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ABRSTRACT
= Mach-Zehnder interferametric fiber optic gradient
~Larophone, for operation at S3Z.8 nm wavelength, was

Xl
R
n

and constructed for testing in the laboratory. Two

fiber optic hydrophone sensing coils with 10 m of

L.
t
im

1
0

h were wound and potted on an epoxy mandrel and

tive s=enszitivities were obtained. They then were

couarnt e on o2 vigid bar, separated by 10 cm, to form a

e

tremt hydrophone. The sensitivity of the this arrancement

N L2 was cobtained in a calibrator which allowed the coil
< foiT Lo L= sotaied u&ﬁ¢chj,
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interferometric system was too

txr 2 T2 bhe used in the sea trial tests, a second interfero-

- r-zem,. Dparating at 830 nm wavelength, using diode
-zerz .22 designed and constructed. This was mounted in an
Ttz LmzEral apparatus designed and constructed for sea
~lz!. & s=a trial of a standard Navy type DIFAR hydrophone
wze conducted to test the effectiveness of the experimental

zocraratues. The results of the laboratory tests are
zammarized and discussed and recommendations for further
studies are presented. -7 5
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I. INTRODUCTION

A. BACKGROUND

The concept of light transmission in a dielectric
madium, was first demonstrated before the Royal Society in
1854 by John Tyndell. Alexander Graham Bell, in 1880,
croposed use of light waves for telecommunications [Ref.11.
5% the birth of optical fiber technology, more than fifteen
vears ago, the light losses sustained in the fiber were
cloze to 1000 dB/km [Ref.2]. By 1970, research in England
had lowered this to 150 dBR/km. In 1970, researchers in both
the United States and Japan lowered the losses in optical
fiber to 20 dBE/km [Ref.31.

During the mid 1970°'s, advancements were made in

3
s

nat2rial processing, fabrication of optical fibers, coupling
dsvices, cables, sources and detectors. The loss in the
:ngle—-mode optical fiber is now as low as to 0.01 dR/km.
Thiz is very close to the intrinsic loss expected, for pure
Sil=.

fs technology matured it was found that optical fiber
could be used as a transduction element as well as a
transmitter of information. Various physical perturbations
mav be sensed, such as acoustic, magnetic, thermal, linear

and rotational motion, strain, etc. [Ref.41. Optical fibers

sencsors offer the potential for increased sensitivity as
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Iompavyes to more conventional technology and may be

It
B
"I

[
"
13
[
3
m
0

o 1in arbitrarvy shapes. Additional advantages of

l:afhtweroht and low cost construction. contribute to the

f=Zt that more than &0 different types of aoptical fiber

1

=nzors 72 now bheing investigated or are already in use.

i

zensors range from simple on/off fiuid level

pTiocstor: Lo the

more sophisticated interferometric

z Srguracions. The individual devices are usually either

sopiitnude or onazse {interferometric) sensors.

. the physical perturbation interacts with the
Fohzr o direcily modulate the intensity of the light in the

S limae 2 pertuwrbation modulates the optical phase of the

sotwssent lighit in the fibery; using an interterometric
z.ztem, the optical phase modulation is converted to optical

wrEnssty modulation.
Ir Chapitsr I1 the theory of light propagation, phase

lowlstizon, conversion to intensity modulation, interfero-

=tz and gradient sensors will be discussed in
b
.
- detaile :
b .
=
o
t’ . ‘=PO2E OF STUDY
[~
a in 1977, the feasibility of a fiber optic acoustic
.
h-
- ==mszor for underwater sound reception was demonstrated
t lhef., © % &63. SBignificant progess has been achieved since in
: toe areas of enchancement of acousto-—-optic transduction o9
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~=hani=ms, commonent development and sensor packaging for -
- 9

mr FiSer optic sencor [Ref. 2 & 71, K
ks ———

- . . e L

= Sloct diagram of 5 basic fiber optic interferometric 5

.
reraw)

zwztem 13 =nown im Figure 1.1, This system 1s an optical

+
Al
]
™
]

APER L
| RS

2rometer and has a laser source, input/output

mnm
3
W

.. & zensor arm, & reference arm, photodetectors andg

¢ damodulztion (signal processing! unit.

P N S S

st rg advantage of the i1rntrinsic dual path nature of

i
(8]
m
.
"
"
+
]
3

s by using each arm as a separate sensor

.2 it fesential design, a fiber optic gradient hydrophone

S .J'-‘Air—l;' o

Loa .

== develcoped and tested 1n an earlier phase of the present -

L

k

zroziz=es [Ref, B1, The geometric confriguration used is shown ]

T =t

Loars 1L 2. 0

ThHz 2w o+ research described in this thesis was to X

c:smzge the fiber optic gradient interferometric system 7

N

S, . . e S

ST, 2 osma 91, obtain sensitivity data 1n the laboratory, N

\_'4

. ~9

st n sea trial data, and compare the results to those -4

s einad with 2 converntionel piezoelectric gradient )

o

rocohone of the type currently used by the Navy in {

sirectional sonobouy applications. -]

e

- I, FOEMAT OF THE REFORT -

- The following topics are considered in Chapter II: the ﬂ

. . A : A
9 “ozoretical basis of the conventional gradient hydrophone

. o

. .Y

" wnarat.on, the calibration of gradient hydrophones, and the i

- 9
. mehavior of the interferometric tvpe sensors used in this
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Figure 1.1 Fiber Optic Interferometric Hydrophone
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= . Tetallie of thsz construction of the fiber optic censor
ivs=terz, a calizrator for gradient hydrophones, and the sea
’ t-:1=l apparatus are presented in Chapter I11. Specifications
- othe imstrenentation used for data acquisition, also are
ii1ztes 1 Cnepter III. The enperimental procedures used to
rztaiplizn the characteristics of the system, deta acouisi-
moon o T2cmnigues. and the results of sensitivity measurements
i r c2chizsl and gradient hydrophones are discussed in
- I, dAnslvs:s of the data and interpretation of the
~i7TF zra alsc presented 1n Chapter IV. Chapter V contains
Tz uding r2marks and recommendations for further wort.
e = iz oz ocopy oF the computer program used to gather
0l nooorzss irnter+ferometer data for the FIZT and fiber optic
B, i -liwnl onedrophones,. Appendix B lists data cbtained for
= =lsnsrt fiber optic hvdrophones operating at He-Ne

grmm o

- .

= =0 oo o
e Tes

- lezTeien

. T2 E narometers., Appendis C lists date

Zual element 4ATZ2.8 nm fiber optic gradient

trial

sea

tr. -z ZIFAR gradient hydrophone.
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“ra CONVEMTIONAL GRADIENT HYDROPHONE?®

Y 1nheEtances, i1nformation on the direction of

-t aemceE o+ an acoustic signal i1s required, in addition to

b
N

acoustic pressure level,., Usually this is achieved by

sr1micie hvdreophones which are spatially distributed in a

=i, Zef . ned fashion, e.qg., a vertical or horizontal line

he zimplest of these directional arravs consists of

b
[
o]

+ omridirectioal hydrophones that form a dipole

zmrzor the output of which ie the difference of the

i

[

N

12l hvdrophonc outputse. The electrical output of a
aloelectric dipole pair i1s proportional to the pressure
vuciert of the sound field as described by Mills [Ref. 81.

< 3ture ocradient hvdrophones have a dipole, or figure-—

~~t . directivity pattern as sketched in Figure 2.1, hence
Py zre hS:directicnal. Assuming the hydrophone size is

r+.i comgpared to the acoustic wavelength ).cﬁ the sound

.
.

Joms
",

. the dipéle response when oriented at any angle 9

T oo+
2 -

futs

ve to an incoming plane pressure wave is proportional

o Zos 9.

The fiber optic gradient hydrophone considered in this

1Thics chapter is a summary of the discussion presented by
‘11z in Ref, 8
i1l=s in Ref. 8.

L Arulamas




S caat ah st MM et ard

R T A

e

~ 0

Fiqure 2,1

=C0Ss @6

oo

Directivity Pattern of Pressure Gradient
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stugdy 1= of thie similar dipole type. Therefore, to

iliustrate ite operation, assume two small pressure hydro-

phones are placed a small distance d apart, with d << AJ in

i
n
rt
u
)
[N
e
3

(R}

acoustic wave field F(x,t), as indicated in

n
Jeo
1]
3
1]

1
8]

2. The dimensions of the two hydrophones are |

aszumed to be much less than the wavelength of the acoustic :
o - A . |
- +i2ld. The presenc=2 of the hydrophones is assumed to have a
o menligible influence on the sound field.

Considsr the plane sinusoidal standing wave shown in

Figure 2.3. The instantaneous acoustic pressure, P(x,t) is

R ’ Fix,t) = Posinlkxledws (2. 1)

o is the peak acoustic pressure, k is the propagation wave
number ik = 27T/XJ % is the distance of one of the
tvdragphones from the pressure nodal point, (J is the angular

frequency of the acoustic wave and t is time. Using the

zseumption sin kx = ky, for small values of ki, the equation

Fix,t) = Po kuesws (2.2)

As indicated, both individual hydrophone are a distance
¥ = d/2 +rom a standing wave pressure node (x = 0). The
pressure difference, A F between these locations can then be

exprecsed as:
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-

)

1~

6 =angle of incidence

d —distance between hydrophones

%—free-fic/d voltage sensitivity
for individual hydrophone

Figure 2,2 Geometry Used in Deriving Sensing Characteristics
of Acoustic Dipole (Pressure Gradient)
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Figure 2.3 Pressure Distribution as Function of Distance
from Null Pressure Point
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E AF = Feag,2 — P_a, 2 (2.3)
.

AF = Pg5 kd (2.4)

When the individual hydrophones are equidistant from a
pressure node, as assumed here, the pressure difference is a
maximum. On the other hand, if the center of the pair is

located at a pressure antinode, pressure difference is a

MiCIMmUm,

E., CALTBRATION OF GRADIENT HYDROPHONES
Usually in practice, pressure gradient hvdrophones are

alibrated in terms of pressure. The sensitivity of a

s

essure gradient hydrophone is usually given in terms of
vorts/micropascal (V/[[Pa), specified at particular
trzguency [Ref. 10]1. Flane progressive waves are specified
ir. the detinition of free-field voltage sensitivity. Because
-¥ the difficulties in ocbtaining free—-field conditions at

L[]
low freguencies, in the present study a standing wave tube

described in Chapter 111 Section A, was used.

t[‘

3 According to Mills [Ref. 81, a free surface standing-
- .
2 wave tube system satisfies the following relationships in -
- N
- R
c the ideal case {(i.e., SWR = 00): o
. '
.
- ;
5{ P = pPo sin kh (2.3) :
- %
;-:' u = (p.-_-,/p c) cos kh (2.6) "
‘ L
9 3
s =
: 23 e
b .
b -
B -
[ -
t

¢ ]
e e S e e e 2 T SIS TR S




p/u = K)c tan kh (2.7)

here h 1s the distance from the air—-water interface.
Its is assumed that the hydrophones have negligible effect
on the standing wave pattern.

