 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 fields. 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 gene-ally greater than the dimensions of the object
being sought- These fields and the objects producing them have been located by towing

electrodes from surface vessels, a method which has been used to locate sunken torpedoes.
ships. and planes (ref. I).

Towed magnetometers have also been used ;o locate submerged objects which are
magnetized or magnetizable in the earth's field. This type of object superimposes on tile
earth's field 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 •e assumed that
these objects are bein_ searched for with a detector that is also near the botom. for example.
a magnetometer mounted on a towed fish or submersible. The basic questions that this
article will address are listed below.

!- Wha! is the maximum ranee at which an electro" or magnet c source can be
detected given a set of parameters describing the source and surroundine environment?

2. How does the maximum range change as these parameters are %aried?
In the calculations which follow, two assumptions ensure that the ranges obtained

are ihe upper bounds to ranges which can be obtained in practi,-e. In the first condition.
both the signal and the noise statistics are assumed known and ,.oherent detection is used-
In an actual 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 to the
souce. ho-ever, some information. which can be used in processing the received signals. is
available concerning the signal's amplitude, frequency spectrum. etc. Thle greater the
a priori knowledge of the expected signal. the closer the ranges obtained in an actual search
will approximate those given in this article. The second factor. which probably establishes
the ranges as the upper bounds. is the neglect of any increase in ambient noise due to theA
detection process. Possible noise, caused by equipment aboard the submersibie. turbulence--
created by the platform, electrolytic action. etc- has not been considered. Only the noL-e
processes over which the searcher has no control have been included in the priesent
calculations.

Certain parameters pertaining to the ocean environn.nt and to the method of search
have been as~siganed numericalL-alues which %vil! be listed in this article- The dependence of

the detection range on some of these parameters is given in Chart 1. Sectiom I. Both the
source and detector are assumed near the bottom ir. 4 km of w%-ater: this depth is almost the

13 13



awerage depth of the oceans (ref. 3)). T"he static magnetic field, B30. has been assigned a value
of 40.000 gammas. and the seawater conductivity. or, is 4 mhos/m. The bottom current and
thle velocity of thet 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.

P = P o = 4- x 10-' N/A 2. The rationalized imks system is used throughout this article.-

BASIC APPROACH

The search schemne used is shownr in fieure I

S

P i

IzMurr 1. scalch wf-.x

The platform. P. carrying the detector is assumed to move along a straight horizontZl
line wvith the detector at the same depth as the-, source. S. Thle platform in, assumned to start at
somte point. -X0 .along this line. It then proceeds wvith the detector past the point of closest
approach of thle search path wvith the source and on to X = +X0 - At this point. a decision is
made concerning the present-e or ab-sence of the source- The orientation of the Nour~.e\%
dipole moment is assumed horizontal and perpendicular to tile platform's path- The angle
betweer. thle dipole moment of the source and thle line drav. n from the souii-e to thc, detel-Tor
is 0. The distance along thle platfornn s path measured fronm the point of JorleSst approach-
X = 0. is then gien by X = R tan 0. In the- followving discussion. ueu ~illIxbe concerned uith the

saia ariation of signals and !espatial spectral densitx of noise. lhuhce:nas

consider their time %ariation. as seen bx the detector. with equi;-alent results. T1he ..onnection
betwteen the time and thie spatial %ariation is !idade through thle relation. X =VT X0 . .%here
V is tht- platfornis velocity: and T is tblc ;~

Thei detector is assumned to tbe a single component (scalar) detector- such as a flux-
gate maptometeroreletri diple. It is aswie tha th i detector is ab a -; rcne

th~at tne signal lies -alone its ~ei!edirection. Thiis is consistent v- ith our assumption of a
coherent searchi. We swill also a:,stme that thie noise is independent of thle .lntelnna*\-
orientation.

The field due to an infinittesim-l dipole in the infinite ocear. is

.-here D 4-.a4 vwhen F = E. the ele-ztric field, and D = io0Mj4z when F =B. the magenetic
field (refs. 4 and 5). The current and magnetic dipole moments of the sources are p and M.

14



respectively. TIhe unit vector. r. is directed from the source to the detector. and 9is a unit
vector pointing in the direction of increasing 0. The use of Eq- I is justified for the sources
considered. providing we are far from the source compared with its dimenisions. Because both
the source and detector are near the bottom, the clect~ic field for a consiz-rt dipole moment
can rise to a value twice that given by Eq. 1 (ref. 5). In view. of the porosity of the seabed-
and the inherent uncertainties in the ambient noise. Eq. I will be used. For the magnetic
dipole. Eq.. I is correct provided that the permeability of the occan and the seabed are equal
(as assumed) and that the coil is sufficiently insulated so that its electric field is ne-ligible
outside the coil.

At tile end of the tow. at point X0 .a decision is made concerning the presence or
absence of the source. This decision is effected by passing the output of the detector
through lthe appropriate linear filter, which is matched to the signal and ambient noise.
T1his 'matcled filter" technique will maximize the filter's output signal-to-noisz! ratio at point
X0 (refs- 6 and 7). The output at point X0 is then compared with a fixed decision level.
related to the' detection and false alarm probabilities, and the presence or absence of the
source's sienal is decided.

For an infinite measuring time, the relationship between the signal. noise. and
sienal-to-noise ratio (ref. 8) is eiven by

d2= lSwI c4 2 dwa 21)
Of 7 (w-z) ',-

where d is the signal-to-noise ratio. wi is the time radian frequenc,.. StW- is the time Founer
transform of ltie signal. and '-Nw) is the time noise spectral pouer densivy. !...sng ltie relation-
shipsw- VK. I S(o)!2 = IIS(K1 21 711V1 21. and~iK)= X;Nw). Eq. 2Nbco,

d2____K-A dK (3)
oo -:(K) 2;-

where K is lthe spatial angular frequency. V is the detector's Seoct~. K) is the spatilal
Fourier transform of lthe -nagnitude of Eq. I1- and 4,(K) is the spatial noiseý s-pectral power
density. It is interesting to note that tile form of Eqs 2 and 3 is -Indifferent a!. to uliiether we
inea-ure in the time or spatial domain: however, we vdill continue to use thic %paiial %i-ewpoint
because we are dealing with static sources. Two assumptions implicit in EqLs- 2' and S3 s hould
be rmentioned. Both Eqs. 2 and 3 refer to infinite tow paiths: howev-er. becaive- of lthe rapid
decay of Eq. I for jaige X. Eqs. 2 andi 3 apply proiiding we take I XV ! S;3R. .Ai-0 both
E~qs. 2and S are applicable only to noise wvhich is stationary and gaussian.

Taking the Fourier transform of Eq. 1. we find that JS(K)12 is almost Constant for
Ill < I 'R and decreases rapidly for lid > I R- In view of this properly, we takz IS( K )j. to N-
conlstanlt for I KI <I VR and' zero otherwise. Withi this simplification and the use of Parscval's
thleorem- we obtain

~0 ýP(K)

d2 Idx(4
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where f'u is the effective upper cut-off frequency:

2U z 2-, R

,-• The left-hand integral in Eq. 4 has the value

| dx=D 2'-•(2-)6 j. (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. i.e.. 0 < f < l I2zR.

Both the magnetic and electric noise were fit to a noise power density of the form

4Ie.m{K)= Be.m +Ce.m. (5B)
K

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

I - •-!!-T i "!6

Eqs. 5 and 6 can i-i combined to give

I - Br In + C

where G = D2/C (2,)6 (21132).
The value chosen for d. the signal-to-noise ratio, wxill determine the false alarm proba-

bilit% and the detection probabi!.ily for a vesi run. in the present calculations, a %alue of tho

is used. This %alue corresponds to a detection probability of 0.9 and a false alarm probabilitq

of 0.2 (ref 8). For the same value of d. one can obain a greater probability of detection at
the expense of a greater false alarm probability and vice versa. Greater -alues of d will enhance
the probabilit% of detection or hlesen the false alarm probabilit uwhen the other is Constant.

The dependence of the detection range on d is given in Chart 1. Section 1.
Before using Eq. 7 to calculate numerical results for the electric and magnetic cases.

we will derive its asymptotic forms. For r<<(2zC)/B. (Br)/(2•'C) << I and

r (C) 1!5
(S

r= .-S

For r >> (2 C)0B. (rB)i(2zC) >> I and

16
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1/ (9)

Thus, r varies as the one-fifth power of G for small r and as the one-sixth power of GC
for large r. where r is to be compared with = (2zC)IB.

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 is essentially
no current outside the windings. The magnetic moment. M. of such a coil is given by

r M ( A rrp )2  (10)

where A is the cross-sectional area (through the windings). P is the power input. r 1 is the
large radius of the torus. and p is the resistivity of the wvindings. Using values of A = z(O. I m)-

3.14 x 10-2 m2. P =OWr! I mand p = 1.7 x 1O-8 0Ž-m (i.e.. the resistivity of copper),
one obtains a magnetic moment of 5.44 x l03 A-m 2 . The magnetic momen! for different
types of c-ils and input power can be calculated from Eq. 10. It is interesting to note that
larger magnetic momnents for a fixed coil displacement are possible by increasing the coi!'s
diameter at tme expense of its cross-sectional area. For the parameters chosen. the coil's
weight is abou: 2 tons and displaces 0.2 inm. For a 30-day operating life. this coil w-ill
require 170 lb of silver-zipc batteries which displace aboui 2 ftW.

T17he 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 its magne-
ti7ation readily controllable once it is in the water. Using Alnico 5. we can obtain a perma-
nent mnagnet with a remnant magnetic inauction of 13.100 G (ref. 9). whiOh corresponds to
a ma•netization of 1.05 x 106 A/nm. Again assuming a magnet weigat of 2 tons. we obtain
a volume of 0.25 mn'. vielding a net dipole moment of 2.61 x 105A-m2 for this sou,-ie.

A third type of source is a soienoid that is filled with P hich permeability material.
"Tlhe magnetic-field intensity in a solenoid. which is long compared with its diameter. can be
written as 1- =1 11(2r 3 L)I (PWI/p - A,)/l2. where r3 is the solenoid's radius. L is its length.
W is the weight of tile windings, and p and pw are the wvinding's resistivity and weight density.
respectively. This formula is strictly true only as the length-to-diamezer 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 in. L = 2z" m. P = 70W. and W = 2 tons. the result-
ing field intensity for copper (pw = 8.96 x i0 3 kg/ri 3 . p = 1.7 xl 0"8-0--m) is -93 O-. Filling
the solenoid with a high permeability material will lower the magnetic-field intensity from
the value previously given due to the opposing magetization field. For this geometry. the
dem~gnetization factor. N/4". is 4.31 x i 0 (ref. 9). Assuming the solenoid to be filled

with SupeTrmendur. a net magnetic-field intensity of 10 0e is obtaincd froin its magnetization
curve (ref. 91 and the demagnietization factor. At this field strength. the magnetic induction
is 20.000 G. and the maenetization is 1.6 x 106 A/im. which is near saturation. The perme-
able core has a volume of -0.2 m-3 so that the total magnetic dipole moment is 3-2 x 105 A-in-.
In addition to the 2-ton weight of the copper, the Supermendur wveighs about 1.8 tons and the

17
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battery weight for I month of operation is about 0.6 to,-i. It is interesting to note that the
copper coil previously considered, when run at a power level of 70 W. will yield a dipole
moment of 1.4 x 104 A/m, a factor approximately 20 times lower than that for the filled
Ssolenoid.

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-i 2. For a superconducting coil of ]-rn radius, a magnetic moment
of 3.56 x 106 A-m 2 appears feasible using a matrix of type 1I superconductor and normal
metal- Because the critical field 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 reasonable.