In this report, fiber optic hydrophone free-field

censitivity is expressed in terms of microradian/micropascal

(Al’adfﬁlPa). And rather than expressing gradient hydrophone

f
4
J
L
Y PLPLYLIPLY LI B WGP P PR SRPRPLFRPRY B IR .I:AJ

zansitivity in terms of pressure sensitivity at a particular

-l

+requency the fiber optic gradient hydrophone sensitivity is

m

wpressed 1n L[rad/ﬁ[?a/cm. The procedures to obtain fiber

-
opti

[}
T

yvdrophone sensitivities are discussed in Chapter IV.

FIBER OFPTIC ACOUSTIC SENSOR CONCEFPTS

th

1
|-

ser light transmitted by optical fibers submerged in a
liguid medium may be modulated (intensity or phase) by

ST
PR 2 Y

mn
N

n

pressure variations. Only phase modulation of such

ic sensor system will be considered here. A

"
1
M|
r+

cousto-op
T2talled discussion of the theory of phase modulation is

J
~
i1}
n

ented by Davis, et al [Ref. 71.
When an external pressure field (AF) is applied to the
cptical fiber it changes the fiber 's physical characteris-—

tics. Changes can occur in the core radius, core length, and

f el U B W W V5. N Y TS L T T

the optical indices of refraction in the core and cladding
(Fef. S and Ref. 6]1. The pressure induced changes of index

and of length cause an aptical phase shift L;qs given by:

VY SR SN S )
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A¢ = nke L L(1/n) (dn/dP) + (1/ K )(d R /dF)I F (2.8)

where n 1= the optical index of refraction of the core, kg

is th

)]

propagation constant of light in the fiber, P is the

scoustic pressure and f is the lenagth of the fiber subject

t> the éressure. The pressure—-induced length change (d.X /dP)
iz the dominant factor at low frequencies for a free or
mzndrel wound fiber.

Uizing a =i1ngle freqgquency laser source, the time

wariztion of the electric field vector of the lightwave may

E(t) = Eqo expfil(Jot + A sin((Wat) 1} (2.9

where Wo is the angular frequency of the coherent laser
=ource, (Wa is the angular frequency of the sound field and
4 1= the phase shift amplitude.

To detect such phase modulation interferometric
technigues must be emploved. The laser light is first split

o

w

Fen sent through both the sensor fiber and reference

fiber, these form the interferometric system, and are then
recombined to give an intensity (amplitude) modulation prior
toc detection by the photodetectors. The total electric field

&t the photodetector mav be expressed as:
Ev = E.(t) + Ex(t) (2.10)
E.tt) is the electric field vector from the sensing arm
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=2{t) is the electric field vector from the reference

f

rm {(or for a gradient system, for the second sensing arm).
The intensity I(t) of the recombined beams is
proportional to the magnitude of the square of Ex.

fHeglecting terms that vary at angular freguency We and

2Wo, since they are undetectable by the photodetector, I(t}

may be written as:
1ttty O E1=/2 + E22/2 + E,  Ea CQS¢J°(A)
+ 2B, E= sin¢J1(A) sin(Waet

+ 2B, Ea CQS¢J2(A) cos2Wat

I

+ 2B, - Ex sin¢J3(A) sin3Wat + - (Z2.11) o

el

.3‘ ‘:

where E, and E= represent spatial vectors and make explicit !j
0

the fact that the polarization directions may not be the i Ej
S

same. ]
o4

Thues, +rom equation (2.11), the resulting intensity %

fun-tion concists of a series of harmonics of the accustic

frequencies. The amplitude of each successive harmonic is a T
function of the acoustic pressure and varies as the Bessel L‘

function of coarresponding order [Ref. 81.

These recombined variations of optical intensity are
-4
detected with photodetectors to produce an electrical ~
v
signal. Thus the resulting photodetector current has Eﬁ
componerits of the following $orm: ]
.
»
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0

= 1o cosqS{ Jo (k) + I!E:J:n(kx) cosl2n((Wat) 13
n=/

v
+
| SRR R AN AR )

. - ie 51n¢; ZJZH-,(M) sinf (Zn+1) ((Wat) 12 (2.12)
where J. is the Bessel function of order n, q515 a non
acoustically induced phase shift {(which itself may change
due to changes in temperature, for example), k = 27T/X~is
the eoptical wave number in the fiber, and x is the amplitude

of the acoustically induced optical path-length change.

Raiaiatafilata’d L st

R\

[ IR IS Aa PRI

f T

ISP

.

'
e e te Tale

27

. - - . At et - ,.'__ N . L . ., L . L. . . . -4_--, . - ..-‘A ‘.- .‘._."4

. el T e e T T
A PP P UL PV Iy T DA UL W SR I Y. T . s P PN I R POV T VA T R W VRS A Uy Wy AN




MTEA L GRS GF G S0 S Snar Sna St KO NONSEMACIC AR AR A ST ol At Bt ittt i Bl B AE A At It A e A SO S

LN )

'
o
v

[y

ITI.EXFERIMENTAL APFPARATUS

.
[ TR
Padnt s

L‘_A sl

A. ACOUSTIC CALIBRATOR

v

in an earlier study [Ref. 8], an acoustic calibrator had

v,

be2n constructed to calibrate fiber optic gradient hydro-
chones. However, this could be used only with the axis of
zoils of the hydrophone aligned along the axis of the

czalibr-ator. Since the gradient hydrophone now being tested

-
n
Pl
4

rigid structure with the individual hydrophone coile
mounted 10 cm apart 1t was necessary to increase the

diam=ter ot the calibrator tube. A rotating apparatus was

~zeded to twn the gradient hyvdrophone to vary the angles of ;;
the hvdrophone axis with respect to the acoustic wave vector
inzide the calibrator tube. The new tube is made of FPVC 1120

wo2 124594-FB and i 25.4 cm in diameter and is S56.4 cm tall.

The calibrator tube is mounted around the face of the

]

s

m

W
V-
.

* .
.
-
N

1

. 1 -
-

n

tic driver which i1s a USRD type J-11 projector [Ref.

-

132, To compensate for the water column a hydrostatic collar

with =2 valve is placed on the bottom of the projector

£ sszembly. The valve is opened and air is pumped into the %A
& equalizing chamber until the air pressure is equal to the ;é
E water pressure on the face of the driver. This air pressure :j
P. i= measured by a2 water filled U tube manometer mounted next LT

"+

the calibrator assembly. The complete assembly is shown

in Figure . 1.
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=TT 00 o INTERFEROMETRIC

YSTEM

[yl

o test the feasibility of constructing and ruggedizing

Sraolent hvarophone for csea trial a laboratory Mach-

Hi

= 1ntarferometric system, operating at &632.8 nm, was
TorzTruted, Az indicated in Figure 2.2, 1t consists of

Lom-seon lazer supnlying laser light at wavelength

Tomm o trorcaaly @ 2 0¥ Z o input coupler which divides the

ir1ort 1nto the two fiber optic sencsor arms. In one arm

ImEer light ftravels through two cections of the
-ization zontroller [Ref. 111 and =2 sensor coil

~
)1

soenone)l to 3 2 X 2 output coupler. In the second arm

Tignt travels through one section of the polarization
roller and is wound sround a piezoelectric (FZIT)

e =znd passses throuch the second hydrophone coil to
Tof 2 ootout coupler. The coupler recombines, the two
a1 of the individual hvdrophone coils. thus

mhzze mooulsetion into amplitude modulation

- Lrzr. Trhris amplitude modulated signal :1s transmitted
xtnizzl ficer to two photodetectors (photodiodes). Thece

‘=t the recombined light into electrical signals which

wohrtored and recorded by the instrumentation package
dzezribed 1n Section G of this chapter. A photograph of

.rnterferometer svstem without the gradient hydrophone
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. ~terfarometer system is an actively stabilized. single k
- erzoeni., Helium—MNeprn laser. It 1= & Coherent Tropel Model X
JUT. The zpecificatiorns are as followe: ;
ﬁ
Tutout Fower: 0.7 to 0.9 mW @ 0.6728 Um j
‘l
Sretizl Mode SEtructure: TEMoc “
g
T 1 Mode Structure: Single Freguency
Sziarizsition: Linear
Zeae Dlvergence (full anglel: 1.3 degrees 2
Noicze: (1OHz—10MHz) 20, 2% (RMS) :1
Stability:
Term: 4 + 1 MHz drift per S minute )
interval (.002 FFM
iong Term: Fundamental +freguency varies by 5 MH: -
= - L -
per degree Celsius ambient temperature
change {.0C1 FFM). )
- —. . .
= Srosr Soecificationes n
hs
- : : i o=~ — - - . "y
Thz= fiber used 1in the HZ72.82 nm interferometer syvstem -
= 17T Toz= T-i1£01. It is zingle-mode fiber cootimized for a ]
p R . -
= = zierIth of 43208 nm. Itse construction and characteristics

-

vz zthowrs in Figure 2.4, The specifications of the

».‘.v‘ .
e
]

. finer used are as follows: =
B
riber Ident.: ZO420-401cC o
- . - - a4
Trefocrm No.: EMT-22204K
L=~z Diameter: S.Bﬁim -
vter CTledding Diameter: ?Sﬁlm ¢
I3 v
i
R
\
e L R i e




..........

400um

ATVENUARION ful i¥an)

DIMENSIONS SHOWN ARE NOMINAL VALUES

__proTeCTIVE HYTREL®
1 P PLASTIC JACKET
yd \>_mnen JACKET
A \ SILICONE RESIN
! ILICA
80 um

+ OPTICAL
200um 42 “"“ : CLAoomc

l ? \\ \\g oorsn SILICA

CORE

ﬁ] - SS9€ . snica
' —' I A SLACDING

|
i

NCEX OF SEFRACTION PARCFILE

16 -
13
12 -
1" -
10 =

9y -

v -
¢ o
y -
o -4
Y -

3 =

[ 1] or oo [ 1)} X X ]
WAVELENGTH um,

TYPICAL SPECTRAL ATTENUATION - SINGLE MODE OPTICAL FIBER

Figure 3.4 ITT Single-mode Fiber T-1601
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v Sheatn: GE 615 Silicone 4

T )

-ttt araaticon: £.55 akB/kEm at 632, nm

| T

Tmz= ourpaose of 2 L 4B coupler ice to split the light B
SRR it the arme of the interfercometer or to recombine R

:qa the lisht from the two arms to interfere
fe outovt fibers and on the face ot a photodetector. The

csingle-mods couplers vsed in the laboratory

T ofErametsr wers manutfactured by ITT. The specifications

- IM-SM—-164

-ineEr Mo.: 8930918-402b/EMC-415B1ER

b1
3 A
va
m
ot
for
]
2l
2
i)
vt
L
e

T/11/84

zess Loss: Gg.1 dEk

b o dormity: 0.2 dH 5
Y

;- —

cerating Waveiengih: &672.8 nm B

]
1

]

;i mr 2l MNos. oz JM-SM-14&5 :

S:se- No.: I0918-402b/EMC—41581E ~

Fzbrication Date: 2/13/84 7y
| R

L Er-esz Leoss: 0.2 dE

|

o i formitve 0.1 dE

b bk

-

% Tperating Wavelerngth: £Z2.8 nm
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2. vTrzroslectric Frhase Shifter
The phase shifter consists of a lead zirconate-lead
~zte (F77) cvlinder. Chanrel Industriez Tvpe S500,

03 whizh the fiber i1e tightly wrapped. The cylinder is

oo lone by ZU8 cm puter diameter with wall thickness of
om B wrapping SS9 turns, corresponding to 7 m of
s oo she FIT it wae mossible to produce a relatively

Rl

th

n

I prtase shift, The shifter has a sensitivity of

adsrolt, The calibration of the FIT is discussed in

= Section A.
. Folarization Controller

4 polarization controller, as described by Lefevre

117, was emploved. This device is eguivalent to

tionsl wave plates of classical optice. The controller
he stress birefringence induced by bending the fiber.
E chhotocetectors

The chctodetectors used to detect the optical output
= “ibzs- from the interferometer are Clairex Type CLD-32
EEE R . Trhey are all silicon PN planar dicdes with high

-y 10W Cark current and fast response. Their

v Loz Ccrararttericstics are:

fohtive Area: 1.2 X 1.2 mm

et Circuit Current: 35-70 MA

Doer Circuit Voltage: 0.40 volts, tvpical
iz Tuarrents 1 nA
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oy D05 wazs constructed. It consists of two 870 nm i'
Tiods Lasars sither one of which could be used to supply

- . . . - v 1

SwITL Tz oaoes through optical fiber to a Z0XY 2 input .

Shasls s =ne os=0lits the light inte the two arms. The output o

z: o of =achk hvdrophone goes to a I X 3 output coupler. The )
: T uzuoler recombines the laser light and sends it out o
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‘. Lzser Source
' 3
. The optical sources used in the 830 nm interfero-— ]
x Tm2hter systeam are Mitsubishi Type FU-21LD AlGaAs/GalR8 TJS o
. S
] Trarsveree Junction Stripe) laser diondes. These were id
i

[

2 sunpiled with multi-mode fiber pigtails. These diodes emit

o .A
- Tiobkt zround 2EO g owasvelenoth By applving forward current <
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= sz rimC *rmreznold current. The laser outout level can be ?
l.
- ttoves via e nphotodetector enclosed in the laser diode q
o
J=osage. Some cther features are: stable fundamental : E
=iz verce mode ozcillation. laser diode-fiber high coupling .
<= :=Scwe oand long i =ezl. Each laser can 4
ol
sirzte _ader CW or pulse conditions according te input A
Torr-sEmt. 2t caze tempera2ture up to 30°C. The specifica- N
-4
~ - - -
TOImME 2TE &5 Ytolilows: d
-l
s Tmrial Mos.: 54 and 66
'
Toitout Fower: T.Z mW
t‘ Tizer multi-modes GI Type S0 llm core
- Tiher MNumerical Aperture: 0.2
u‘f.
. 3 . N
S Lzsing kavelengths 795-905 nm.typical 830 nm
-

t

= ‘z=azereture of the ls

2shold Current (CW) Z0 mA typical, S0 mA max

~z2tirmg Current (CW): 25 mA tvpical, 90 mA max
rationg Voltage (CWi: 1.8 ¥ typical

At Input to Fiber (CW): 1.6 mW min,Z.2 mW tvpical
dizde lasers reqguired = special power supply to

and monitor the output cuwrrent supplied to them. A

= of *the power supply is shown in Figure 3.7. The
zers were tested and the optical power output was

and recorded against the input current to verity

if:cations. The results are shown graphically in
7.2 and T.9. No special effort was tabken to control

I

er cther than good heat sinking,

410
.- g - - - S - . -
- - s . - R . .
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He/ipof 0.97
urrent set

K BNC
2Kk Q) connector

Qluf

=

= 12 Volt
— /8amp hr
Gel Cell

/Oluf: .
DO~ _j se?

Figure 3.7 Laser Diode Power Supply
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Foula be noted, tnat according to the manutacture, at a 1
of 47 mA, the lignt output changes at an average )
ol
of =0 [wseC between -20 °C and SO =C). *
|

. F:o=2r Specirficatiors
- . . 9
=2 optical fiber used was I7TT single-mode fiber, (
T-1&7 cotimized at 0.87 m. Specificationes of the ;

=-e a3s “ollows:

21092U-17Ric

Teosdorm Mo, EMT-21972R
coerical Anertures: T.12

Tove Diameter: 4.57ﬁ1m

™z

7S5 Um

Trimary Sheath: GE 4615 Silicone
Teconoary Sheaths: polvester Hvytrel
Tzizl Diameter: 4Déﬁlm
Treruaticns: 2.07 dB/Km at 0.83[Um
e Z,2 iz a sketch, provided bv the manufacturer of the
£ =he finer, with typical dimensions, approximate index

fraction profile and typical spectral attenuations.

r= fiber from the 3 X T output coupler to the photode-

= iz multi-mode and in 2 cable containing four optical
=. mznufactured by Fbaleo Optical Division. The specifi-
ns are as +ollows:

Sirher Tvpe: AN4Y Seriec

Zztyle Diameter: S.95 mm
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Core Diameter: 50;1m

125 dm
940 Lm

O, 2-0

2

.

4.0-4,0 dE/km @ o.a:;zm

200-800

MHz km
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bt
m
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o
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J
e
1
Jot
-
-
n

.ingle—-mode coupler was used faor the

2 out Ccouclar. Its specifications are as follows:

-

! Sovrial No, 2 IM-SM—-107

g Fiber No.: EMC 415546C/830427-401a

&£/02/83

de

7 single—-mode coupler was used for

Its specifications are as follows:

- foarial MNo. JM-SM3I-58
EMC-415546C/830427~401b
7/24/84

.4 dB

Fu dmrformitys 1.8 dE
4
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svEiEngthe 0.8% Mm
-- ~—otgooetectors

Tne protoogetectors used to detect the optical output

from the interterometer are Clairex Type CiLD-21

I

'
r
H]

tr
v
)
4

“+

oo osadez. Trnev ar2 all silicon PN slaner diodes with high
IrmasriTe, low dark current and fast recsponsese. The electri-
Srevazteriztics are as follows:

-

Lotive Sreas 1.3 X 1.2 mm

Srovrit Circuit Current: min & to max 12 ALQ
it Yoltacge: 2.40 volts typical
Do v Zurrent: i n& i

Juncticn Capacitance: 200 pF

1o

= v Fzll Time: 5 ;lsec

o

icient: +.2%/degree C typical

v oy
INLEPRIREN

1
th
|

“z=b Soeciral Fesponse: 0.91[1m

v

U
.
H
n

TE FRERPSRATION AND SFLICING

ol v

% Al DR

ngle-mode and multi-mode ootical fibers were used

:

I' ('
ML

- .m o= srperimsntal svystems. The preparation for splicing is

B

PR
s
* .

i

i lar for both., The plastic coating over the glass fiber,

-

v e
"

=ozii. Hytrel, must be removed by using & sharp razor

.o

:iJ'T

sl

iy
[WE
m

. The klade iz placed at a very small angle to the

czeting surface and the fiber is drawn to the blade to

civats the plastic from the fiber. After most of the
*:z 2 removed, the fiber ics dipped into a bath of

tvesr s ozzzZ. Thaizs turns the remaining olastic into a jelly
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N e
) S zotztznce, Trhe fibsr o1z then dipped inte distilled o
. x
Ty onI Zizzes tnrough a menthanol soaked tiszsue wiper. O
’—'1
. Tooztrtairm a clean square end on the fiber it is ther put e
r
. "
- N oot cleaving tool made by Thomas % RBetts R
. L
_‘*
. . Tr=x clearn zouare 2nd s neEcessary to achieve a good -7
b .
z . Tre =nds of both must appear like A in Figure .10, _{
= 0 e was spliced together using a Model PRS-200 -
_ -
o LoT.zEl o+iner splicer made by FPower Technolooy =
TICcT Y etET, After opraparing the twe fiber ends. thevy are R
2 1
=L e tre wplicer and mechanically, as well as 1
C e
o LR 2l .igmed, The coptical alignment of the two fibers ]
o _ ',
-l Evel v owsrimizino the laser light tramsmitted X
o2r thz sibEr corez 2t the output of the second fiber. t
s ozt be tsten to eliminate light transmitted through i
Il xIZiTz. This can be done by costing a section of the fj
~lFTOl w4 the ouiout fiber with black paint. Then once the )
4
. S.1=rz e sligred, one 1s moved in approdimately 1 A[m 3
'
LooitE sflizer to o zllow a2 small amount of glass to melt and N
'_‘d
sot oz o= =2 ozood eplice. The =gplizer has settings for Ramp f:
— - - - . . . S
ite. Arc Time and Arc Current and these must be determined S

m

e inently oy 2ach palir of Fiberse to be iocined. For two -3

z.ncle mode fibers of both 62Z.8 nm and 830 nm wavelength, -A

oo

- ]

it waz sopsrimently determined that a Ramp Time of 0.2 sec, ;J

- LI

Lo Time of 0.% sec and Arc Current of 1S mA produced the .

- "'-‘
- tzzT vezults. For single-mode to multi-mode fiber the iy

Z. 0.4 sec and 14 mA respectively. If e
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(Cledding aligned). Core misalignment
due to eccentricity of core,

(Core aligned, cladding misaligned)
Proper serting for minimum loss.

Precer fusion for macimum trencmissien.

Figure 3.11 Representation of Proper and Improper Fuse
Alignments
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1.EE Zem o1 oarameter. The optical fiber was run through & 1
moiz o2:o0mp The sris to o an outlet at 1te cenrter where the 1
o

fiz=r owas 2rought to the imput/ouvtpot couplers. This formed ) i
- zenznr 221l nortion of the gradient hydrophone as shown ]
L iz s .15, ]
: J

. am Grad-ent Hydrophone f
Zrez=r both s:inole hvdrophones were determined to 3

L

. Lo . - - . ) R .~

2.2 =2zu2l ooticzal patn lengithes, 7 om in each arm to within ]
-

I oL, they were fused to the input 2 X 2 coupler and

izzot I T zZoupler. Each individual hvdrophone was wound
1T L oteErlon mandrel of 4017 cm o1n outer diameter and 1.27 cm
L Trigcinzss. The optical fiber was wound on the center part
T ToeE zoindel which was Z.21 cm in diameter and 0.95 cm 1in

mounted onto

13
vt

ccommodated

cf T between

< Lz htiz fibers were then passed through the bottom
* =zt oot the T irnto 2 short piece of tyagon tubing. The 870 nm

malti-mode nigtails are fused to the single—-mode

irzzr leade of the input coupier, one laser to each lead.
= zutout fibers from the output coupler, which are single-

“ziE. wozve fused to multi-mode fiber which went to the

It todetectors. The entire hydroprone was dipped in a

material to orotect the various fiber

o The conpleted unlit 1= shown 1 Figure . i,
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. IMNSTRUMENTATION AND DATA ACQUISITION SYSTEM
The i1ncstrumentation and data acquisition system used in
both the laboratory and sea trial phases is shown in Figure

2. i&. Computer date acquisition was used for portions of

data taking using the program in Appendix A. The Hewlett-
Fackard 25F computer coordinates the peripherals, recorded
ard displaved the data, as shown in Figure 3.17. The folilow-
ing s 2 brief description of each instrumentation unit.
i Computer HF-85SF

The HP-8SF 1s an eigﬁt bit microprocessor that
ut:lizes BASIC computer language. The computer has as
starndard 14K bytes of read/write memory and 16K bytes of

doditional memory to give the system a total of 22K bytes.