Natural magnetic noise arises from such temporal sources as solar activity, ionospheric
activity. and the motion of seawater through e earth's magnetic field. Except for occa-
sional disturbed periods and the diurnal v-iriazions. these noise sources are associated with dail%
excursions of approximately a few gamma, I l'Y = 10-5 G j. In a search for static magnetic
fields. Spiess. Mudie. and Lowenstien (SML) (ref. 10) have shown that the major environ-

Simental limitation conies from short wavelength anomalies superimposed on the earth's dipole
field- Their results will 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 SM L's
=graphs. 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. howeer, represents
oniv a small error in the estimated range.

Based on Eq. 5B. two relationships will be needed to specify the noise poiaer density.
Thus. an expanded scale version of SML's magnetometer trace was obtained and a 10-km
portion wvas digitized and Fourier analyzed. It was noted that the resulting spectrum increased
rapidly for spatial frequencies less than 0.001 cpm. Because 4- in Eq. 5B incrLases rapidl.' for
f< Bi2rC). B._(2,C) was set equal to 0.001 Hz. A second relationship was obtained by relat-
ing the varianc- of the filtered spectrum given by SML to the integral of the noise po%%er spec-
trum across their bandpass. The rms value of the filtered noise. obtained from the S.ML
-pectrum. wa,- halved in an attempt to include the fact that their spectrum was taken in an
area of "'high magnetic rougmness." The resulting rms noise %%as th-n reduced b% another
factor of !, ,,r'3 to account for the reduction in noise. assuming isotropy. that would b."
obtained by replacing the S.ML total fiele magnetometer with the one-component magne-
tometer assumed in this article. This final adjusted value of nms noise "as compared ,with the
integral of 4, across the SM L bandpass to :. icid the second condition on B and C. The result-
in!! valuis are B = 49.62-72 and C = 7.897 x 103 72-m.' These values plus the values for the
nagnetization and the formulas previously gi-en are sufficient to estimate the maximum rangc
in a magnetic searci.

ELECTRIC FIELDS

For the present caklclation. the source of the electric field is cop-sidered to be an
in'mlated linear conductor terminated in conducting sphere_-. It is assumed that the diameter
of the conductor-insulator combination is smrall when comp,.ard with the diameter of the
sphere and that the IR drop along the wire is ne.ligible when compared with the applied
FMF. ,T-lie EMIF is assumed to be inserted along a length of the antenna and to hate an inter-
nal resistance that is small compared with the antenna's.
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Because of the remarks made in the section, Basic App.roach, tile input resistance wvill
be that of the antenna in infinite space. Because of the assumption made concerning the
antenna wire, the input resistance will be the rcsistance 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. or. to
their capacitance. C'. in racuo through the relationship R = 0 /orC'(ref I I ). The capacity
between two spheres of radius rs with their centers a distance d apart is given by

00

C' = 2irr 0 rssinhl, 1 1csch(2n - 1) V+ csch 2n031.
n=I

where coshfl = d/2rs (ref. 12). Choosing d =2 m and r = 0.1 m.we haved>>r for which
C' = 2-, 0rs- The resistance is then given by

R-
Zrao

From Eqs. 5 and 7.

C 2.-)(2~r

where p = Id = (P/R)1 2 (d is the dipole moment). Using values of rs = 0.1 in and d = im.
we find that

1.585 x 103 IPIV 2-m4
G=C

C

where IJP is the power expressed in watts.
Natural electric noise arises from three sources. The first source corresponds to [tm-

poral fluctuations arising outside of the earth and propagating beneath the o~ean's surface.
Using noise figures given by Liebermann (ref. 13) and Cox etal (ref. 14) and as.suming an
infinitel% deep sea. we find th;: electric noise ranges from 1.0 to 4.0 x !0-15 (V m )2'"z for
frequencies between 0.003 to 0.001 Hz. Viewed as a spatial variation. this corresponds to a
noise power density of 0.51 to 2.6 x 10- 5 -V,'m) 2 'cpm for frequencies Ixtmeen 0.002 and
0.006 cpm for a detector speed of I knot.

The interaction between the movement of the water and the ambient magnetic field
\%ill also c-ause an electric field. The magnitude of this field depends to some extent upon
the abilit) of the surrounding w:ter to "short circuit*' the potential across the %.ater in the
vicinity of the receiving antenna. For the conipletel% short-circuited case. the electric field
along the antenna is given by the product of Vii and BV. where Vii is the component of
velociti perpendicular to the antenna and BV is the vertical magnetic field (ref. 15). If \,e
di'ide both BV and V11 into their (spatially) constant and ar ing componlntts. 9he resulting
product will contain four terms. One of these terms will be constant and can be neglected
because it will be rejected by our matched filter. A second tern. relating the tIo spati:lil.
%an ing parts. -.%ill be small. The remaining two terms represent the interaction of the constant
part of the %elocity with the varying part of the magnetic field and vice versa. The former
term is the produ.-t of the square of the mean velocit% and the magnetic-noise po'ser spectrum.
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which was calculated earlier. At a frequency of 0.001 cpm, this is 4 x 1 0- 5 (V/m) 2/cpm.

Both these sources are dominated by velocity fluctuations interacting with the earth's
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 - 40 1 0'W). Whether
the form of the turbulence spectrum 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

- Ithe form4''(c) = A'/fw.v + B", where .ý{w) is the turbulent noise power measured on the bottom'
. 4

fw is the time frequency, and A' and B' are constants depending on the mean current. To
obtain the needed values, it was necessary t1, 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(,K) = (0.1 02U)2

(7.93Usec + 0.04656/fs). where U is the rm s current and f. is the spatial frequency. The elec-
tric noise power density will be B 2 times this value. Inserting values of U = 0. 1 knot and
Bv = 40.000 gammas and comparing the result with Eq. 5B, we obtain B = 1.3 x 10-14 (V/rm) 2

and C = 1-8 x 10-14 m (V/m) 2 for the electric-noise coefficients. These co,-fficients. plus the
expression for the electric signal. allow us to calculate range as a function of input power by
the method outlined in the section, Basic Approach.

It should be noted that electric "velocitv" noise 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/sec. The present analysis does not extend to currents lower than
this valuc.

RESULTS AND DISCUSSION

Figure 2 shows the variation of range with increasing magnetic moment. It is interest-
ing to note that increasing the source's magnetic moment by a factor of 105 increases the
maximum range by less than a factor of 10. Near a magnetization M = I x 102 A-mr-. the
range increases as R - \10-39 0  hile for M near I x I 0 A-n 2. R \ M0-34 8. Over the entire
range. i x 102 A-m 2 < M < I x 107 A-r 2. R - M0 -370. The variation of the slope with mag-
neti7ation is indicative of the competition between the "white" and I/f portions of the noise
spectrum. Knoiung 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 L. The variation of R with these parameters is unexceptional except for the
large increase in range with the diameter of the copper coil 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 obeys a p116 dependence on the power at all power levels between 1 0-1 and i 04 W. "
This behavior is duc to the dominance of I/f-type noise.

It is interesting to note the strength of the signali at the distance of clesest 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-m2 and a value of 22 gammas for a dipole strength of 10' A-m 2 .
These values arc well within th. .,,nsitivity of conventional mzgnetometers. and sensitivities of
this type have been exhibited in the ocean environment. For the electric field, the potential
across the ends of an antenna of length 1-.- m will be about 2 pX. This level can be measured
by standard potentiometer ter' r.ique: however, care must be exercised to minimize thermal
EMF's. turbulence introduced into the water by the detector or platform. and electrolytic
action on the rezeiring electrodes.
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Ar ~The question still remains as to whether the rangles, predicted in this articIle are t~ypical
of tile oceanic environmeni as a whole: Range wvil! change in different geographiual locations
due to v2-riations in tile effective noise power density. if it is assumed that the form of this
function changes very littie from the form in this drticle. the nuise spectrum will be proportional
to tile variance of the noise across thle passband. For the mnagnetic casz. it is estimated that on
a worldwide basis the rms nceise can vary by a factor o! six: this implies that the obtainable
ranee can vary by a factor of about two. For the electrical rase, deep oceani currents can
assume values of approximately 0.Oi to 0.5 knot (ref. 16). These values imply ranges varying~
from a factor 2.3 times greater to a factor 1 .8 limes smaller 'than those in !h'is article. The
largze variabilit-y er the maximum ran-ge obtained thus emphasizes t'he dependence of search
effectivene-ss on environmental parameters.
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DETECTION OF RADIOACTIVE BEACONS IN THE OCEAN

Two, approaches to the detection of radioactive beacons in wvater are discussed in this
article: detection of a point source of radioactivity; on the bottom or in open water and detec-
tion of induced activitv from a neutron source in, open water.

DETECTION OF A RADIOACTIVE POINT SOURCE UNDERWATER

The range of nuclear radiation in water is quite limited. This is true whether consider-
ing alpha. be-ta. or gamma rays. or neutrons. all of which are readily attenuated bý water.
For gamma rays. the -ntensity from a point sourxe can be calculated from the following
relationiship:

0 N 4 zR2

where R is thle range from the source: pis the linear attenuation coefficient Ifor energxi: Bis a
buildup factor to account for photons thai have been scattered and bstl energy.bu av o
bec-n lost to the beam: No is the original intensity: and I is the photon density at R_ At v-ery
short rangets (pR << I). thle inverse square temi. I '(4-zR 2 ._ controls the changez in photon den-
sity as a function of distance. At three mean-free-pathis (thle distance R0 = I, pI. the inverse
square and attenuation are equally effective:- bweyond three R0 . the attenuaiion term Nbecomes
progr svely more dominant. In air. R0 is approminatclk hundred-. of fee; (419 ft atl. c

(ruf. I1). but uinderw-ater R0 is very short ( 14 cm at I MVand a maximum of Q0 -,-: for enere~es
greater than 25 Mel)_ For a 1 00-0i point source of 60 Co_ thle detection range underwater is

approximately 9ft (I isequal Itolthe gamma-ray back-round of seLawaztcri. Even with a iiehl-
energy machine (2 5 McV). thfe range for a yield equiva-jlent to 1000C will bie no more than 28 ft.
At best. gamma-ray sources are short-range beaconi.

Neutron sources are equally short range when considering detection of thle source nt-l-
tron. For fas! neutrons from a fissioni source. i.e.. -2)Cf. thle flux denslit decreases b-. a .actor
of !O every 10 cm (at a I-ft range) to 20 cm (at a S-ft increase in rang~e). Neutrons, from a 1011

31.secsoucea large source by present standards) will hiardl% be detectable beyond 8 ft.'a Amiong the nucIlear particles, only neutriznos pene-rate wa-ter readil%- - Their low -inter-
action rate wvith matter makes detection extremely inefficient and establishes a veey hieh

background flux. primarily fronm extraterrestial sources. Both facets. thle lack of a suitable
detector and the probable higch background. negate consideration of a neutrino bea2con.