-

The computer has 2 127 millimeter diagonal black and white

=

1

]

ctromagnetic CRT. A& 32 character per line thermal

wrirter ‘olctter is part of the unit. Frograms or data may be
ztored on and read from magnetic tape cartridges. To
inte~facs with peripheral equipment, an I/0 ROM and an
interface card were add;d to provide HP-1E (IEEE standard
452-1973) instrumentation capabilities.

. Svnthesizer/Function Generator HFP-Z325A

The Hewlett—-FPackard model 3I3253A synthesizer/function
generator can produce three kinds of waveforms sine, sqguare
and triangular. The frequency range for sine waveform is
from 1 mircoHertz to 21 megaHertz, frequency resolution of

1 mircoHertz below 100 kiloHertz and 1 milliHertz above 100

£3
3

-

=
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tLiloHertzs with accuracy of + SX107e of selected value. The
amplitude 1is from O millivolts to 10 volts peak to
pest into a S50 ohm load. This model is fully programable
through a HP-1E connection. For this experiment sine waves

of various freguency and amplitude were ucsed.

e Spectrum énalvzer HF-I5824

The Hewlett-Fackard model 38582A is a dual channel
spectrum analyzer. This instrument has a frequency range of
Dol Hertz to 25,600 Hertz. The analyzer has a 11.9 by 9.6
i OFT that can display two simul taneous information traces,

slus four lines of alphanumeric data giving measurement

confriguration and results. Frequency spans from 1 Hertz to

25,000 Hertz full scale allow flexibility in selecting the
pocrtion of the spectrum to be analyzed. Spans from 5 Hert:z
o CS,000 Hertz can be positioned anywhere within the
fresuency range of the instrument to provide excellent

< zouency reselution. The instrument 's "front-end"”
zirertivity ranges can measure and analyze from 1 microvolt

e -4

o Ti.5 volts and has a dynamic range of 70 dB.

4., Oscill oscope COS-5060

The kKukisui model C0OS-5060 oscilloscope is a dual
channel 60 MegaHertz instrument. Its vertical system
crovides calibrated deflection factors from S millivolts to
S volts per division, with an accuracy of + 3I%. The
horizontal system provides calibrated sweep speeds from SO

nanoseconds to 0.5 seconds per division. Trigger circuits

&0
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hie stable triggering over the full bandwidth of

fa ) ol

the vertical system. Thie unit is used as a monitor of

zignal 4rom the LC-10 and the optic fiber hydrophones only.

. Digital Multimeter HF-Z478A

Th

1y

Hawlett-Fackard model 3478A digital multimeter

was vsed To monitor the potentiometer on the hand rotation
cz.1c2 to pohtain the approximate position of 632.8 nm
arzZient hydrophone during the laboratory phase. It was also

vzec to monitor the resistance of the heliopot potentiometer

1

the rotating motor to give the approximate position of

tne nvdrophone during the sea trail phase. The resistance

1]
w
mn

- e2ment range is from 100 microohms sensitivity to
I megachms.

S Bipolar Power Amplifier POW3IS5—-1A

The Kikusui model FOW3IS5-1A bipolar power amplifier

vsed to drive the J-11 projector in both the laboratory

b
|
1
Lit
m
s
rt
"5

21l experiments. It can supply power from -35
s To +I5 volts continuously at 1 ampere. The Kikusui

operate as a DC source, frequency response of slow

S viloHertz at + T dBE or freqgquency response of fast 20

oHertz at + 2 dB. It has a 10 turn potentiaometer with
which to adiust output voltage gain. e

7. Digital Multimeter HP-3454A

ﬁ The Hewlett-Fackard model 3456A digital voltmeter ;1
t was used to monitor the voltage output of the J-11 proiector

:f during the laboratory and sea trail phases of the _@
' )
! %
e &1
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g &
¢ !,
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evperiment. For AC r.m.s.

voltage the voltmeter measurement
range 12 from O to 10 volts + 10 microvolts with 6 digit

r2z2lution and input impedance of 1| megaohm + 0.5% shunted

(R
<

T

picofarads.

E. Standard Hydrophone LC-10

An LC-10 hydrophone, (serial No. 2147 in calibrator

o HNo. RePS 1n sea trial)

was used as the standard
bvdrophone for sensitivityv determinationa of the individual
zndd oradient fiber optic hydrophones. Average free field
voltage senszitivity for this hydrophone is specified by the

Tanufacturer to be -209.2 dBE re 1 volt/ﬁlpa.

<. Froiector J-11

A J-11 projector was used as the sound source both

Tt the

laboratory and at sea for testing the hydrophones.

vt

= Jperating range is from 20 Hertz to 12 kiloHeriz. The

1oum powar above 100 Hertz is 200 watts.

U

The efficiency
Trothe J-11 1s appraximately —28 dBE re ideal at 1 kiloHert:z

=2 whz driving impedance is 23 ohms at 1 kiloHertz. The

a1 num depth sllowed for operating the J-11 is 23 m.
the J-11

Howaver, 1+ is oper«ted below 100 Hertz the

zporse characteristics change as a function of depth.

H. ESEA TRIAL EXPERIMENTAL AFFARATUS

The sea traial experimental apparatus . 3s constructed for

+
0
n
+
3

n

the directional properties of the fiber optic

[Ih]
T
b
iL
10
3
ot

hoedyophone and for comparison with a standard DIFAR
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irectional) hydrophons. The apparatus was used to held the

-

Jd~11 projector, a rotating moteor, a four channel pre-

[
Y

amzlifiar for the piezoelectric hyrophones and used to

the hydrophones themselves, as shown 1n Figure .18

i
1
I
ng

Thz ==2a trial apparastus was designed for use on the R/V

“+

T
n
W
]
1
[#]
i
vt
n
1)
3
in
fot
n
rt+
n

of the J-11 projector and a watertight

mshtrumentstion package mounted on a rigid structure. The

cizic structures is made of aluminum U channel that is 2.26 m
:v lenath and 0,122 m in width, It has two cross pieces of
oy aruminum bar that i1s 0.051 m X 0.051 m. One is 1.22 m in

-

z=rath and the other is 0.61 m in length. These are
r=:nforced with a piece of aluminum bar welded below the box

creces which are used to support the J—-11 projector. At the

oposite ena of the U channel is a rectangular plate used to
zuruort the watertight cannister which contains the rotating
“otar snd the pre-amplifiers for the DIFAR phase, the 830 nm
lzzzr=. and the photodetectors for the fiber optic phase of
the s=s trials. To counteract the buovancy caused by the
wsztasrtight cannister and maintain the apparatus horizontal

Hiile submerged, counter balance weights of lead were added,
100 pounds. A detailed sketch of the top and side views of
the zpparatus is shown in Figure 3F.19 a and b.

The center of the J-11 projector is suspended approxi-
matelv 1.22 m below the aluminu m U channel and 1.69 m from

the test hydrophones. The cannister holds the hydrophones
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= 115 VAC Hurst =vynchronous motor, |
2zl LAa. that hes a2 1 rpm rotstion rate and can be usesd 10
o iattuize or counterclockwise direction. fAttached to the
- o= ovzilsros potentiometer made by Helioat which nsas ?

: -8 llwess D oohimzE tD 1D kilocohme + S¥W corresponding te

.° Cemy T e ibe limeerity of o4 OL1S YL
R vwere used for the DIFAR hvdrophone

i 0 mne =25 otyar: tests, 1t had four Burr—Brown OFA111
"zTiumzl o z=eciifiere to boost the signals from the omni.

1
1
1
1
W%
i

ine bvdrophones of the DIFAR, a bender vane

eenzdecsr, znd for the reference LC-10 hvdrophone. The

Lot Ffor iz guad-amplifier system is shown in

H ta oL
vtz Tlont cannister was designed and built to hold
= ctEtirz motor and the are-amplifier zlectrornice for the
T wT =z, and. for the fiper optic phase, the rotating

-

LTIy . tre leszers and the photodetectorc.

f
i

3
i
4
!
.
m
t+
1

§

. |
he main section
=~ was FVC Type 12454-FK piping of 25.4 cm 1

o7z Ziameter and 45,1 cm oin length. 1t had flat FVC i
|
.. o _ . ) _ _ .
5 I tes, .5 om o thick, for upper and lower ends. Through the |
- 1
S ; ) : : ‘
R .ToEr =no Lwh Zables entered the cannmlister with O°'raing !
o |
{ Terght zzaete, A the lower end a2 To46 om FYD 1120 AETM
- T2 ocr=oe of Diping was glued 1ato ftre plate. Thas
L Crw=l o2 ztsirlece =tesl tobe to o he rum from the moter to 1
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wdrconones, maintsining the watertight integrity of the

ster while permitting rotation of the hvdrophones.

zictaimine the watertight integrity was accomplished by

ng =2 potting material and rubber tape at the bottom end

2 ztesl tube and around the wires that entered. The
tube can accommodate either wiree or optical fibers.
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v, EXPERIMENTAL PROCEDURES AND RESULTS B
-
. 3
ooy Zompieting construction of the 632.8 nm inter+ero-
T2Tr 2 svetem. shown in Figure 2.2, a test was conducted to 3
Ir=Iy +or proper operation. Detailed measurements were taken ]
.~ IZ=tszrmans the the optical phase shitt as a 4
SaToTios oT tns drive voltage applied to the fiber wrapped &
sIirs=l=ITriI o Zwlinder in the reference arm of the interfer- 9
Ire=te . =L b time of these tests only one sencsor cCcoi1l was j
Ioted 1o the interferometer, i.e. refering to Figure I.2, ﬂ
1o zEnEor Ziil o shown in the lower arm was not included. ]
L
= zizohk diagram of the instrumentation used for J
Lr sy sz data with the system 1s shown in Figure 4.1. A 1
T owiem 3f varizhls ampliitude and freguency £ owas :
i=ooErafET o ohas Sfunction generator HF-2I325A and -
izl =2 Tn thez FIT. A HF-I5824 spectrum analyzer and a 1
TUE-TOil talusu: czcilloscope were used to monitor the
tutzut from one of the photodetectors. ‘
Fzfering to eguation (Z,11), the AC portion of the h
9
- . . .'l
P g otodetector signal is proporticnal to a sum of Bessel K
r .
p . ]
- “onctiome,. To test the characteristices of the interferometer ‘
o 1

1
13
s
i
rd

~o=lectric cylinder is driven at a finred frequency to
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Figure 4,1 Block Diagram of Instrumentation System 1
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prezoelectric

r.m.5. amplitude of the fundamen-—

z and Ir9 harmonics of tne photodetector cutput == &
1on of the rom.s. drive amplitude when the piezo-—
vio cwvlinder was drivern at 1200 Hertz., This allows a
s1=zn of the measured and theoretical maxima and minima
m Desze’ functicnz. For example, the zero peoint of the
nemt 2zl for the Bessel functicn 1s 2083 radians and the
srronaes 2014 radiarns. The rat:o of the arguments of
czroesz is 1,724, Comparing the experimently determined
clzot-ic drive voltage reaquired to the zero the 2n<@
oz, 9%% millivolits, to that of the fundamental, 735
walts, vields 1.35, which is within Q.74 of the
sLizally oredicted valus. The sensitivity of the
=T Tviirder phase modulator at 1200 Hertz is the
= zumsmt of the zero of the RBessel +function, 2.83
= =z othE drive voltage at the zerc of the fundamen—
TILE ~iilivolts, 1.2, S.21 rad/volis. Dividing thiese by
=mzti o4 ocphtical fiber wound on the cvlinder, 7 meters,
= = modulator zensitivity of O.744 rad/volt/m.
T I the voltagees required to zero the fundamental
= wnltTz2ge a2pplied ta the pieroelectric phase modulator
for the freguency range 100 to 2000 Hertz. As

t22 in the graph shown in Figure 3.3, the piezaelec-—
=rzitivity 13 relatively constant aver this {freaguency
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t TABRLE 1T

Fiezoelectric Sensitivity

ncy (Hz) ) Fiezpelegctric (mV) : Error %
100 742.3 O, 0%
150 726.73 1.68
20 74,3 0.15
250 744, & Q.92
734.9 0,82
7I6.7 1.48
757.6 H.09
747, C¢.24
73%8. 1.75
734, Q.66
73I9. 1.04
777. 9.95
729. 1.45
741, 0,03
741. 0,33
736,

736.
7ZzE.
747Z.

0.0
0,19
Q.47
0.55
1S 7z6. 0. 60
Al 740, 1 Q.80
=0 7Z3.8 0. 66
O 737.7 0.15
S0 740.9 0.58
1200 739.6 1.28
1250 741.2 1.56
1400 7i4.6 1.02
1450 737.3 0,62
1500 734.4 Q.51
1550 7IZ.3 Q.89
1600 730.,0 Q.93
1650 7zZ8.4 a. 15
1700 741.7 0.12
1730 7EE.2 0.17
1809 0.1 Q.96
1250 728.6 1.47
1200 734.1 0,82
1950 734.2 0. 69
2000 736.2 0.2

M NN BB b

FIT = 743.8 - (4.968 X 10-%) f; r = -0.336
74
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cirom, TRE datz owere least Zguarecs fit o & straight line
~ioine the following ecuation:

FZIT = 747..8 - (4,987 X 10==) £ (4.1) <

vz BIT ig the wvoltage requared to zero the fundamental,
2 Tizted in Tehle 1. and £ is the freqguencv. Therefore, the

z-="Ziwiiyv ranges from 2.734 radiveoits/meter at 100 Hert:z

- L Tads v addend =t 000 Hertz., These i1nterferameter ;
L

_rzocaptEyiztics are similar to those of the 2IC nm svetem o
vz el omo T. Milile [Ret. 81 4
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Lonszivte figer gznsitivity to acoustic pressure was 1
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~ measuring the acoustic pressure required to
Lo L LT Interferometer output when the fi1ber hydrophone

in the acoustic o=l
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rolraszac, to find the spororimate
LrZdzamsictzl . The computer apnroach
cacbnllic teast zquares 1t

~Erar T

m

= e ohtaine )
e oemiiti =
stermimEs by: first, ar amplltude

1
r
mn

e sboiio Fitr

Alz) = az= + bz + cC
i ere 2 owzs the J-11 drive voltage
Tl drive voltage iz )

. dv-aochone ootocurs, was determined by takinmg the partial with

y
0
r
4]
ri

aéiz.‘:.f a:‘»m-,‘ = 0 = ZaZman + b (4.2

Zmax = —b/Za

wnere a and b are coefficients for
-1 .62 aezcurements, To obtained the

+oliowing seri1es of equations were

+2
X= =) Xe=

tz-2 =2

+2
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- A minimum of five amplitudecs
1r2d to ruen the least sguarecs f:t. The five points
d by determining a relative peab and using the

woes on elther s1de of it. The relative peak was
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o ting the values of the coefficients a, b and ¢ at which

)(2 1= & minioum., the following conditions mus hold: -3
—

GX=/0zio = 0 (4.11)
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AX=/Ocio = © (4,17)
-1
,.‘
_zorirong scuations 4.5 through 4.12 generates the following 4
Bl a3 "i

-9
24 8Za + 100 = 4(Aez + Aoz) + (Avy + A_y) (4.14)

Qb = [2(Aez + Az) + Asy — A-,1/10 (4.15)
2052a + 10c = 2(A+2 + A2 + ALy + A + Ag) (4.16)

Suptracting (4.018) from (4.13) gilves:

g D22 = (2¢Aez + Az ~ Ao = Ay - A_L21/14  (4.17)
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Jzimo eauations t4.14) and (4,146 to fino the coefficirents a R
Ela where (5 1 the Jd-11 drive voltage 1ncrement. gives ;
q
Tnan Eautat1on 4,73y, 3
L
Since trne Bessel function is approximately linear about
Y
—r=z Zero Zroszing, the output voltages were calculated for
a v o2nd D lessz than and greater than the zero crossing .
P‘. - Ny
3 . . -
- zltzze =103 the following eguations: 1
3 R
m X01) = INT(1.873%2max) (4.18)
]
s X(2) = INT(1.977%#Zman (4.19)
4
3
3
L. Y(Z) = INTI(2.1B5%z qaw) (4.20)
L X{(4) = INT(2.289%zman! (4.21)

of the calculated J-11 drive voltages

b was trern ocartormed to obtained the average, which is taken
oo
S =z itrte irntercent. The LC-10 output voltages for the

gzoective f-11 drive voltages were also linearly

= trzpoisted to oktain the average LE-10 output voltage at
the zero crossing.
. CALIBRATOR CHARACTERIGSTICS

Unor completiorn of construction of the calibrator, as
doscribad in Chapter III Section A, its various rescnance
Srmolrencies were determined. These were at 218 Hertz, 432

Hortz . D17 Hert: and 487 Hertz. At these resonance

“reguencies the pozitions of the various pressure maxima
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10 1.956 g
i1 1.93
12 1.77
1= 1.529
14 1.32
15 1.07
_ 14 0.824 _

27 1.44

28 1.40
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Z1 0.864

2 Q.701
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D. INDIVIDUAL SENSOR SENSITIVITY
The i1ndiwvidual &2Z.8 nm ftiber optic hvdrophone sensiti-

ies for were determined in the calibrator described in

"t

Vi
Chapter III Section A. The sensitivity of hyvdrophone #Z was
obtained while the interferometer contained only the one

hydrophone coil in one arm and had a fiber wound piezoelec-
tric (FPZT) cvlinder in the other arm. The hydrophone coil

was positioned at the various pressure peaks at each of tne

+our resonant freguencies., The computer program describeao i
z2ction B and list=d in Apcerndix A was used to find the
approdimate LC-10 voltage output, i.2. the acoustic

amplitude of its various freguencies component could be

monttored and recorded

[}

v the computer. The instrumentatior

zvstem usad for the
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~zz=Iroance Lo determine as closeiy as aczsibls the zsro
crossings of the fundamental arnc the Z09 harmonic of t-=e
rnfterterometer output., 4 graph of such data obtained at 17
=z with coil! depth at 405 cm) 1s shown i Figure 4,8 =zrd
slzeo listed 1ir Apoendir B, Computesr controled data
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behavior to that of the thzoretical BRessel function

determined at the four resonant freguencies. Then a
comparison was made cof the fundamental and the 279 harmon:
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characteristics of maxima and minima ratios. As Table IV
shows the yatio data obtained on both fiber optic
mRydrophones #1 and #2 1= within a few pesrcent of the
L]
{thaoreticsl! valuese for the Bessel furnchtion =rma
irdependsnt of freguency.
TARLE IV
Bessel Functicon Ratio of Mavima % Minims
Hvdrophone 1 Hvdrophone =
Freguency i(Hz) | minima i maxima : minima MAMN1IMa
o118 . 52981 1.44857 1. 3298 1,550k
472 H 1.3495 1.8250 : 13350 1osE LG
517 H - -— H 1.32528 1.2527
L3 ! 1. 2440 1,729 i 1.3758 PSS
Hec==! Funchtign Theaoretical ~ztic of Mi-imas — 1., 720
Ma-1ma - 1.&557s
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The sensitivities obtained for both hvdrophones #1 ana

#Z were different even though 10 m of fiber was wound on

each mandrel. The difference could be due to the fact that

B
portion of the leads of hydrophone #2 were in the calibra-
tion tube during data acguisition for hydrophone #1. To
.

determine if the presence af the leads of hydrophone #Z were

baising the results of the sensitivity of hydrophone #1,

m
-

+

but a few centimeters were removed from the water and hvdro-—

| BT BRI ILF T

ochone #1 was set near a pressure maxima (9 cmy for 4A&BF Hz.

Hodrophone #2 was also

[P

ohonz in tha interfero
=
Fvdrophone #2Z, a= the only hydrophone in the interferometsr. ;
was within C.4% of that aobtained when it was part of inhe g
-
. - A
aradient hydrophone at the resonant frequency of 687 Hz.
-
The 1LC-10 output voltage at the +fundamerntal minimum ;
which ocouwrs at a optical phase shift of .87 radians and
the known sensitivity of the LC-1C hydroohone are conbined
3
. . L . . . . . 4
to detzrmine the sersitivity of an individual fiber ost:ic 4
R
. i . - - - L
nydrophone using the following eguation: 4
™M = M T_oa /v (. T 3
Mg e—-10%3.8%3/Y c-10 A, 22 K
:1
. . . - — . N ™
whare Mic-i10 15 the sensitivity of the LC-10 hydraoprorae in :
.
volts/MFa obtained from the manufacturer ‘s specificatiaons
-
, - X . —_ . . ) 4
(Chapter T Section G.8), Yigc-10 is the output voltage of tre 4
) 4
LC-1C at the fundamental minimum. Mg 1S the sensitivets, 3
.i
90 K
-t S
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cenzitivities of the

nf a fiber optic hydrophone., Th

N
D]
—t
-
&g
-
i
+
3
Al

rescrnant freguencies in Table V.