DETECTION OF NEU`rRON-INDUCED ACTIVITY IN SEAWAV--TER

Most neutrons from a point source in water are thermalized and captured w-ithin
approximately I ft of the source. In the process. a series of radioactive isotopes is induced
in tile seawater surrounding thle source. Mlost prominent among the gamma-ray emitters.
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induced by this process are 3 8 C1 (38 min) and 24 Na (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 neu=ron
source of 10 11 nlsec in a current of I knot, the induced activity in seawater passing within 1 ft
of the source, is approximately 6 x 10-9 Ci/l. This is 2 x 102 times tile natural background of
seawater. -Assume that the cross sectional area of thisstream of active solution. which is approxi-
mately 0.28 m2 . gradually increases as it is carried away by the current. The activity. I hr
later, will be 1 km downstream with a frontal area of 500 m?-. a nominal diffusion growth
(ref. 2): however, it will still be readily and unambiguously detected with present underwater
detection systems. If the currents are negligible and if the activity drifts around so that the
ieneral region becomes activated (i.e.. smokey). 101 1 nb~ec will induce enough activity to
double the backeround in 8 x 105 in> of seaw-ater. In practical situations, the activity will
not be uniformly distributed and the "sinoke" will constitute a trail to be followed to the
source. In the final approach to a neutron source in seawater, tlhe .aptured gamma rays.
which are emitted each time a ne-tron is captured, will clearly define the area (ref. 3). These
captured rays from s:awater are high-energy gamma rays that can probably be detected at
1 6-ft r-'-es from a 1011 -n]sec source.

Thie problem of hazard. primarily to the environment, is nonexisient a few feet from
a gamma emitter: nowever. the problem should still be considered when neutron sources are
used to induce a,-tivitv in seawater. This problem can be discussed in term:, of the AEC require-
ment for disposal of radioisotopes into sewers. For 24 Na and 330. the maximum permissibic
concentration in water for continuous exposure to the population at large is 3 x 10-i Ci 7

(ref. 4). This is 50 times tile concentration calculated for the initial activation of seawater
flowing at I knot past a 101 1-n/sec source. If the flow is so slight that thle activity is essen-
tially distributed by diffusion. the concentration of 24 Na becomes the principal hazard. At
equilibrium. where the decay rate equals tile rate of formation, the total -4 Na activity in sea-
water from a 101 i-n/sec source is 0.03 C-.- !f this is distributed or averaged over a volume ef
102 .m3.* or more. this concentration will be equal to or below the AEC maximum permissible
concentration. The equilibrium period for 24 Na is -"1 .6 hr: thus. if the flow is such that tile
water is exchanged within 14 ft of the source at least once in 21.6 hr. the volume of water .%iih
a con.clntration above the AEC limit %-ill be even smaller. Diffusion rates near the botiom
,generally exceed this flow rate (ref. 2). .nd it is unlikely that a neutron source implanted in
tile ocean wvill ever constitute a hazard to the environment beyond a few feet of the source.

BE-ACON SYSTEM

A radioactive beacon system consihts of a source im!'lanted abo'e the bottom and a
detector aboard the search vessel. The source. a radioisotope in a corrosion-resistant housing.-
wvill not require auxiliary power. and it can Ie selected to last indefinitely" compared with
probable periods of use. When a bare source is handled in the water, immediate contact must
be avoided. and it is probable that a small shield %%ill be necessary to facilitate imp!antment
and removal. Sonme form of shield must be provided on the surface to protect personnel dur-
ing transport of relatively la3ge sources. Whqfile tie implantment of sources in tile bottom is
possible. tile background radio:tctivity of the bottom is generall% 10 to 1000 times- that o0
open seawater. and 'he detection range (above background) will be shortened s.veral feet.

"-rr rsequl I £ c 4b cppisximartel 14 ;1 pC side-
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In most instances, it is desirable to locate the source 6 ft or more above the bottom. This is
particularly true when the flow of seawater containing activation products is used to extend
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 been successfully used to measure the natural activity levels in
seawater. The small diameter systems are extremely ruggel and have been assembled in arrays
capable of detecting activity changes of 2 to 5 percent of the 4 0 K background. A levei of
10 percent of the 4 0 K activity was used in the previous range calculations (this Can be
obtained with a single detector).

T1he cost of a beacon system using gamma-ray emitters would be nominal, less than
S5K for the source and S20K for a detector-ratemeter system (assuming the R&D costs caa be
spread across several systems). Pricing of high-intensity neutron systems is uncertain. A pro-
jected price for 2 52 Cf in 1980 is S25K for 1011 n/sec (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 2 52Cf in relatively large quantities. No othcr neutron sources appear
satisfactory for this application.
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CHE-MICAL SYSTEMS AS POTENTIAL UNDERSEA NAVIGATIONAL AIDS

I NTRODUCTION

This article summarizes a variety of chemical methods which might serve as potential
undersea navigation aids. In this -tirvey. two general categories %,ill be considered: mapping!
of the natural chemical environment and introduction of chemical mark-ers, into The ocean-
bottom environment- This discussion will be limifr-d to those chemical parameters which can
be measured in sim by remote probes or samplers. These parameters arid the background levbels
for averaee ocean water ame in table 1. It should !v noted that *this table lists onl,6 those parame-
ters for which direct in sint measurement si-steins are currentl% avai~lable; de, elopm-ent of new
hid iz measurement technique-- would expand this list. In addition. the numbelkr of potential

-I methods would Ke increased if laboratorv-ty pe measurements were included biecause sut-l
methods are more plentiful and are generally more sensitive and accurate.

MAPPING OF THlE NATURAL CHBMICAL ENVIRONMIENT

We define chemical mapping as the -,z of natural %ariation% in a gi'~en chemical
parametcer or variations In fihe distfibution of several chemical parameters as na~ie -ationai aids.
1-ildher flhe seawater or the bottom sedliment can 1-c mapped . the formier. hioweL er. is probahly
less reliable due to the dynamic nature of thc wvater mass.

Bottom Seawater

A search of the literature revealed essentiall% no inform~iion recardinIL horizonta!
v-ariafions In the chemical constituiency of deep ocean botiomo wa!er over a relative]% inall
Airea. Le_. several square mniles. Ini fact. there is little informnation onl the vertical disýtribtnlton
of chemicals near ;hie bottom. It I-- probabl% reasonable to assumne that !here will be- little or
no horfizontalvariation in either the major chemical constituents or the comnposite parameters,

(such as salinit% or density): however, there mi!,ht be marked %ariations in the concentrat~ios

of trace constituents. Unfortunately, thfis is cne re--ion of the ocean for which little is known 1
con1cerninge the chemistry.

Bottom Sediments

Th'lere is con--iderable information in the literature reearding tile chemical compoisition
of decv -;e: sediments. Composition varies with [lhe nature of the sedimient. its location, par-
t1ie ii*7e, absorptive properties. etc. Again. howe~cr. little is knowun about %ariabilitv oi'er a

j relatiiel -;mall area of thie bottomn. Therefore. no statement can presently be made concerning
the usefulness of sediment mapping for navigational purposes.

-t e ! ------- -F-MR
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UV SCANS. Because a number of compounds that fluoresce under ultraioiet radiation
exisi in the sediment, an ultraviolet scan of the bottom might be a useful adjunct to visual
observations.

Summary

.Mapping of the chemical environment, either of the seaxwater or of the sediment. does
not appear promising. Too little is known about variations in the chemical parameters o.er a
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-
tiallv serve as a marker. For the purposes of this discussion, the markers are di% ided into t1%o
categories: soluble and insoluble chemical systems.

Soluble Markers

Soluble markers have the aod':.t:z of biz. inure easii. detected than insoluble
markers, but they are also subject to the vagaries of the transport processes that oc,.ur in the
ocean environment.

There are three possible ways by which these markers can be introduced: instintineous
release: pulsed release at eifher fixed time intervals or upon interrogation. and continuous
release. Release of soluble markers will generate concentration fields %%lhose features usill
depend upon parameters which describe the transport processes in the ocean. (These parame-
ters are factors such as currents. eddy diffusion- and shear forces.) Detailed calculations ba.sd
(n an ocean diffusion model of these concentration field-, ha'e been made b% Mikhlail and hin
associates (refs. 10 and I I ). The discussion which follow, is based entirel. on their reslt.s.
It shotild be noted that the model used b.N Mikhail assumed an infinite ocean en'ironinent.
thus. it is not strictly applicable to a situation in which material is released at or near the hot-
tom. Mikhail's results, however, are useful for this article because the vertical dimensions of
the marker patches are reiativel] small when compared %% ith the horizontal dimensions. A
second point to note is that the discussion is based on calculations made for ocean condition%
off Cape Kennedy in Atugust (table 2). The actual conditions in an% geien zone of the ocean
at any ei'en time can. of course, be quite different: hovewv-r. the results of Mikhail's caiula-
lions arc representative of at least one set of actual conditions encountered in the ocean.

Thble 2. Standard Ocean Conditions. Based on Conditions Existing
Off Cape Kennedy in August (Ref. 10).

Condition I Measurement

Eddy diffusivity in X direction I 1400 m2 'hr

Eddy diffusivity in Y direction 1 1400 m2!hr

Eddy diffusivity in Z direction 0.47 m-nfhr

Horizontal shear 0.0 hr"

Verlical shear . hI 1

Mean current velocity I 360 minhr (10 cminsec)
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I I
INSTANTANEOUS RELEASE. When a point source containing a quantity. M0 . of a

N-oiuble chemical is instantaneously released into the sea, an ellinpni dal patch is formed that
expands 'sith time and drifts downstream with the current. The volume of the patch within
which the concentration exceeds the minimum detectable amount, D0 . will increase to a maxi-
mum. Vmax, with time and then decrease to zero. Figure I shows changes in the horizontal
dimensions of the patch with time: these changes were calculated by Mikhail for standard ocean
conditions (table 2) in which the ratio of the amount released to the minimum detectable amount.
M0,'D0 . was 2.2 x 109 in 3 . The shapes in figure 1 are essentially representative of the overall
shapes becauw the vertical dimensions are very small when compared with the horizontal dimen-
sions. Because the patch drifts along with the current. the center of each patch in the figure will
also inoxe with the current and its position will depend upon the magnitude and the direction
of the current.

Therefore. although concentration gradients exist within the patch. the instantaneous
release method ran be used for navigation purposes only if the magnitude and direction of thie
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 after release is directly proportional to the ratio.
i MoID 0 . Tile time of the maximum patch volume and the patch's lifetime are also related to

M0 fD0 (but not linearly). Hence. patch size and lifetime will be rclatively small if a small
amount of material is releaseo andior if the minimum detectable concentration for the -ul-stance
is high. These factors are illustrated for Rhodamine B dye in table 3.

Table 3. Instantancous Release of Rhodamine B Dye: Patch Size and Lifetime
as a Function cf Amount Released Under Ocean Conditions listed

in Table 2 Minimum DIetection Limit. D0 . = 0.01 ppb.

_ _Casel Case 2MOI0I I "

2.2x 109 4.4x !00

M 22 kg 44 ke

Paich lifetime -5 l'5ir 23 1 hr
a

Time of maximum volume 96 hir i 2": hr

IDimensions of maximum volume I

X 21.000 m 33.000 O iY ] 900mi 1.03011 i

Z 8.3 m 9.5 m

From this brief discussion, it is apparent that an instantaneous, release marker would be
useful only in situations where a relativelb short-lixed marker is desired and where the water
movement is both known and uniform. The latter requirement can be difficult to fulfill- tot-
tom currents are complex a-d vary with lopography. d%.plh surface and middepth current
dynamics. tidal forces, and sediment slope stahility. They have been found to vart from 0 to
25 cmisec although the, more common!% range from a few tenths to approximale':. 5 cm _*

W P: AFmter.NI VC. pnrclt ornwmnicarion.
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In addition. the magnitude and direction of hottoni currents at a given point vary w-ith time. *
t Thus. the usefulness oflinstantaneou-s release markers appears to be highly limited.

PULSED RELEASE. In this case, there is a series of instantaneous releases. If the
time interval between successi-ve releases is long relative to the patch lifetime, there will be a
number of independent patches whic`ý emanate from the sar-e point aud behamve as those
described in the previous section. If ilie time interval is short %rhen compared with the patch
lifetirne. thc- situation will be similar to that of continuous release. Fii.ally, if the time interval
betweien releases is neither ve-ry long nor very short. the situaticn will be confusing. Thu1,s,
this mode of release will be unsuita' le fora;avigation purposes.

CONTINUOUS RELEASE. W1"hen a soluble bubstance is continuo--sly released iato
th.,, so-a. a steady statz will be established in which thiere are concentration gradients. The
shapes of the isoconcentration surliaces wvill depend on the values of the parameters which
define the transport process. For a given ocean state, the volume of the patch within which
the co-rcer~ration exceeds the minimum detectable ano-int is a function of the release rate,
Ro. and the detection limit, Do. For the standard ocean conditions adopted by Mikhail and
"fcr e c-;rrent of 360 in/hr (10 cm/isee), the patch volume, V. is giver: by

(V= 1.l8.: 106 (R / 0
2.0 5 M-.

In the following discussion. the ratio RGIDO is 106 mn''hr. For this value of R01'D z) t
a c-irr--n! spf-ed of 360 in;'i' and unot-r standard ocean conditions (table 2), the iLoncentration
gradierot aking the directicn of the ciarrent at steady state is showvn in figure 2. Under thesez

4 circumistances. the patch. extends more than 3 )km dowristrea2m. The maximum width of the
Patch is 270 in: the maximum height. 5 m:. and the time so achieve steady state. 2.5 hr. This
type of patch will, therefore, have a Potential range of 3 km and can be used to locate a fi~xed
faint or. the 3cean f loor. A current speed of 10 cm/sec is somewhat highe-r than the speed
zgenerally encountered Pear the bottom at 10,000 to M0OW0 ft;. currents in these regions range
from 5 to n.5 cminsec.* lkikhail~s caiculations show that the patch volume increases when
the current sixeed is reduced Patch shapes as calculated by MikhAil for three curren! %eio,:ities
are showvn in, figure 3- One can see that the patch dimension in The direction of the current
remains esseniially the same. while the dimension normal to the current increases as Lurrent
-,peed is reduced- In fact, the maximum patch width is roughiy proportional to V".where
V is the currcu-. velecrity.

The effects of the release rate. Ro. the minimum detectable concentration. Do. and the
current velocity on the range of contin~ious release markers can be seen in figures 2 and 3S. In
figure 2. the ranre dournstream is plotted a-s a function of concentration (in units of DO) for a
fixed ratio of R0 ,'Do. If the figutre is replotted in termrs of RWIDo. the range is found to be
directly proportiona! to 110%. Fi-ure 31 indicates that a reduction in current, ieloczit% de-IA'creases the downstream rangel and increases the upsnzic~am and lateral ranges_

The amount of material required. the release rate, the cost of a i 000-hr oJpeldtion. and
U. ~the ran-e were calculated for several chemical parameters. The results are in Chart 3. Sect ion 1.

It is obvious that a continuous release marker is feasible unly if the substanze caa: b-. detected
at concentrations below 0.1 ppb: otherwidse, a prohiibi!iie quantity of material %%1iil be required.

DISPOSITION OF SOURCES. To cover an area as wi1de as 10 mi 2 . more than one
marlker will be required. Unfortunately, in the case of soluble mark-er's. it is not possible to
distineuish the patch of cne mark-er from th~at of another. An obvious way to overcome. th-is

Ii' F I'PuIxr. VUC. ptiz-Cle C0MnninC=i&?Lon
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I of approximately 0.5 to I NMeV. Half-thicknesses' for total attenuation and total absorptionI~~~~ in wae o am as in th~is energy ranige are about 45 and 1 5 cM, respectiv-ely. ObviouslY.
any neutron-activation systems wvill have art extremely short range.

To obtain information of naimiational value with neutron-activation insoluble marker
sstems. extended mar'kers, iLe., strips laid on the bottom in a grid pattern. are r~quired - the

[ amoun! of m aterial needed for such a system is considerable. For example. if a grid covering
a 3-km x .3 -km square is formed by laying strips 500 mn dpart. the total mnark-er iength is 14 km. I
-Assuming 100 eof marker material. per meter, a total of 14,000 kg or 155 torn- of material isI placed on the o-cean floor.

X-RAY FLUORESCENCE.. Either a radioisotopic or electron-gun x-ray source isI needed for this svstem. The emitted radiations are x-rays of slightly lower encr-gy than ih-ise
I ~absorbed by the marker. Unfortunately, the range of x-rays in wvater is so short that thisJ method is nearly impracticable. For example. attenuation hialf-thicknes in water for -40-keV'

x-ravys is 2 cm. Thus. the x-ray source and detector arc placed veryv close to the marker.
PHOTOLUMIINESCENCE. Untraviolet or visible radiation can be used to stimulate

pholtolumiinescent markers. Both LTV and visible ligeht have a range of about 30 mn in seawater-
Thus either "point" or extended markers that phiotolumines..e can be readily det,-cted on the

( sea floor by scanning wi th UV or a 1iýht source.

SUMIMARY

Based on this stir'e% of potentaia chemnica! methods for navigation s,,steins- the foknv.-
ine conclusions can be Made.

1. Mapping of the natural chemical environment doe-s not appear promising bec'ause
there is no! cnoto-h data on the variations of c-hemical parameters over a relatihci SmIAll are-3
of ih." bottom.

2. Instantaneous rcease of soluble markers has limited potential. TFhe marker-mcan.
oni. be used if the current is known and unifo-rm and 1t a short-lived miark-er is desirzd.

3. Continuous release of soluble miark-ers is a promising method if the subsKtance can
I ~bc detected at concentratin-ý 0-'~ 01 pph- There are a number of inMexpensive d% e% uhich

can be used for this pr the-se dyves are Rhodamine B. Pontac~ i Brillani Pink B.
Rhodainine WE. and Lr.:p

4. A fairly wide :icof the 1bottom can be covt. red bw usine several contintious-
release markers. each of which coptains a different substance.

I ~An army~ of insoluble m'arkers- comnposed of materials !fhat photolumninesce tinder
I IN- or visible ciH ani be used.

L 6. There is litfle datta on the chemist-v of the cocan bottom at depth's be-lo% several
thousandu :eeT. 7116 ipforniation is estential if man is to operate and %%urk inthis Zo~ne off the

plIIt should be reiteatcmld flhat only those chemical parameters for% 'hich in siiu nimeasure-
met -lems are cm!rresi:: avuble were ccns;.tered in this smirvr%. A;.-.one the 9 2 nat ural

elt:-menii. 45 ..m prcxn't fin the ocean; a: zoncentrations bdoew 0.1 ppl' and in sihis meas-uremen!
maehods arc not a~ij ble ~or :-cmof them. In addition. there are Creat numixers of %%ater
soluble chemnical compounds which ame aexdn n seaw-aier and. kagan, for %%li~ It:,I zn M-1:1
measurement mc-thods ha~c not beeati declopetd. Thus. the number of polentaatll use-ful diem-
ical paraniete-scan be- corsaý:drrahiy inr~sdb% developing ne%% ana1%l tical techniques for
ill sini measurements and by iniprovenmntr Qn.'r modification of existing techniques.

rats The thzt;i;Ci .4 a m-J=z In- v:*Z *h Or jz.if Of Mhe r,-JiU-:tM MnC&nl Upal. 9 Sr=tr 4.:ri1J 'ue'Cr- * t tarndrrn
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THE DETECTION RAINGE OF EXTREMIELY-LOW-FREQUENCY

ELECTROMAGNETIC WAVES IN THE SEA

INRODUCTON

Thie propagation of electromiagnetic (EM) radiation in the sea is considerab1% different
from its propagation in air- Seawater is an electrical conductor that se~ercl% attenuates rxV.
waves which deliver their energy to lthe charged ions. Thie electric Field of a plane %,,a~e U;.a
water has the form (ref. 1)

-(I~j(I)

where 8 is the attenuation lenath eiyen bv

I 250

where fo is the wave frequecyc. g = 4z x 10-' 1, in is the perpicabilitq of veawagter and free
space- and a = 4 (ohim mY I is lthe corducti~its- of seawater. .In a distance of I attenuation
length. tile wave s encer-V is attenuated by 9 dB.

The greates! xc of dewetion w-ill tk- obtained for Ion!! attenuation lengthis %% hidi
occur in the extrenieiv-low-frequency (ELF) range (1 < f < 100 lizL.

This article w~ill predict an upper bound to tile expe-cted range for practical stpurooes in
the ELF rangeewhere the attenuation length is 25 in < 5 < _50 in. The range of dceteion ujill
depend upon lthe parametlers uhich are outlined fxelou and examined in greatcr detail -in thi;
followinc sections-

POWER- Range depend-i on the pou.i--r radiated b% lthe source. u~hich i,, as~umed to I%
1 W_ i.e..P 10W.

ANTENNA CONFIGURATION. Thec couplinge efficiencY of tile a% ailabie pou.%.7 to

the wave fields waill depend on tile q~ pe and size of th.- antenna. In !he Nection. ( #.I!?!Jrif,n Piz
snJ-1kcerir Anuennaq. the commonl underuwater electric antennas. are ex.inined.. md results,j sho,. that the short-c~ircuited coaxial electric dipole antenna couplesi-% t to the wa'e. fields IV'

jAseawvater. T1his an' enna is used In this. article %%ith lthe amssumption that its length 1-. 1.0 in
Loncer antennas have btk-e.r coupling; hiowevr. 10 in is the longest length that i% of pra, 1iai
use.c- In the, section. .llanefic Diponk Radiaribn in Mhe Deej' Ocean. lthe rangec of detection
from a nlagnetic-loop antenn-a is shown to be approximate1% equal it) the rane for lthe short-

circuited electric dipole antenna.-
FREQUENCY. Thec most senrsitive dependence on freqtienc% Is through ltle attenuation

length. Noise and lthe coupling of an antenna to fields in seawa~ter are also, dependent on fe
tilenc% The short antennas previousl) men tioned couple bm'; ter to fields at higher freq ten, aeCS.
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Tie analysis in the section, Elecinc Dipoe Radiation in the Deep Ocean, shows that the best
frequencies are in the ELF range.

t NOISE- In the sectioi:, Signal Detection and Noise in the Sea. the sources of EM noise
in the ocean are examined. It is concluded that atmospheric noise within a few attenuation
leneths of the surface dominates the results. Below this depth, detection is limited by receiver
selisitivity- The ranees obtained are extremely sensitive to the assumptions concerning the
noise spectr-m.

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
attenuation in the paths between the source and the surface and the receiver and ti'e surface.

HEIGHT ABOVE BOTTOM. Near the bottom. the submerged antenna couplis to bot-
tom fields which propagate with less attenuation than in tile 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 value which -an vary
by an order of magnitude depending on the type of bottom material.

OBSERVATION TIME. The coherent detection of signals in noise is also discussed in
this article. The detection of a sienal in noise is imnproied if the bandwidth of the detector is
very narrow. which is equivalent to observing 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 tlz.

The results of the computations are in tables I through 3. These ranges. which are
order-of-magnitude estimates for the best source-receiher orientation, represent the distance
from the source at which tile signal-to-noise ratio for ,-oherent detection is unit' for the obser-
vation of 100 sec.