TABLE V

individual fiber optic hydrophones are indicated at the

Aadod 4 s

-

Individual Fiber Optic Hydrophone Sensitivity 1
Hydrophona 1 Hl Hydroohorne = q
Freqg Denth gfiNos.:! Avg.:! Std | !Depth aofiNocs.! Avg.:! Std 4
iHyvd fromi of 1| Me ! dev liHyd fromi of @ M | cew ]
‘surface !runaiLLradi‘!rad!isurface irunzéLlraci‘lfs: =
L
‘houndary HdFa U FP2 ! iboundary: éﬁ[?a yVEE 2
! {cm) : P10== 1073 4 {cm? ; {10 TS i A
212+ 3IT.0 b & 110,240,488 11 FE0&s8 0 0 2 R
2ig 7 Z34.5 0 4 110,930,460 4 i ]
212t Z5.7 01 7 H11.6011017 0 H ; ; R
t i ) 1 i 8 B
1 b 1 * 1 H 1]
43z 15.5 148 11202411044 10 i7.8 1 i1iosdl ——— ;
472 15.5 1 5 11EZ.9210.4680 1 i i i :
432 1.7 V0 2 112.8910.358 1V : i H
; i H i HH : : ! ]
517 ¢ 1Z2.9 1 3 11S.5710.15 1 40,5 10 2 11Z.44020 2% 4
517 14,5 1 Z 117.2510.22 1 i { ; =
517 15.2 V0 2 116.6010,00 1 } 1 : ]
L 1} i ) [ ) ] i
1] ) ¥ ) LI 1 1 . \
6873 2.0 {1 4 114.74810.29 1! 8.% I I 110.8910,%7 A
&5T 2.5 1 2 115.920:12,00 1 i i i !
A3 1 10,0 1 4 114.6010.64 11 ! ! ! R
&8I F.o b 1E 0 2.0511.42 1 .0 7 8 112,570 L.ST
LDT F.0 1 110,548 ——— 13 F.G 1 iil.60 ——— 1
R
- * cspecial set of data obtained while one fiber ootic nhvdro
e nhone was not immersed. 5
. +# =pecial data cbtained by hand to scaouire the sensitivics 5
g of the tiber optic hydrophones as accuratsly as poz=:
® ! ;
- .
3 ‘ 'J
- E, OGRADIENT SENSDR SENSITIVITY H
2 b
-"..' ) . . 3 , h
L The two individual fiber optic hvdropheones cisctuzs2d 1o 1
b -
o Section D were combined into a +iber cotic gracienc ~
L rvdrophone as described 1n Chapter 111 Section F.l. Thes
- bt
s -
3 spr=1ti sity oF the oradient avydraophone was cbtairn=d 2t —re ;
1
@ -
4 .
. a2 u
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. -
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i
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ABZ Hz caliporator resonant frequency. The gradient hvdro-

phone was positioned so that one hvdrophone was S cm above

=nd one S —m below the pressure2 minima wiith the LC-14 .
reference hvdrophone at the minima itself. The instrument-

aticn system used is chown in Figure 4.9.
The J-1! projector drive voltage was increased, as in

he individual hydreophore zensitivity data scguisition,

until a zero crossing was located for the fundamental at a

2]

particular freguency. Since, the LC-10 output voltage at a

m

r2SsSUre minima was very low 1t could not be used in comoutf-

ing the gradi=nt hydrophone sensitiviiy directly. Therafore.

in

the LC-132 hydrophone was movad to the mawima, 102 om from tnz

£
[
+
m
-
1]
[
§
+.,
0
¥
m
&
m)
-
fd
1]
rt
T
D

+1ber optic gradi

Iy
3

t hvdropnore

-+

1]

remained centered at the minima.

The output voltage , Yic-10, and the sensit

V1

=]
r+
.

he—-10, 9Ff the LC-10 were used to find the pressuws Feme 17

the foliowing eqguaticon:

Yrmw & VLC—IO/MLc—lo ‘4._

The peak pressure Fo or Faax i calculated from

t
T
m

ftollowing esguation:

Fo =1[Z Frma 4,24,

The maximum precsure gradient Y F 1s calculated fron tne

follow ti1on:
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VF’ = fu:F‘c (4,25
or -
VE = 2TTFa/\ cd. 2640 ?
4
where k = 27T!%~ is the wave number and X_is the wavelencth
of the resonant sound in the calibration tube. 4
The csensitivity of the gradient hvdrophone can be -
calculated directly by using the following equaticn: .
o
Mam = IZ.83/VF e 1
where Mgw i3z the directly calculated sensitivity of tne
+iber apitic gradient hvdrophone and Z.83% 1s the ohase sh: s -
R
i radians when the pressure gradient is sufficient to nal:l )
4
the amplitude of the fundamental interferometer responzs. ]
E |
The units of the fiber optic gradient hvdroghone sensitisite .
Iq
are 'Ll rad/‘#f:a/.:m. ]
R
The fibsr ootic gradient hydrophone sensitivity 13 g
zzlculated indirectly by using the sensitivities of taoth
: in the following =2guation:
Mip = (¢1 - ¢2f’;"v9‘ G, S
whnere Myp 1= the indirectly zalculated gradient khydroo-o-s
zensi1tivity, q5, and =z are the phase shifts 1n the
1rndlvidual hvdrophones, respectively [Raf., 83.
The phase shifts can be calculated by using the oraessure
g2 and trhn2 s=sEnsiti vsities of =ach 1ndirvigual bvdrophone:
272
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Gradient Hydrophone Dipole Data
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NN

degrees i drive H autput H Vie-10

g4

voltage (V) voltage (mVY) i(rad/Pa X 1073 !ﬂ

0 15.18 87.3 1.52 -
10 22.75 77.8 1.71 -3
s

20 14.26 50.7 2.62 S
S

0 8.55 30.8 4.7 ")
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Figure 4.10 Fiber Optic Gradient Hydrophone
ODirectivity Pattern
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‘characteristics. The elastic moduli were determined by

exciting the longitudinal, torsional and flexural resonances
- of the bar made of Stycast 1264 epoxvy. These resonances were

excited and detected electrodynamically using the techniqgue

of Barone and Giacommi [Ref. 13 and 141. The longitudinal

and flexural yielded a Young’'s modulus (E) of 3.23 + 0.10 X

10-° Pa. The torsional mode vielded a shear modulus ()

aof 1.16 X 10® Pa. The standard theory of isotropic

elasticity yvields from these values a FPoisson’'s ratio (0

of 0.392 and an average Bulk modulus (K) of 4.78 X 10° &z

+ 6A.5%.

From the definition of Bulk modulus,

AF/ICAVIV)Y (a,Tan

w
]

one obtains

Av/v Ar/r = 3AL/2 (4, TS

where AR is the change in any linear dimension £ . There+<creo,
the change in the length of the fiber (A 15 obtainea o

rearranging equation 4.34):

&

AR = RAF/IE

i

[

A N AL P

For a pressure change of 1 Fa and a fiber length of 1O m.

the change in length is 0.697 nm. The change in optical

e,

phase s calculated using the following equation:




SR e g ey

A¢ = z2TMAal/\ (4.37)

The calcuiated change in phase of the light in the fiber
1mbedded in the epoxy material is 6.95 X 10— rad, for a
wavelength )\ of 632.8 nm. Therefore, the calculated
sensitivity of the fiber imbedded in the epoxy material is
6.95 X 10— ﬁlrad/ﬁlpa. This value is within approximately
40% of the measured sensitivity for the individual
hydrophones. However, this is assuming the fiber is J
uniformly surrounded by the epoxy. This is not the case, on
one surface the epoxy material thickness is small. This mav
account for the difference between the measured and
zalcuvlated =zencsitivities. This shows the epoxy to be an
excellent material for ruggedness and support while not
degrading the acoustic pressure signal.

Analysis of the single fiber optic hydraophone sensiti-
vity can be compared to published data {(Ref. &6 and 81. From
Table V, typical sensitivities are approximately
10—= ﬁlrad/‘lPa for 10 m of fiber. This results in a
sensitivity of 10— ;irad/AlPa/m which is consistent with
2arlier obtained results [Ref. 6 and 83. This vields an
increase 1n sencsitivity over a standard directional
hydrophone of approximately 14 dB [Ref. 12].

In Section E gradient hydrophone sensitivity was

approximately 0.111 Llrad/LLFa/cm, which compares to Mills

e 2
Pl

f: value of [Ref. 313.

v
.
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Using the equipment built by Milis [Ref. 81, an
xhaustive data acquisition program was conducted to check
for depth dependency of the fiber optic hydrophones in tne
calibration tube. Appendix C gives a sample of the data
taken +for a sensitivity run in the short (15.24 cm?
calibration tube. The frequency was varied from 100 to 2000
Hz in increments af S0 Hz with the J-11 drive and LC-1G

output voltages recorded. The LC-10 output voltage was

drvided i1irnto the LC-10 sensitivity Miec—10 times I.83 radians
then plotted against the freqguency, Figure 4,13,

This testing was conducted at several depths in the
=hort calibration tube. The data showed no appreciable
variation within experimental error cther than the siignt

shifting ot the hvdrophone resonant frequency.

G. DIFRR SEA TRIAL ANALYSIS
an analysis of the DIFAR data obtained during the sea
trial test compares to that published in [Ret. 1Z3. The

DIFAFR Rydrophone™ has three piezoelectric receivers srcacse

13

in it. Cn2 is an omni-directional hydrophone. The other %o
isg called sine and cosine) are bender vane type gragient
tvdronhones., The sine and cosine each produce a dipolie
cattern, oriented at ?0° to one another.