PLANE WAVES ABOVE. IN. AND BELOW THE SEA

The detection range of EM waves from sources in the sea is relaaed to the characteris-
tic properties of plane-wave propagation in the air. the sea. arnd the ocean bottom.1

The electric f'r21ds of plane waves in a conducting dielea.tric medium have thc follo'uing
dependence on time. t. and position. x:I = EVejflt-kx). (3)

where • is the angular frequenc.: and k is the complex propzation constan- giicn t, thle dis-
persion relation (ref. D): ()

awiereju. e. and aare the permeability. permitti'it,. and conductivity of the medium. rc-%.pvcli el-

In air. .,0WE << i. and k is real and dven by

" 1'a " - -- [w
k a 15)

A3 C

Xt here X3 is the wavelength in air and .: is the speed of light.
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S7 In and below the sea for frequencies below 1 MHz, -/wE >> I and k is complex and
given by

k = (I + J)"8w,b - (6)

The attenuation length. Sw h, is given by

8w,b = ~~ b "(7)

where- am",b is the conductivity of the water or bottom. In this case. the electric field of a plane
wave has the form

E E0 eJ t-x/)e-x`.-- (8)

At a distance of I attenuation length, the field strength is down by 43 dB.
The attenuation lengths in seawater and in the ocean floor are plotted as a function of

frequency in figure 1. The conductivity of seawater is assumed to be aw = 4 mho/m (ref. I).
and the conductivity of the bottom is assumed to be '7b 0.1 mho/m (ref I). Also plotted
for air is Xa2-. For the ranges. r, of interest

->> r > b >9)

Using ,Maxwell's equations for a plane w-ave. it can be shown that the magnetic field is
related to the electric field by the intrinsic impedance of water

A- (10)

This relationship is true for all fields which are more than a wavelength away from the source.If
COMPARISON OF ELECTRIC ANTIENNAS

Fields. which are at a great distance compared wiih the antenna's size. are the same as
fie!ds from a point dipole intenna with an equivalent dipole moment that is characteristic
of the antenna. The electric fields are proportional to this dipole moment. In this section. the
equivalent dipole moments for the common underwater antennas are compared: results show
that the short-circuited coaxial dipole antenna has the best coupling to the ocean medium and
gznerates the largest dipole moment and radiation fields.

Biconical Antenna

"The biconical antenna consists of two coaxial cones with their apices together a! 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

Pb'c = 210 1cos 00 = 1/iF I cos 0O 0"1)
0/ log ot 0oý12

where 00 is the cone angle. 1 is the length along the cone's surface, and N = is tile

intrinsic impedance of seaw•-ater. For P 10 W. 1 3 m, 0= 30 deg, f = 10 Hz:

'3 0 d e e =(

Pbic =580Am. (12)

For 0 i0 deg.

10 deg
p10d =490 Am. (13)

Pbic

iThe dependence on 0 is not critical for practical values in the range 10 deg < 9- < 50 deg-

Coaxial Antennas

The coaxial antenna is an insulated wire with seawater as the outer conductor. It has two

practical configurations: short circuited to the water at each end or open circuited with the

insulator tovering each end. Moore analyzed these antennas and obtained the iollowing!

equivalent dipole moments when the insulation thickness was small when compared with the

attenuation length in w-ter..
For an input power. P. the dipole moment for the short-circuited dipole antenna is

eiven by (ref. 2)

Psc= • i =1700Am '14)

forP 0W. I =3m.f= 10Htz-
The dipole moment for the open-circuited dipole antenna is given by (ref. 2)

Po= 1480AiAm 
(5P V

for the above parameters.

Comparison of Electric Antennas

The ratio of the equivalent dipole moments for the short- and open-circuited coaxial

antennas is

Pic (> 1 16)

Poc4
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which is independent of all parameters. The short-circuited antenna has slightly better coupling
iwith the radiation fields.

The ratio of the dipole moments for the short-circuited coaxial and biconical antennas is

Psc 2 3 (17)

Pbic 1 o L(1

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 antenna provides the best coupling
to the ocean medium. It is used in all calculations of electric dipole fields.

SIGNAL DETECTION AND NOISE IN THE SEA

Electromagnetic noise in the sea comes from three known sources.
I - The propagation and attenuation of natural atmospheric noise at the depth of

the receiver.
SNoise generated by turbulence coupled with the magnetic field of the earth.
3. Thermal or Johnson noise 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 signal is at frequency w0. A coherent phase-locked detection system
xwill be used. and the signal wrill be observed for a time, T. After this time. it vill be decided
if the signal has been detected by deterrrining if the detector registers a signal greater than the
noise levei. i.e., if the signal-to-noise level is greater than one.

The si•nal-to-noise ratio for coherent detection is given by (ref. 3)

d2 f s2iw) dw (IS)
-co N(c) 2(z

where N(w) is the power spectrum of the electric noise in V 2 /m2 liz and S(w•) is the field
spectrum of the signal. Because the cur signal is observed for a time T. the received electric
field is given by

E(t) = E0(r cw)e"O 0< t < T (19)

(0 otherwise
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j "•where r is the distance from the source. S(w) is given by the Fourier transform of E(t):

S(-O) = E0r.:, .e (20)

"TIhus.

sin-(w-w0 )T/2
S2(w) = Eo(rw0 )4 2

Betmuse S-i. I is peaked at ca = wo and is of widh Il/T. it is assumed that N(w) = N(wo0 ) is con-
stint over this range. For T > l/ 2 wo.i0, this assumption is very good. On performing the
w integration, the signal-to-noise ratio becomes

d TEO(rwca 0 ) (22)

Thevalue of Eo-(r) for marginal detection is determined by setting the signal-to-noise ratio equal
to tnitv:

F2N (o) (3
0 T

1 A similar calculation gives the magnetic field for marginal detection in magnetic noise,

H 't-M(wJo) (24)o02 T

einc M(0)0 is the magnetic-noise spectrum.

Atm.-pheric Noise

Lightning is the main source of atmospheric FM noise in the I- to 100-Hz range. W\hen
thes: w%-aves propagate over the ocean, they are strongly affected by the boundary conditions
at tic surface. Above a perfect conductor. only the normal electric field and the !angential

inaD-ttic field exist. Seawater is not a perfect conductor, but noise at the surface is consider-
avy lifferent from noise over land.

Soderberg and Finkle (ref. 4) have measured ELF atmospheric noise above and in the
sea. t their paper. they discuss the coupling of noise above the sea to that below the surface.
They-have measured the noise spectrum in the 5- to 500-Hz range at a 23-m depth. Their data
.ill N• extrapolated in this section to apply to various depths. Their data fits the approximate
hrm
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rNh(O%) = f0  0z(25)

3.2 x 10-18 e-2 h8 l0Hz <f 0 < 100 Hz]

The magnetic-noise spectrum M11(f0 ), is related to Nh1(f0 ) by the intrinsic impedar.ce
of water (Eq. 10) 2

= ,,-o - N -, ). (26)
W10 A 0

System Noise

The best receiving system that can be constructed will be limited in its sensitivity by
thermal noise. This noi--t. will be calculated and used to obtain an upper limit on the detection
range, It should be emphasized, however, that this limit in receiver sensitivity is difficul! !o
achieve in practice.

The thermal-noise voltage induced in an antenna is gien by (ref. 5) 1

-V - __27)

V T

where 0 is the temperature measured in joules, R is the input resistance. and T is the rt-Suring

time. The electric field at an electric antcnna is ,iVron by

E= V

where I is the length of the antenna.
Withli the use of Eq. 23. the equivalent electric-noise spectrum can be Ctalculated:

Nj(o 0  T 7 2 TV 40R

For a short-circuited coaxial electric dipole antenna. R is given by (ref 2)

R- = + R

8 w

where Rw i, the resistance of the wire in the antenna. The noise spectrum of the receiver is
smallest when R is negligible and is given by
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At normal water temperatures (300 =K) and for I 10 in.

N-(fL) = 1.7 x102 fO V-/m- Hz. (29)

At 10 Hz, this theoreticai minimum noise is 1 times lower than the noise in the system 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 = & IL\NIra2 H. (30)

where a is the -ad;us of the loop and N is the number of turns. The equivalent magnetic-noise
spectrum can be calculated using Eq. 24:

ao -I2  N2 2TV 40RNr2

Mji170) 1= 2= 4 ---
,, i0--r-a (0-69-7r a

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

"ua"/x•ra•-(32)

and the magnetic-noise spectrum is given by

MA) -(33)

A comparison with Eq. 26 shows that

MAWC) - 161 o- N_, .
3a

The factor 3-.2a/161 - I so that the ratio of magnetic to electric noise is approximaIe6% the
same for both system and atmospheric noise.
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SWater Turbulence

The noise from water turbulence is generated by that component of water flow per-
pendicular to the earth's magnetic field. The electric field is given by

E(t) = v(t)B0 .

where v(t) is the velocity perpendicular to the earth's magnetic ficld, B0 .
This electric field is polarized in a direction perpendicular to B0 , and it has no magnetic

component because the field is in the same vicinity as the source. Thlis noise, which can be dis-
Urmmnated against with a magnetic dipole anteina, will nct be considered as an importa..t
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 ai 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 frequency for which the atmospheric and thermal noise are equal.

ELECTRIC DIPOLE RADIATION IN THE DEEP OCEAN

Radiation from a shoi -'.-ircuited dipole aistenna in seawater of infinite extent will be
discussed in this section. Graphs are presented from which the detection rang: of the simal
can be determined -s a function of frequency, source power. ante .ma length. noise levei, and
observation time.

Cylindrical geometry in which the dipole is aligned along the z axis at r = 0 will be
used (fig. 3). T.%,- surface and bottom are assumed to be a few attenuation lengths 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 dominant electric field is in the z direction mid is given by (ref. I)

IEzi2 - e -2R

32z": R235

where

R = r/8w >1. (6

is the range measured in water attenuation ieng!hs and p is the equivalent dipole moment of
the antenna. The magnetic field, in the - direction, is related to the electric field by theKt
intrinsic impedance

I~I 2 
-(
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Figuic 3. Cyl~nlriml -rcometry.

For the short-circuited coaxial antenna~. p is given by Eq. 14. Eq-. 35 thus becomes

whiere P is the in~purt power and I is the leIngth of the antenna. For marginl detection.1: i
given by Eq- 23:

4 z 1(cj ) e(39)

-III -,

Tr.*Ub P- R-

1cri-cht-hand szde of Eq. 39 is a function only of d:he normalized range. It will be designated

Fi(R)=

w hee Inc -;Ovcrit i d-sidrnates this* tuirctiot. for ihe infijitem:edium c-ase. T-he left-hand siderfof Eq. 39 is a- function of frqeinercy. the pr-o~lu-:1 TPi.: r-d the depth through the det'endenee
of the noise.-- It is de-signated by th~e runctiun

__--_ __--_

Gi(TPl.h.- R40)

--z- - -- -- -----.. < - M =38 }



I Using the atmospheric-noise spectrum from Eq. 25. the function G;(TPI, I. fo) is
plotted as a function of frequency in figure 4 for TPI = 104 W sec m and h'= 0, 400, 800 m.
Gi is also plotted for the deep ocean where the system noise of Eq. 29 dominates- In addition.C Fi(R) is plotted as a function of R in figure 4. To determine range at a eiven frequency f0. the
R is found for which Gi(fo) = Fi(R) which, in turn. "ves the ranee in attenuation leng-ths.
Figure 1 can be used to convert R to a rarge in meters.

The maximum ranges possible, found by using the curve for Gi (system noise). are
obtained at depths below those in figure 2. The curve for the range at the surface (Gi(0)) is
included as an upper bound on G;. Wi5thin a few attenuation lengths of the surface. the range
will be longer and !he results from the section. Dipole Radiation Vear [lie Surface. should beused- If the source and receiver are near the bottom. the ranges wil also be longer than those
in this section. and the results from the section. Dipole Radiation Near the Botiom. should be
used.

Table I is a summary of ranges obtained in the ocean far fr.,m the surface and the
bottom.

Table I. Range in the Infinite Medium Approximation.

TPI= '104 W c m.

Depth (h). Frequency R
in (f). Hz I (,.) Range.I Im
0 10 I 12.5 1000*

0 '00 J 16.7 - 260*

400 4 1 35 1P00
400 10 1 17 1360

800 4 16.3 2000
:2:ster- >1300 4 19 2400
noise > 720 10 20 1600
limited > iso 100 1 22 330

I S~~~cr leimncf. lk-'w Radig.wri Ver the Surfi-r

MAGNETIC DIPOLE RADIATION IN THE DEEP OCEAN

Radiation from a magnetic dipole is similar to that from an electric dipole uith Ithe
electric and maenctic fields interchanged. The fields. maximum at 1 = 0 (see fig. 3). are mgLen
by (ref. i )

mIV-3,. .. (41)-2IS32 R2
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-where

and ri is the iagnetic dipo!e moment. The magnetic field is related to the electric field by
the intrinsic impedance

HE2

The equivalent magnetic mnomenw. in. for a loop antenna of radiuz- a. has been calcuiated by
Moore (ref. 2)

2 u o2 F -

"Z then becomes

lz2= 3PaccI.L 2  e-2 R
64 R2I143)

Using the fact that mag.,etic noise is given by

= jo - N() (44)

the following is obtained for marninal detection:

64 N(w0) = Fi(R) _16 i Gi(TPl. h. f0 ) (45)

For practical antennas, the factor

16 1 ! .
-72a

and the ranges obtained are almost identical to those obtained for the electric dipole antenna. 1
"-.,,, ,,c" ,:. .. l:,-e '-tet-noi-.-iiiid ngion. the exact equation Eq. 3)9

results. Tnis is not surprising when the symmetry between the electric and magnetic fields and
the noise in far-field ranges of the sources are- considered.
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DIPOLE~~~- RAITINNARTESUFC

When the source and receiver are at a depth much less than !he range predicted for

diple adifio inthedeep ocean, the range of propagation is considerably increase-d. In

(re 2)an Bano an Wele (rf ). 'her esutsare summnarized by Kraichman tref. I).

F sows the followioine 2haractveristicsfor ditanes frmua in tair - fKac r plcbe

4 Vertical Electric Dipole WVED)

* .3 For the VED. the electric field in the M drection. Eris lamger than the fields in the
other directions by a facrtor of rI&w z I. The only magnetic field is in the ~direction. and it
is rela-ted to E bV

r

T~his matio is the same as the ratio of the noise: thus. the ranges of both fields are Cq ual.

Horizontal El~ectric Dipole (HEDI

For the lIED, the horizontai components of the electric field dominate the z component
by a factor of 'approximately

A-air

"T~he horizontal components of the magznetic field dominate liz by

(Zw

Tn-h ratio of the horizontal electric field to the horizontal nia-netic field is given by

Thus. ranges of both fields are equal.
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J VED and HED Comparison

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

-_r. HED a A ,

lEJ VED r'

Thus. the HED has the lareer field 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 horizontal dipole
aligned along the direction 9 = 0. and (2) the receiver is at the same depth and is aligned to
receive the ereatest electric field. The ma.-'nitude of this electric field has a 'ery weak depen-
dence on 9oand is given by (ref- I)

- 2 3._ 3 -4h_ / 29 2)

l_ EA = pw 0  .1 e ""I cos-9 + sin . (46)

where R = r/8w and we assume that r/Lair << I - Using the equivalent dipole moment for a
short-circuited dipole antenna (Eq. 14) and choosing .= ;/2. the following is obtained:

| It I . ,-• P!z•, 0 ?21• .4h/Sw

-E12  = Pu - U e " . (47).i Iz2 R6

For iFmarinal detection. IE1 is given by Eq.'23:

ý2N(W0 ~ 4hI(3w = I ' OS)

t l The functions Gs(TPI" h". w) and F5(R). analogous to Gi and Fi for the infinit n:dium case.
"are given by

4hf6w

G!(TP LI. hf 1p ,49)

Fi = i::K

Iwhere s designtates the functions for propagation near the surface.

-• • • ~~~~~~~~~~~~.q..-'.• t...'s. •ac~i.u :re for .-adiation .'n"r:k su.-...-. .:.. :a,--os.p!:-' ,:.¢ -will dominate and Ect. 25 wvill be used for N(wo).
Fs(R) is plotted as a function of R = rI6w in figure 5. G5(fo) is als plotted as a func-

tion of frequenc, for dept.hs It 0 and 100 in and TPI - I04W n sec. To find the rangemt se
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given frequency, f0 , the R at which Fs(R) Gs(f 0 ) is determined, is the range measured in
units of 8w. which can be converted into meters by using figure I Table 2 is a summary of
the ranges obtained near the surface.

Table 2. Summary of Ranges Obtained Near the Surface.

Depth (h), m Frequency (f), Hz R Range. m

0 4 90 11,250

0 10 170 13.600

r0 100 750 19.000
100 4 63 7900
100 10 95 7600

100 100 70 1700

I

An analysis of magnetic dipoles aligned vertically and horizontally shows that the hor-
izontal orientation has the larger fields and that the ranges obtained are approximately the
same as ranges for the horizontal electric dipole. As previously stated, the difference in the
function G is a factor of 161/(Q- 2 a) > I.

DIPOLE RADIATION NEAR THE BOTTiOOM

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

t 2. The wavelength in the bottom is much longer than the wavelength through water so
that the formulas presented by Kraichman (ref. I. table 3.7) are applicable. The range near the
bottom wvill be shorter than the range near the surface, but longer than the range in the deep
ocean.

The analyses of the relative size of the field streneths for vertical and horizontal electric
dipoles. similar to those previously discussed, have the following results.

1. The dominant electric fields from the VED and HED are in the horizontal plane
parallel to the bottom.

2. The electric field from an HED source is larger than the field from a VED source
by the factor r/Sb> !. The best ranges wilt be obtained from an HED source.

In the calculation of range at the bottom, it wvill be assumed that the source is a hori-
zontal electric dipole aligned along the direction 0.= 0- 1- -i! o be assunSmed that. th
J ource and receiver are on the bottom and that the receiver is aliened to receive the lamest
electric field. This field is given by

2, 33 3A -2Rb (LC4!s2o sn1E21 = PWO-P-'2b e (50)
RbRb
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where Rb r/8b > I 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
of the electric field for marginal detection, the following is obtained:

Gb(TPI. fo= Fb(Rb,.) (51)

where

Gb(TPI. f0 ) = -'-N(w) (52)
TPlco t.O-b3

Fb(Rb.) _ e°-2 R Cos1 + sin . (53)
Rb2 Rb>'

Because these calculations .re 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 Fb is plotted as a function of Rb for v = 0. -12. Gb is also plotted as a function
of f0 for TPI = 104 W sec m. oaw = 4 mho/m. and o-b = 0.1 mho/m. As in figures 4 and 5, the
range at frequency f0 can be obtained by finding the Rb for which Gb(f0) = Fb(Rb). The

range in units of the bottom attenu3tion length. 8b. is Rb = rI8b. The range in meters can be
obtained by using figure 1. Table 3 is a summaiy of the ranges obtained at the bottom for
depths below those in figure 2 where the system noise limits the range.

Table 3. Summarv of Ranges Obtained at the Bottom

Frequency (f). liz J p R j Range. m

4 12 14 1.200

480 is 14.400

10 15- 1 8.200

i 0 0 20 10.400

i0O0 wf2 17.8 2.850

100 0 21 3360

j CONCLUSIONS

Tih resuits of -iicuiaiuiuN III tMc ee cc f,,-ca". ,,,C:-r ,,,, 16%-c. 0- . t%$.1 -- 4 ..... ,

summarized in Chart 4. Section I. Tirbse ranges are those predicted for the assumed paramet-ers
under the best possible conditions. Parametric repis-entations which can be used to predict
range for other parameters are also given.
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- I * TheSe results show the following characteristics.
IThlogest ranges are obtained for propagation near the surface where the waveI2. In the deep ocathe raneir. longer near the bottom where propagation under-Igoes less attenuation- T1his calculation is se-nsit~ve to the local value of the bottum conductivity.

3.In teocean far from 'the bottom, the greatest ranges aeoaied a o rqece
and deep depths where atmospheric noise is greatly attenuated.
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UNDER WATER PROPAGATION OF LIGHT

INTRODUCTION

Increased absorption (wavelength dependent) anid scattering by water and its particulate
and dissolved impurities differentiate tile visibility problems encountered underwater from

r Z -those encountered in tile atmosphere. Much information on the effects of water's absorption
r - and scattering on image degradation is available (refs. I and 2). Within the present state-tf-the-

art. analytic results are available where the distance from the object to the obsernation point is
small: however. at distances which are large compared with a scattering length. one is often
forced to use the Monte Carlo ray-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 detection. 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 illumination. 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 illumination.
Finally. it will be shown that, for depths less than approximately 4000 m. both 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 underwalet L.nvironment.
wvill be considered. The first two are lasers which have their Power con,.entmated in %%a'elenc-ths
within the region of water's greatest optical transmission. i.e.. between 4500 and 5500 A-. The
characteristics of these lasers. the neodymium-doled frequenct -doubled y ttrium-aluminum-
garnet (Nd.YAG) laser and the argon laser, are listed in table 1. The 6haracteristics listed for
the YAG laser are better than the state-of-the-art. and assume the near-term solution of theV collimation-conversion problem. The most significant differences betveen the tvao lasers are
listed below.

1. The availability of energy near 4750 A. which is often the wavelengta of least atei-
,uation by clearest ocean water, for the a:gon laser.

2- The large peak powers availab!e in the YAG laser.
The latter difference becomes important when strong background flux limits the range

of the laser. Both lasers have a similar total output: 5 J/sec for the YAG laser and i 0 J.sec fo,
the aron laser. Thiese lasers also have the advantage of a high degree of collimation. but the
offsetting disadvantage of low efficiency.

The third source, a thallium-iodide (111) doped mercury arc lamp, offers the advantage
of a high efficiency output between 4500 and 5500 A, but it has a low inherent collimation.
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Efliciercies of 16 percent* have- been reported (ref. 3) for 111 doped mercury lights, and the
lamps have- been Constructed. -with a redu-ced efficiency, with arcs as short as I min (ref- 4).

* For comparison purposes, the ai-ailability of a 'ill doped mercury lamp with an efficiency of
16 percent atnd an arc length of 1 mn- will be assumed.

A comparison between the op --xis illumination of the Ill doped mercury lamp and the
argon laser can easily be made for their in-air performance. At a distance R from either source.