The sea trial was conducted aboard the R/V Acafia in

*The bender vane transducer was made by Magnavox.
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Monterey Bay, CA. The apparatus was laowered to a depth of

? m at a location where the bottom was 100 m or greatar. The
. DIFAR hydrophone was mounted on the sea trial apparatus

described in Chapter III Section H. Figure 4.14 shows the

instrumentation set up used for data acquisition. Appendix D

contains a sample of the raw data obtained during the sea

trial test.
Data acquisition was restricted to less than 3&80° for
2ach part of the DIFAR hydrophone, to avoid tangling of ths

wires +rom the hydrophones., The system was tuwrned clochwicse

and oo

= e
3

nta2r clockwise to prevent tangling. Figure 4.1% =how

i
tn

the in

Il

]

t
[

dipocle pattern ocbtained from data st a freguency
of 2000 Hz, drive voltage aof 7.5 Vac and angle with r=epect
toc the J-11 projector. Figure 4.14 shows similar data €or
the sine dipole pattarn at 2000 Hz and 7.0 Yac drive
valiage. Figure 4.17 shows the omni data obtained at S
and 1C¢.0 VYac vielding the expected circular pattern. Data

obt

wWa

(0]

[H]

ined for 250 Hz, S00 Hz, 1000 Hz and 2000 Hz for a

sl o}
-t

5

ee r

11}

ceivers in the DIFAR hvdrophone. These tests estan-

lizshed our abilitvy to measures hydrophone characteriztics e

a sea environment.
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V. CONCLUSIONS AND RECOMMENDATIONS

Fiber optic sensors have been under consideration, since
1977, for use as hydrophones with higher sensitivity than
conventional piezoelectrics. Using sensing coils in both
arms of a Mach~Zshnder interferometer, a fiber optic
gradient hydrophone was tested and shown to be useable as a

directional dipole hydrophone. The sensitivity of the

intarferometric fiber optic gradient hydrophone compares
wall with that of a conventional piezoelectric directicrai

hydrophone presently used by the MNavy.

fi

Tha sensitivities of both the individual and gradient

nydrophones compared well with earlier published values

m

(Ref. & and B1. This was proven in the laboratory using
czalibration tube that allowed the gradient hydrophorne to

rotate Ts0e,

An experimental apparatus was desianed and comnstructed
that proved to be capable of conducting sea tests of
conventional and fiber optic hydrophones, It supports an
acoustic driver and hydrophones pilus any required
2lectranics., in a watertight cannister.

Further work is required to complete the study begun in
this thesis project. This includes testing of the 830 nm
dual dinde laser gradient hydrophone constructed i1in this

studyv. An alternative interferometric svstem shoulad be

108




CANS I Bed At Bes A ae s L a- g0 amnc an- ancastas s aas pet g g R AMA B-e i KB Bad- sl M il Al R/ i S S R Ry S St DAL D Sin b R Jri AA A I A O SO .W

v
]

e

i
i
- i
[ constructed to decrease the number of tiber o fiber splices !
- - 4
P: . ‘
» ffuses) required. The addition of a polarization controller
. {
. with:in the interferometer is recommended, together with some 4
7 _ . Ly . L. . .
= form of passive stabilization. These improved versions of 1
R Y
o . N {
S the gradient hydrophone interferometer systems should be '

t

i1

sted and compared with DIFAR hydrophones, both in the

laboratory and at sea.
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APFENDIX A 2
-0
DATA ACRQUISITION PROGRAM T
1O ! RERERERREREERRERRRREXERRERLEREREEEE R AR REERER LR RS RS ﬁn
TO ] REREEBERERR RN EREREEREEE AR ERREEERETEEERER AR € n ;:
T [
ao ! 1
S RN AR NN FTICAL HYDROPHONE L2 E X 2 PR T R R L ;}
£ ! EErexrrrrrirerrsr COMPARISON CALIB- @ #xaxssssssnsrsss ;1
Fil ] AR RETERERA AR BRATION FROGRAM FeARERERERA IR o
[={ % 2 .
35 ! sxrrExaAERstxAAtx+r FPROGRAM “WIEROQLIC RERERRRF R RS T [
I !
Tl AR AA LA LA C AR RAR LR AR ERE SR ERERAX PR ECFARSI K AR IREAA IR LG e s
37
193 1V Revision 1 - 8 Jan 3%
191 ' Revision 2 - 1G Jan 85 o
110G DIM RO1SO) ,A(1ZS0) ,X(4) .28} A7 54) JABtad: [V =d . (& na '
120 INTEGER IJ.K.N )
200 1V sxx INITIALIZATICMN %%%ee<{ [ST {010 5
204 CLEAR "

g
Z0D 8

21 DISF "This program controls a 2587 Spectrum Ana. .zer

et —
a )

Z325% Signal Source”

W

220 DISF "to measure the frequency responrse 2¢ a ri1cer -~
hydrophone" o
ZZ0 DISP "by comparison with an LC-10" _?
240 DISF "Fress COMT when ready to start® By
250 PAUSE s
256C CLEAR !

Te0 o
00 7 Set Sensitivity “-

e

g

CL_EAF "

LISF " SENSITIVITY CODES® :
DISF "2-T0Y  S-1000mY  8-30m\ " Y
DISF "3I-100  &=300mV  9-10mV" -
. - DISF "4=- 2V 7-100mY 1G- Imy" g
- DiSF » -
- %7¢ "Choose CH-A,CH-B Sens." N
2 230 INFUT Al,El -
| 399 ¢
%4 40 DISF Y"Enter initial and final freguencies and sten zice o
E: 1in Hz" .
P a1c INFUT F1,FZ,F3 o
o 41% DISF " " :
F‘ -
e ] .-
n 110 .
L &
. . B
o e e T o L . - o
b - - . -, B ) . L . .. X R ‘ . ' . -
e SRR RS A PRI e L e S e
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420 DISFP "Enter maximum drive voltage in millivolts r.m.s."” .
30 INPUT A9 ;
I35 CLEAR

2440 N=INT((F2-F1)/F3)+1

e e ey
PR R M

i n',’ .
SO e e

AP o ol
g

Palind
' v
. R

445
450
460
470
480
490
S99
&OOQ
601
610
20
&30
LH490
&S50
I<Y-18)
570
999
1000
1001
1003
1006
1007
1010
1020
1020
1040
1050
1080
1090
1160
1130
1160
1170
1180
1120
1210
1215
1 ’“.l")(',
1230
1240
1245
1250
1260

12465
1270

IF N>64 THEN GOTO 35100

OQUTPUT 717 ;"FU1AMIMR"

OUTPUT 711 ;"PRS"

OUTPUT 711  ;"AS";A1;

OUTPUT 711 ;"MD3MP12SNU4AV4"
QUTPUT 711 ;"sCi*

]

T %96 N NN FREQ.
i

FOR I=1 TO N

“BS":;B1i; "MN1ISP1O"

LOOP 9696 969 36 36 36 96 3 96 36 % 3 3 6 9 # 9 % % %

FCI)=F14+(I-1)%F3
OUTPUT 717 $"FR"F (1) ,"HI"
QUTPUT 711 ™AD" ,F((I)
GOSUE 1000
NEXT 1
GOTO 2000

i

Vo sxentrrerrirttt®x BESSEL MAYX SUBROUTINE *%#k#itsstssixsss
1

PRINT * *®

PRINT *© “sF(I)3" Hz DATA"
PRINT " ¢

PRINT »* J11<(mV) ouUT (mv) "
J=1 @ A(1)=D @ R(0)=0 @ R3=0
ouUTPUT 717 ;"AM",A(J) ,"MR"
OuTPUT 711 ;;"RE"

WAIT 13000

OuTPUT 711 3 "LMK"

ENTER 711 3 R(J)

PRINT USING 1110 3 A(J) R(J) #1000
IF R(J)>R(J-1) THEN GOTO 1240
IF J<5 THEN GOTD 12190

IF J<N+1 THEN GOTO 1210

IF R(I)>R(J—-1) THEN GOTO 1260
GOTO 13090

AlJ+1)Y=A(J)+D

IF A(J+1) >=A9 THEN GOTO 3000
J=J+1

GOTO 10Z0

IF R3*R{(J) THEN GOTO 1260
R3I=R(J) @ N1=J @ AZ=A(J)

GOTO 1210

FRINT "ERROR-Bessel function not working change drive
amplitude increment"

PRINT "For Freguency”,F(I),"Hz"
gota 460
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.

S

-

1299
1300
1301
1305
1310
1320
1330
13490
1350
1360
1399
1400
1401
1402
1403
1404
1405
1407
1408
1410
142¢C
1430
1440
1450
1460
1470
1480
1499
1500
1310
1520
153
1540
1350
1560
1570
1580
1590
14600
1610
1620
1630
1640
14650
1660
1670
1580
1700
1710
1720

T P

e e L
. T T et A
DTSR SRR GRE TR S N TSP

]

! Parabolic Fit

]

BIS=(2# (R(N1+2) R (N1-2) ) +R(N1+1)-R(N1-1)) /10
A4= (2% (R(N1+2) +R(N1-2) -R(N1))-R{(N1+1)-R(N1-1)) /14
AD=AZ2-BS/ (2%A4) *D

X(1)=INT (1.873%A0)

L(2)=INT (1.977%A0)

X (3)=INT (2. 185#A0)

X(4)=INT (2.289%A0)

[}

; I 3 I W 3 A I W 9 I N BESSEL ZERD La 222222222 LTE L L E L LS
X1,X2,21,22,X3=0
14

D I SP a [1]

DISF " Bessel Zero Loop "3;F(I);"Hz"
DISP " J11 at max ="3;A0:" mV"

Disp * "

DISP " J11(mV) ouT{(mV) LC1O(mV)"
FOR k=1 TO 4

QUTPUT 717  ;“AM"3 X (K) ; “"MR"

QUTFUT 711 ;"RE"

WAIT 13000

QUTPUT 711 3"LME"

ENTER 711 :; Y(K)

OQUTPUT 711 ; "IM3IAAOB1AV2NU2ZRE"
WAIT 4500

OuUTPUT 711 3 "LMK"

ENTER 711 3 Z(K)

X1=X1+X (K)

X2=X2+X (K) #X (K)

XI=X3+X(K) #Z (K)

Z1=Z1+Z (K)

I2=72+72(K) #*Z (K)

OUTFUT 711 3 "IM1AAL1ABROAVANU4"

DISP USING 13580 ; X(K) ,1000%Y(K) ,1000%Z (K)
IMAGE 2X,5D,5X,2D.3D,4X,3D.D

NEXT K

! lero crossing calculation STORE “ZERO11"
B=(Y (1))=Y (2))/(X{(1)=-X(2))
C=Y(1)-BeX (1)

AS=(-C) /B

B=(Y (3)-Y(4))/ (X(3)-X(4))

C=Y (4)-B%X(4)

AbLG=(-C) /B

A7 (1)=(AS+AL) /2
AB(I)=(AS-A6) 7/ (2#AT7 (1))

! LC-10 L. R. Interpolation

' Y(LC-10)=M=A7 + F
M=(XT-X1%Z1/4)/(X2-X1#X1/4)

112
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A
7%

1730
o 1740
X 1741

. 1742
1750

1760

1763

1770

1780

1790

A '-_'

LT

A ) R
AP APIANE SRR DA Ok

P=Z1/4-MxX1/4

V(I)=M#A7 (1) +P
RA=(XT-X1#Z1/8) "2/ ((X2-X1#X1/4)%(Z22-21%21/4))
R1=SQR (R2)

D I SP i i

DISP “"Fiber zero when drive"

DISF A7(I);"mV +-"3100%#A8{(I);;"%L"

DISP "LC-10 zero "31000%#V(1);3"mV"