Z the on-axis irradiance. H, wil! be approximately given by

PE (1)

where P is the source's input potwe-r. E is the efficiency. and 6 is the divergence half-angle. By
inser-ting a two-lens collimator in front of the laser's output, 0 becomes

0= A-) 0. (2'

where A1I is the diameter of lthe entrance pupil. A-, is the diameter of the exist pu!pil. and 0j is
the initia! divergence angle- For the Ill doped mercury lamp placed .;. front of a parabolic
reflec' or. %%v obtain a beamp divergence hal-angle of

j)I 1(3
RA

where I is the leri-'Ci of the 'amp's arc aiid Ris the radius of the reflector. Inserting Eqs. -

and 33 and using the ratio of ths-e !aser's illumination. HL tota f nh l source. H1 1 .w

have

HL EL 4!- (4)

Hn~ ~~- E-i 2A

where we h-v assunted equal power inputs and equal exit pupils. Inscrting the values E

10-3 . E-fl =0. 16.1 =1Imm, Oi -045x 10-3 , and A I 2-5 mm.--c obtain H = 2 x

Fi~j Te illumination in the forw-ard direction in air is then 2 x 104 timnes weater than that
produced by the 111 lamp. In -water, however, this ratio wvill not be as great because of multiple
scatt -ring effects. These effects affect the laser and TI11 beam differenitly becus the 'Ill bea
-sill have a !arger divergence angle and a greater proportion cf the scattered flux wvill niot be
scattered out of the bea.i for equally sized optics. This mean-s that the effective coefficient.

aefwilbe closer to the tt-u attenuation coefficient for the laser than for the ill bulb. Thfis.
in turn.implies that the on-axis illumination will be attenuated more rapidly for the laser.
Blecause- of the lack of measurcments or Monte Carlo data for the distances ii'. whiich we are
interested, this discuss~on will be confined to the lasers listed in table I. It will be assumned
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S'that these lase-rs are terminated in a 1-;n. collimiator so that the beam divergence half-an-Je is

0.45 x 10-4 rad. IIn the next section. an argument will be giv'en to show that at the ra-nee and
observation angles of interest- the laser Ne•..m is attenuated as e"tlR. where a• is the truce atten•-t
3tion coefficien~t.

RANGE IN DISTILLED WATER .L

In this section.. e,%vwill calculate the range of the !asers througth distik-d -water, ,,.02ich !

must. of necessity, be an upper bound to :-nges obtainable in nati.ral water- It lhas been shou,'nt
that filtered natural msater. howeve-r, Wehaves like distilled "tater (ref. 5)_ in Th-ki•,iscus-ion. t
tihe data of C11arke and J.-mes %v'ill. be considered as represe-ntativ-e of distilled %'.=ter's
attentiation. It %%ii! be alsoD assumed that the detector Lc capable of detectiing sin-je PhotonsL
(this wvill be discussed in the next secti~on)- Fc-r t-he present calculations. 5 sec .-A!• be the -•
decision time. i-e.: it wiHl be required that the mean photon arrival rate be 0-2 pholonsis-rc.

A b~eam with an initia! circu•.•.r b-a i•,ih l•,ad., r- . and a -an-e. 0.

wiAll produce in :iir a spot of size r !- AjR_2 02 - rl,-' at a distante R from the Nource. Iff r0 is ihc
flux emitted by the fi. t source- !be on-ax_- in!en<ixy wvill b~e give., hy

=.(R-O-÷ l-

Using a recciv-er .v-ith an ape-::ire of radius r-,. tl-.e ilotai flux c-Aected .n I sec "T.11 •-h

F 0 16)

-Me abi:',e forinuia is so.m•.c.,hat crimneom --ahenr the spot size is sma•ller than the rc%:.-~r a~rr-
1t-a-c. hotwvc-r, xviti, ihe similarly sized aptk-s used in this articic, this error i5 negligibic-

B•ccaus" of .•-attering a,.d ab'sorption losess the " -ux In water i tha-n rhe v-alue
6Wen in i-q. 6. and bec-ause o's t--triple :,cattering ,:ffects. it has yet to tve determined -ete
the bearn is exr.-c.,'entialil, atte;..uted by the predl'uct of ;he range and the true attenuatior.
.oent cwm-n_ Duatlcy (ref. 61 h;- Alone t:)-.x- &ork- in this problera. Ills figure 5 1" is F>tid in

dff-ce:frrr. as figu:re IiM this article- Thec ordir-zle is :;§e solid ang-le subtended by Ill,
rece•iv~er divided 1y.v 2z. and the al-nci.ea is Ihc, rance in v-ienuzzi-in kng:hs for whic-h utsing
the true att-cnmaijun coeffidcint ghe.s:a wrong ansvwe 11V 3 factor ofM I0."he narrower tiK-
ficld-of-vicu., the longe-r !he ranrge for ishkii the use of the true attenuation, c-twffcien"- is
jtustified. Using a strai~ht-linr ,--:!rapolation ýAroqgh t h- last two points of fig are I and usingi•
tlhe present beamn di,-%;-enct solid anglc, f 2" F ;- 1.01, x 10-. vce find that the use of the true
attenuatioll Coeffidecit i!ýjt•stified to 3 range of approximate4$ 3-4 attenua-tion ngh F-or .
our cateculasions. %r-,- exrict the true attenuation col o k •otht thI he mlid oiver a -omewtIat greales
ranee for i.he fotlhe ne t reasobts.e th h-

I bse Va ton d a linear extrapolation of figurc 1. whereas rhe -itual utht t exhibi tts-

curvxature.
R E D L A

In tis ecton. e wll alclatetherane ofthelasrs hrou~h ist!~edwatr. hic
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2. 'The waters which are used in this article have a lower scattering-to-absorption ratio
than that reported by Duntley.

Because of these factors. the total flux intercepted in water will be given by

F0 rte-ct&R
F (7)

(R2 6+ r1 )2

Throughout the rest of this article, t 5 sec. 0=4.5 x 105 rad, and r9 = 1.0 in.
For distilled water, the data of Clarke and James shows that for the argon ion laser

a = 0.0 191m 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, FoT. 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 values in Eq. 7 and requiring that F = I photon in the 5-sec observation 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 less than
those calculated for distilled water.

DETECTORS

Photomultiplier tubes are armong the most sensitive detectors of light in the visible
egion. One disadvantage of these detectors is the -dark noise," i.e.. the output current

observed at the photomultiplier anode in the absence of any light input. In hig'gh quality photo-
multipliers, the dark current can be reduced by cooling. For example. data on the RCA type
I P21 shows that the photocathode dark-current emission is approximately one photoelectron
per sec at -150 C (ref. 7). Because the residual dark current after cooling mainly consists of
multiple electron pulses while the signal at low light levels is mainly single electron pulses. the
noise can be additionally reduced by passing the output of the photomultiplier through a
pulse-height discriminator. Due to the small value of the dark current after cooling and the
P ....il.t. . f d :m" encs ,eam en, v, ,c ill negiect the photomul-

tiplier dark current in the calculations.
One source of noise which must be considered for any realistic laser-range calculation

is the noise associated with the statistical distribution cf the photon arrival times. For a
Poi-son distribution, the distribution of photoclectrons wil also be Poisson (ref 8) with a mean
emission rate equal to the quantum efficiency of the photocathode times the photon arrival
rate. In the portion of the spectrum in which wc are interested, a typical value for the quantum
efficiency is 20 percent. To have a 90 percent probability of at least one photoelectron being
Semitted during the observation interval, a mean photoelectron emLssion rate of 2.3 photo-
electrons or a photon arrival rate of 1.5 photons is required during the observation interval.
Thus. a alue 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 attenuation produced by distilled water. ocear -,ater contains particu-
t;e matter and dissolved organic substances which contribute to the t -attering and absorp-
tion. Burt (ref. 9) has taken extensive data in the tropical Pacific on the variation of beam
attenuation with w-avelength. depth, and loc-tion. 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 A to 99 percent at 5500 A.*
Burt's clearest water is thus slightly clearer than the 98 percent transmission for low ocean
water given by Sverdrup, Johnson, and Fleming (ref. 10)_ Using Burt's clearest water, we
obtain attenuation coefficients of a = 0.039 for the 4765-A line of the amon laser and
a = 0.06 for the 5300-DA output of the YAG laser. Inserting these values into Eq. 7, we obtain

range of 1030 m for the argon laser and 710 m1 for the frequency-doubled YAG laser. These
ranges were calcuiated on the basis of no background illumination. The effect of a light back-
ground is discussed in the next section.

f-. RA4NGE IN THE PRESENCE OF BACKGROUND FLUX

Ambient back-ground flux makes the decision concerning *:ie 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)

N,,c
X A4(eE/kT-I) 1

a -

where c is the velocity of light = 3 x 1010 cm/sec, A = 5300 ' = 5.3 x 10-5 cm. E is the energy

of a 5300-A photon = 2.34 eV, and kT = 1/40 eV at room temperature. Inserting these values
in Eq. 8, we find NX = 5.34 x 10-3 photons/sec cm3. Using a detector area of -r(I in.)2 =

20.3 cm2 and a 100 A = 10-6 cm acceptance band. wve find a photon flux due to blackbody
radiation of 1.08 x 1-0.17 photons per second. This flux is extremely small: thus. the photon
flux caused by blackbody radiation is completely negligible.

Clarke and Dknton (ref. 12') i- a schemnatic di'a•grsi 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 coefficient = 0.033/m). Their data will be used assuming a constant spectral distribution
of flux in the region between 4500 and 5500 A 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 depth
bioluminescence becomes the dominant background.

Bioluminescence is the major source of background light at all depths or. dark niehits
and at depths below about 650 m (the latter is valid even on the brightest days in the clearest I
water). The extensive data in reference 12 shows that illumination due to bioluminescence has
average vlues of 1 0.5 gW/cm2 at 650 m to ab ' 10.9 .tW/cm2 at 3750 m. Bioluminescent
activity thus decreases with depth, but not necess.. ly monotonically. The maximum bio-
luminescence observed at any depth greater than 6: m. however, does not appear to exceed
10-5 !lW/cm 2.

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



illumination. Coherent detection can be accomplished by feeding the output of the photo-

multiplier into a noiseless (i.e.- cooled) load resistor and using the voltage across the resistor
as the input to the matched filter.

Current noise in the photomultiplier tube causes a white spectral noise density, 6(w),
equal to

6(w) = ).-•eT. (9)

where g is the photomultiplier gain. e is the electronic charge, and IT is the time-averaged
photocathode current which is equal to

is- + n (10)

where is and in are the time-averaged laser and background photocathode '-urrents.

restectively.
The instantaneous signal anode current, is. is giiven by

is= Fu7/c . (!1)

where -q is the auantum efficiency (01 = 0.2). F is gvep by Eq. 7 except that Foi is replaced
by F-6. the instantaneous source flux (F6' = 1.5 x 1025 photons/sec for the YACG laser and
2.41 x 10! photons/sec for the argon laser). The instantaneous anode current due to back-
eround is

in = liA•-p•//.e ({1 2)

where I1 is the background illumination in Wjcm 2 : A is the dcitciot aica jA = 203. -,. ; is

the number of photonsisecc'W (2.41 x 1018 photonlsec/W at 4765 X and 2-67 x 1018 phozon/'
secf;V at 5300 A•): and 7- is the fraction of illumination that is passed through any narrowband
filter which can be placed in front of the photomultiplier. :Ass-uming a constant background
illumination within the band 4500 to 5500 k. an ideal 20-4 filter will yield 7- = 0.2.

Coherent detection in the pesencc of white noise is governed by the equation

s-2dt
d - .13)

where s- i ifor our case. T is the observation time. and d is the signal-to-noise ratio. %Vz

choose d 2. which will yield a false alarm probability of 0.2 :t a detection probability of
0.85. Substituting Eqs. 10. 11. and 12 in Eq. 9. we hazi-,

•(w2 = .- c-q(.MF + Ai'p). (14)
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where the factor M is I for the amon laser and 10-6 for the YAG laser. Substituting Eqs. I I
and 14in Eq. 13. we find

7 "MF-iM
d' =- (15)

MF + HA-p

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 penetration data of Clarke and Denton and
the bioluminescence data of Clarke and Hubbard, appropriate values for the ambient back-
ground for a given depth can be found, and F at this depth can be determined. Thie range at
this depth is determined by inserting the appropriate value of F into Eq. 7 and solving for R.
a. 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 deepest depths. the bioluminescence
and daylight penetration are too weak to limit the laser's range: thus- the range is photon
limited. For the argon laser. the range is photon limnited in depths over 4000 m. while the YAG
laser retains the photon-limited range to 2500 rn. The YAG laser is less affected primarily
because its radiation is chopped, and the coherent detector is better at selecting this signal from
the background than the cw output of the argon laser. At depths between 650 and 4000 m for
the ar-on laser and at depths between 650 and 2500 for the YAG laser. the range is limited by
bioluminescence. The 650-ni upper limit for bioluminescence will becomc shalloaer at nigit
when the flux penetrating the surface is less. Various points, plotted on figure 2 for the daylight-
limited regime between 650 and 75 m. illustrate the difference between the aron and the
YAG iasemr, in this region. the range of tile YAG laser again decreases, more slowl" because of
coherent detection. Although figure 2 shows that the argon laser has a greater range at a 7 5-m
depth. this is due to the use of a = 0.039,m. The possibilit, of finding water with this darit,
near the surface is remote, and a value of a zŽ 0.06/1M is more appropriate. In this case. the
near-surface daylight range of the YAG laser will surpass that of the amon ion laser.

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

Tile major limitation concerning the accuracy of the calculations in this article is
tile uncertainty concerning the correct attenuation coefficient to use on-axis at long dis-
tanwIc. C Te maxinun possible range of the effective attenuation coefficient is from a. the
ai-sorption. cocificient of distilled wa:er. to a. the atten-.zon coeffic.-rnt. If a is the effec-
tihe attenuation coefficient, the range in ,-ccan water can be s large as i-he range for
disti!k-d walter. D:..ntleys results (ref 6). hc.-,.-vcr show that attenuation coefficients

- S- =7 =-7T ~ --
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-ised in the sections, Range in Clearest Oceaii W'ater and Range in the Presence of
fDIckgrp-und Flux, are probably more accurate.. The final determination as to the correct
attenuation coefficient must come from some theoretical method, such as Monte Carlo methods
or experimental i ieasurements.. Monte Carlo ray tracing is difficult at long ranges and for small
rreceiv-er apertures. Duntle-y (ref. 6), howvever, indicated that it was possible for him to extend

- hissmal-angle measurements to at least 40 attenuation lengths. Based on the results of this
article. such experiments are desirable.
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II

ACOUSTIC TRANSPONDERS FOR NAVIGATION REFERENCE POINTS

INTRODUCTION

The prominent use of acoustics in the underwater environment is due to the ability of

sound to be propagated over long distances and, at the same time, to carry a substantial amount
of information. Sound is used in underwater communication, control, detection, and naviga-
tion. The present article will examine the range, power, and frequency tradeoffs in an acoustic

transponder navigation system 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 transponders in undersea navigation
is bas.-d 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 interrogation signal to travel
from tke navigated vehicle to the transponder and for the reply signal to return to the vehicle
is a direct measure 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 use of several independent reference points in a navigation %vstem.

Because acoustic interrogation follows the same path as a transponder reply and
because the two signals normally use adjacent frequency bands. !his analysis will consider
only tie one-way travel path. It is assumed that the construction of both the transponder and
interrogator ars similar. e.-g, receiver sensitivity, transmitter power output. and transducer size.

Transmitted power is limited by the power density. which can be applied to the trans-
jniuting transducer, to no more than I Wcncm 2 near the surface. For this article, it has been
assumzed that the transmitting and recei-ing transducers are vertical cylinders that are I wave-
length in diameter and length. Such a transducer has a 3-dB directional gain in the horizontal
plane and a verticai beami-idth of 1 20 deg' The peak transmitted power is severely limited at
high frequencies because the available area decreases as the square of the frequency.

The power consumption of a transponder is in two modes: listening power. perhaps
30 iu•W. and transmitting power, which will typically be approximately 0.2 percent of the peak
transmitted power because of the limited duty -:ycle. Thus, the totai power consumption of a
transponder while it is in action will be 30 mW to 2 W.

The size of the transponder is primarily determined by the size of its battery pack
beL-use the size of the electronic components is much smaller than the batteries. Over the
frequency range considered, the size of the transponder might be 15 cm x 15 cm x I m. The
weinht %vi. be 10 to 50 kg, and the cost will be S2000 to S5000.
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SNOISE
The fundamental question in this section concerns the range at which a signal can be

transmitted so that it can be recognized above the background noise at the other end of the
path. If this is the interrogation signal, the transponder must recognize its interrogation to
generate a reply. Similarly, 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
sigznal and on the loss which the signal undergoes during its travel through the water. The deci-

be] 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 = 20 log R + aR,

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

allowable transmission loss = 71.6 + 10 log source power

+ directivitv index (source)

+ directivity index (receiver) (2)

- 10 log bandwidth

- noise level - recognition differential.

where 71.6 is a unit conversion factor. The source power is determined by the transducer's U
area. proportional to the wavelength squared, and the cavitation limit of I WVIcm 2. 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 given in Chart 6, Section I. For the present calculations, the resolutions are I 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 pulsc!ength which lowers the bandwidth; this, in turn.
lowers the background noise and increases the range. By inserting the appropriate values in
Eqs. I and 2 and equating them, the maximum range is obtained.
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RESULTS

Chart 6 of Section I 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
attenuation coefficient. The favorable range-bandwidth characteristics are evident, especially
at frequencies of 100 kHz and below.

Figure 1 indicates the possible variation of maximum range with allowable transmission
loss. A I 0-dB degradation of allowable loss is possible because the ambient noise level is higher
than the assumed threshold; however, l0-dB improvements are possible by using directive trans-
ducers and signal processing to increase the effective transmitted power.
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MECHANICAL METHODS FOR DEEP SUBMERGENCE NAVIGATION

INTRODUCTION

Although mechanical naijgation aids. the first to be developed, are not the best or most
versatile means of navigafing in the deep ocean. they are simple. economical. and reia2b!e. and if
the" are combined with dead-reckoning methods. a usefui navigation system can be producetd.

This article will desc-ibe some of the mechanical naxigation aids that have h, en used
aboard deep submergence vehicles such as the bathyscaph TRIESTE (refs. I thrmugh 6).

EXAMPLES OF MECHANICAL AIDS
Plastic Markers

In 1963. TRIESTE wa= used in the search for the nuclear submarirpe USS THRESHER.
which disappeared in approximately- 8500 ft of vater 260 mi off the New England Coast. At
this time. TRIESTE was the on!v Navy submersible capable of operating at such a depth-

One of the first navieational difficulties TRIFSTE encountered wxs l•.cing useful
landmarks on the seafloor. A met! od that proved fairly satisfactory used 14-4 plastic reference
markers which were placed every 58 ft as an I l-line rid. The markers were numbered from !
at the south end to 13 1 at the north, and each line was approximatel 750 ft apart in the eaxt-
west direction (fig. i).

The markers, tied to 10-lb sash waights. were dropped from an auxiiiar..- ocean tue
evzry 6 sec. The tug used Decca purple and gren lines to control the track. Because neither
the track nor the logistics of spacing could ix held constant at the surface and beca•use each
m.;rker took !!pproximately 1 hr to reach the bottom. the effects of %ar:able currwnl. consiaer-
ably distorted the actual landings. These -fortune cookies."* however, were effective in
identifying the various debris of the THRESHER. although _2 hi sometimes pasecd between
sighbtings of marker-s.

On one dive. after initiating her descent. with Decca data supplied by the support ship.
TRIESTE descended outside the grid line and proceeded on a fixed course awa, from the -rid
because no markers were sighted. Thus. although the grid uzs approximatcd 1P--mi square.
it was not large enough to allow for error in potaLion at the surface or for lateral mo'ement
during descent.

In ' 9640. a second set of plastic .markers. which coul alwad s b- read. was dropp.- in
the same area. Both sets of markers and the THtRESHER debris appeared in photogra.-'hs
taken 1y camexas rigeed on the TRIESTE or towed by surface ships.

.85
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Reference Lines

Bottom reference hnes thLai indicate position every 200 ft would be useful for sub-
mereged navigation. T'hese lin.--s wold• eliminate the ,msibihity of passing between uns.;ghed
markers. The lenglh of these lines should be at least two standard errors-of-estimate of surface-
position accuracy, but not lez than I mi in the open ocean.

For lints laid in an east-west direction, a vehicle could dive approximately I mi north
of the estimated midpoint and proceed in a southern direction until the reference lines werc
sihited. it would then advance to a position indicator on the line to locate a reference point
to initiate a controlled search.

"The reference points would ideally be indicated by acoustic/opticai reflectors moored
approximately 10 ft above the bottom. The points could also be indicated by pingers. flashing
lights. or transponders that reply only when queried with a proper code or frequency.

Unless prohibited by the nature of the operation. reference lines could be laid by a
surface vessel or aircraft. Small anchors would be attached to marke. points to hold the line
in place on the seafloor. The line, however, should be weak enough to break. if fouled. without
disturbing adjacent sections.

If surface ships or aircraft could not be used to lay the line. it could ib done by a sub-
mersible. A method would have to be devised, however, for a submersible to lay a neutrally

buoyant or slightly negatively buoyant line sporting periodic. anchored-moored. reference
points. If each reference point had a net negative buoyancy of 15 lb, the submersible wouid
become ps-itively buoyant by that amount for each point laid. A 5000-ft line with markers 4

ever- 200 ft would cause a buoyancy of 375 lb for the submersible, a buoyancy requiring
comp.ensation.

Reference Grooces

Refercnce groo-ts can be made by furrowine a fine on thc occan fuor with a specially
dc,.s,,a,,u tol. Markers can then be dropped into the furrow at regular intervals. These markers

would probably remain in place because thcre wculd be no attachcd lines to drag them out of
position. They could also be lighter than other markers because a negative buoyancy of 2 lb
would probably keep them in place.

TRIEISTE plowed grooves on the seafloor by dragging a 350-lb lead ball -.%hi;ch was
attached aft by a short line for control. The bail left a definite groove wherever it was dmz-=d
except on certain rock-strewn surfaces. The only problem the TRIESTE encountered was
drag on sloles: at thet-s instances. tl-c work procceded more slowly. Some trails made during n
the 19(%3 opcra-t.:On wi-ere still detectable in 1964. and more recent photographs from MIZAR
show tha: sonic of the bottom marks have lasted well beyond the short time thev weere needed

aduaseJ.
On some sea-floor terrain. such as the rock-strewn bottom encountered in the

THRESHER sc.,zch. scribed or scored grooves are ]amely ineffective. The trail is usuaily
broken or obscured where gullis or large rocks appear. and movement or deposition of sedi-
ment nrear the shore %%ill fill the e.ooves, himitine ther effectiveness. This disadvantage can

c- overcome if nylon or c-her lines are used as adjuncts .o the mark areas where plowing cannot
be ,Vrforn.cd.
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Wheel Devices

Devices which trail a wheel over the bottom have been used to measure the speed of
advance, which, when coordinated with gyro headings in a small computer, yields a DR plot
automatically.. Accuracy, however, is limited where the bottom is .ullied or w\icre currents
affect the vehicle and enter a component not sensed by the wheel-

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

CONCLUSION

Relatively effective mechanical methods are available for deep submergence navigation.
especially if they are augmented by acousticai, optical, =.nd other attainable systems. Basic
mechanical aids. however, can be used independently with competent results- If submersibles

can lay reference lines and markers without surface assisrance. thus simplifying the op-e-ration.
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