DISP "r=";R1

COoPyY

180C¢ RETURN
1999 ¢
ZO00 1 kxEFeEEex®E¥%%x QUTPUT AND DISFLAY 3555 5956 3% 36 56 % 3 5 % 4 5%
2010 !
2020 PRINT " Freq J-11 LC-10 ERROR(Z) "
2030 FOR I=1 TO N
2040 PRINT USING 2030 ;3 F(I1)Y ,A7(1) ,1000%V (1) ,100%AB (]}
2050 IMAGE 2X,4D,2X,5D,2X,4D.D,4X,M3D.Z2D
2060 NEXT 1
Z00GO END
4997
49758 | H¥AAXXXEXXRXEEXEXXREE ERROR TRAFS ##XXZAEXSXFEEXERXESS %
4999 |
25000 DISF "Required drive voltage exceeds ";a%:;" av"
5010 I=1I+1 @ GOTO &20
3100 DISF "fFrogram will only make measurements at 64
frequencies”
5110 GOTO 400
L0000 END
112
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AFFENDIX B

rAW DATA FOR SINGLE FIBER OPTIC HYDROPHONE AT 517 HZ

J-11 Drive | Fundamental | !*=%* Harmonic | LC-10

Voltage (mV) . (mV) : (mV) H {my>

100 Q0.717 Q.065 O, 6456
200 1.3S 0.243 1.29
Z00 1.63 0.406 1.92
400 1.75 0.530 2.5
S00 2.00 Q. 680 217
E£00 2.14 0.844 .77
700 2.17 1.04 4,3z8

00 1.92 1.17 4 97
O 1.832 1.36 2.5¢6
1000 1.54 1.47= S5.14
100 1.15 1.44 &,

J

1200 0,723 1.42
1300 0,364 1.39
1400 0. 176 1.16
1900 . 460 1.01
156500 0.842 Q.730
17C0 0.957 0.470 10,
1300 1.12 0.211 10.
1900 1.14 0.064 11.

2000 1.24 G, 233 12,0

“

TLICTE TR Tl W RS PUINT Y ST Sre W - T3 SR S O

b oo

0 0w
R TR B B 6 Y (RDR BN
-t .

Second Run o+ Data

1500 0,407 0,959
1490 0,382 1.10
14820 0.347 1.10

[ R S (R (R VR
-0

1270 0,309 1.15 P
1440 0,266 1.08 B2
1450 0.214 1.04 . 34
1440 0.139 1.05 2.72

8.7

1470 0,149 1.07
1420 O.110 1.16 3.65
1410 0. 099 1.23 8.60
140C 0,078 1.Z74 8.54
1290 0,068 1.37 8. 48
1230 0,081 1.50 2

1350 0,183 1.44 8.2%
1 300 Q0,398 1.48 7.5

» - » - - g - -
S . - . . R o
-.3. s - - . -
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J-11 Drive | Fundamental | 1=* Harmonic ! LC-10
Vol tage (mV) | (mV) : (m¥V) ! (my)
1260 0,830 1.72 7.36

NI CRPORIEMS i V.

. 1100 1.25 1.75 6.77 7
1000 1.60 1.73 b6.16 ]

900 2.05 1.66 5.58 o

800 2.20 1.49 4.97 o

700 2.34 1.28 4,78 o

el

500 2.23 1.10 3.77
500 C2.33 0.969 3.16
400 2.04 0.751 2.54
Z00 1.98 0.550 1.91
200 1.58 0.316 1.28
100 0.787 0.084 0.647

1.7 Cand
e s v
PR N BT e Ty

il U005

Third Run

650 2.41 1.28 4,08
1390 0.135 1.90 8.47
1335 0.091 1.45 g8.4%
1380 0.114 1.49 8.40
1395 0,115 1.68 9,49
1390 0.069 1.55 g.46
1387 0.1046 1.64 8. 44 N
1392 0.103 1.67 8.47 i
1390 0.073 1.7 8.45 “]
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DEFTH DEFENDENCY

AFFENDIX C

DATA

1250
1300
1350
1400
1450
1500
1550
1600
1550
17Q¢
1750
{800
1350
100

1950

2007

AL
e .

* LDatz has high

T1) .
.. PN

e SiNas ats p—p—

L3 » I'l . n"-'n .
Vo .
SR

wre e te e s, .

ARV Y .

Lo g on
DO
% %t t

.;}‘.

4728
13150
182146
11254
10521
10876
11794
11801
103504

8410
109073

988>

8757

8359

H70C0

S402

% error therefore is

28.6

4,738

87.8 *41.1%

77.7
36.0
27.2

23.9
22.9
20,0
16.5
10.5
7.6
.0
?.5
.2

7.0

6.1

116

1.89
2.18
.13
Q.83
Q.47
Q.64
0,74
Q.90
€, 22
12,99
0,25
1.72
1.35

0,10

Frequency | J-11 H LC-10 i % Error 132.83#M c-10

{Hz) H drive H output i Vic-10

i wvoltage | voltage | i[lrad/ Fa

! (m¥y) : (mV) : ! X 10—=
100 14693 1Z.4 0.2 .21
150 2120 12.0 5.18 &6.99
200 2356 23, 1.15 5.74
250 365 Z.9 *322. 7 4,05
200 2173 2. 0.50 5.56
IT0 1241 22. 1.51 S.61
400 1912 23.9 0.16 5.5%
450 1703 2.8 0,61 .58
SO0 1474 24.7 1.09 S.72
330 1112 26.73 0,85 5.0=
A0 679 24.7 Q.93 S.28
S50 SZ3 24,0 Q.10 5.57
700 1009 192.5 0.350 &.321
750 787 1.7 2.24 4,17
800 3158 17.2 Q.49 7.72
2850 I3I9S 11.4 1.30 11,52
GO0 2804 5.4 0.8€ 24,99
P20 1539 1.5 2.16 88.53
1000 1340 1.2 1.06 102,185
1050 1256 F.1 10,31 42.84
1100 1511 8.8 0.36 1S, 49
11350 4773 21.5 G, 26 L0132
1200 6127 18.8 1.473 ERRr

U
P

&
1.5:
1.7
.89
4.88
S5.558
S . i
S. 64
2.0
L2.0D
17.47
14,7

ot
vl
< .0
G0

dizcounted as true dsta

el - - - . e .
o - 'n.l
- > - - . . - -
- PP . - - . . fatet
. e e 5 .- i M ot
R AT A DI AT B PR B A R, PR
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APPENDIX D
DIFAR SEA TRIAL DATA
Angle i Vpar : Vdmm
(degree) H X 10— (Vac) } X 10—= (Vac)

Z4 2.5855 2.5518

7 2.5800 2.5762

z9 2.5759 2.5356

42 2.5614 2.3631

44 2.5430 2.24685

47 2.5152 2.303S

50 2.4811 2.4444

52 2.44863 2.5255

S35 2.4053 2.57065

57 2.3487 2.5450

50 2.3044 2.4248

&3 2.246% 2.3535

&5 2.1829 2.2920

&8 2.1207 2.2588

70 2.0603 2.2561

73 1.9841 2.3169

76 1.9018 2.4726

78 1.8226 2.5412

81 1.7338 2.4644

84 1.6397 2.5959

86 1.5378 2.4394

39 1.4508 2.2726

92 1.3580 2.2293 g

94 1.2579 2.4073 e

97 1.1667 2.5276 o

100 1.0614 Z2.3952 S

102 0.9529 2.4216 S

105 0.8445 2.4665 AR

108 0.7432 2.5002 ‘@

111 0.6283 2.4811 SO

113 0.5103 2.3950 e

114 0.32910 2.4176 el

117 0.2769 2.8816 ot

120 0.1597 2.1926 ARy

122 0.0654 2.3710

125 0. 0654 2.4448

128 0.1632 2.4172

170 0.2641 2.2845

I3 0.3305 2.5773

135 0.32953 2.5712
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A o P abd AV art ae SR el M A gt L LN NI A E IV i g Aea et T T Ry ———e v—-‘-—vw
%E
Angle H Vpar ! vdmm L
(degree) : X_10-* (Vac) P X 1072  (Vac) o
138 0.5019 2.2253 e
140 0.6136 2.6355 )
143 0.6197 2.8091 o
147 0.6118 2.2455 o
151 0.7150 2.3271 -
153 0.8833 2.3936 o
154 1.0601 2.3988 A
156 1.1816 2.3392 b,
159 1.2892 2.6026 -
164 .3784 2.3678 -
164 1.5082 2.4604 o
166 1.6446 2.5369 A
169 1.7541 2.4270 ;j
172 1.8360 2.2392 L
174 1.9245 2.2375 R
177 1.9578 Z.2884 ]
179 2.033 2.2792 -
182 2.1058 2.3618 -
185 2.1848 2.5467 s
187 2.2577 2.6160 3
190 2.3074 2.6118 {
192 2.3525 2.5841 "
196 2.4034 2.5713 -
199 2.4412 2.5535 =
200 2.4582 2.5307 T
204 2.4780 2.4681 L
206 2.4899 2.3146 =
208 2.4968 2.2189 -
211 2.5006 2.2212 =
216 2.4959 2.2982 e
217 2.4917 2.4848 -
219 2.4746 2.4809
22 2.4615 2.5169
2Z 2.4466 2.5603
227 2.4379 2.4571
231 2.4174 2.3593
233 2.3780 2.2976
235 2.3359 2.3100
237 2.2870 2.3595
240 2.235 2.4047
242 2.1891 2.4694
247 2. 1350 2. 5000
| 250 2.0862 2.5400
9 252 2.0235 Z.5616
- 254 1.8590 2.3225
- 259 1.7992 2.3441
- 261 1.7480 2.1585
s 263 1.6842 2.2635
s
" 118
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Angle : Vpar
idegree) i X 10—1 (VYac)

Vdmm
X 10—= (VYac)

255 1.6061
269 1.5249
273 1.4551
274 1.3735
274 1.295=
27 1.203%7
279 1.1103
282 1.004%
284 0.8929
287 0.7956
289 0.68735
292 0.3774
295 0.4654

297 0.3623
299 Q.2495
02 00,1347

04 0.,.03464
07 0.1016

10 0.21358
Z1z2 0. 3325

315 0.4497

19 0.5540
326 Q.6620
32 0.7702

32 0.9475
ITO0 1.0429
332 1.1344
33 1.2390
336 1.3294
zZ8 1.4261
341 1.5142
I47 1.6001
T44 1.7350
A=) 1.8793
I54 1.997S5
556 2.0864
IS 2.1438

Cosine 1000B run
1. Spectrum Analyzer setting 250 mVac
2. Time Constant 1000 msec

-

Z. J-11 Drive voltage £ Vac

119

2.4878

—

2.5205
2.59579
2.59136
2.327S
2.184¢
2.1804
2.2864
2.4949
2.5444
2.5562
2.4960
2.3609
2.3682
2.4472
2.9203
2.5806
2.6130
2.4712
2.2114
2.15667
2.2374
2.4356
2.5362
2.4494
2.3248
2.2500
2.3217
2.4754
2.45828

[P P Py

2.59509
2.3981
2.3282
2.4171

2.3755

2.5116
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