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INTRODUCTION

This program was undertaken as an effort aimed toward developing generic
concepts and prototype designs for a hiqh pressure undersea bulkhead penetra-
tor for use in conjunction with fiber optic cables employed in the deep ocean

environment. Watertight optical interfacing devices will be required in order
to realize practical underwater systems employing fiber optic cables for com-

mand, ccntrol, and communications. Optical penetrators may also be required

in systems utilizing optical fibers as sensors. Because the penetrator pro-

vides the means by which the optical siqnals carried by the fiber are trans-

ferred between the high hydrostatic pressure environment of the cable and the
low pressure environment of the electronics package or manned portion of an

underwater system, it is a key component required in practically all proposed

fiber optic applications under the ocean.

A viable and flexible fiber optic penetrator design would incorporate
many features which have historically evolved in the case of presently avail-
able electrical penetrators. Unless these proven features are supported,

undesirable system impacts might occur which would negate many of the advan-

taqes inherent with fiber optic cables compared to their coaxial cable

counterparts.

* The penetrator design should exhibit low optical through-

put attenuation. Insertion loss characteristics should be

comparable to, and at least as repeatable as, the better

optical fiber connectors presently available in the market-
place. The optical characteristics should be maintained

over the entire spectral region utilized for coiwnunica-

tions.

* The penetrator design should lend itself to efficient

certification procedures. It should be possible to test

and certify the pressure-integrity function of the device

at the time of manufacture - prior to integration with the

cable and optoelectronics. Ideally, the pressure harrier

subcomponent should be standardized and type certified and

should lend itself to inteqration with any type of optical

fiber or connector when incorporated into its final pene-
trator configuration.

* The penetrator-to-cable interface should be fully

demountable from both the high and low pressure sides of

the bulkhead. Ideally, the high pressure side should be
capable of underwater make/break operation, a valuable
asset for some important system applications. Full

demountability obviates the requirement for treating the
penetrator, the optoelectronics assembly and the cable as a

single unit. It allows separation for the purpose of
repair, exchange, transport, and storage of the individual

subsystems over the life and mission profile of the system.



* The desiqn should be compatible with a wide variety of

optical fiber and optical connector types. This reducero
the certification burden as well as minimizing inventory
renuirements. One penetrator type should be capable of

operation with a wide variety of optical fiber and con-
nector styles via a standardized, type-accepted body.

* The desiqn should be inherently straiqhtforward to

manufacture in a repeatable fashion while maintaininq
reasonable manufacturina tolerances. It shoulld not be so

complex that reliability and cost-effectiveness are
ccinpr nised.

* The desian should be ruqaed and robust, permittino.

operation over a wide ranae of temperature and pressure

conditions. It should be resistant to damajo by vibration
and explosive snock. Overall system performance must not
be compromised in any way duie to limitations of the fiber
optic nenetrater.

* The desion should lend i tself to hermetic realizsations

for applications reouirino sustained exposure to hiqh

hydrostatic pressures. For reliability, the desion should
resist vapor intrusion. Glass-to-metal or alass-to-ceramic
seals should be incorporable so as to form a hermetic vapor
barrier without reuirinq a major redesirn or
recertification effort.

Historically, epoxy-filled hypodermic needles, epoxy pottinos, and
elastomeric soueeze bushinos (references 1 & 2) have been employed when it is
required to transfer liqht from an optical fiber across a pressure oradient.

These techniques all realize their liqht transfer function by means of physi-
cally sealinq to the external cable sheath or to the optical fiber itself.
Such approaches fail to satisfy all or mont of the criteria describino a

viable penetrator realization as stated above. t'liile sometimes servinq as
adequate sol utions when applied to toot and evaluation of dhvolopmontal fiber
optic components, ml liance uipon thee techninies is unreal istic and wouLd
result in undesirable enainoerino and operational compromisos if applied to

Navy system applications.

This report discusses a prototype penetrator desiqn developed at the
Naval Ocean Systems Center, potentially satisfyinq all of the above renuire-
ments. Testinq is currently underway to more fully characterize device per-
fonmance as a function of applied environmental stress. The results of the
testino will be reported at a fuiture date. The analysis and prototypinoi

1. RPedfern, J, Taylor, 11, Fastley, F, Albar(s, 1, "Fiber Optic Towed Array,"

N[IC TP 414, October 1Q74, p 22 - 24
2. Ockert, D, "An 11nderwater Penetrator Development in FPier Optics," Oceanic

Enqineerinq Report Number 70-23, Westinohouse Oceanic Division, Contract

IP and D:7R61 , 30 April 1070



performed in the development of this particular des icTn has; proved to ")I anr
important first step toward real izinci workable unders ea penetrators for it iii 4

Navy applications emplovinei optical fibercbls

PRFA IT WTOfN

The penetrator re-al i7atio-n reported here is based uipon the, concepTt

disclosed in reference 3. This approach ut ili i e a (P I.'N rod 1 enFr of ,reLIv
pitch lenqth as a combination pressure harrier and imaciinu de-vice(, F'cheniat
calliy depicted in ficure 1. Because this concept , as reportedi, predatei Ili,
availability of low-lossc si neT e opt icail fibher cab~les (fcilc 1 O)31I it wac1
predicated for use in conjIunct ion with0 opt i ca1 f i her- tundff 1e f Icn

this real i7zat ion is to be a viable approach capable of perform irle cempalt l1%.
with. modern, low-loss, sinqil 0 opt ical fib~er techinol (inv, severail L-,ov ouepst

musqt be answered.
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D fo conteml-,rary CFIN leonses (crir(-1 000) whose optical.1

properties have been ref ined compared to their 1070 vi ntloe
forerunners, exhibit adeonuate fociisino acuiity t op i*rmit

3. Red fern , LT "ifi ih- Pre s stir fpt i citI lu iil heatu Penet r at o5,' Un it eo, St a tes

Pa tent I ,P 2;, 3?20, f ilIed 21 Ma rch 10()7 1, (ra n te 2 i.3 jTilv 1074
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imaclino the 50 micron core of a typical lo)w-!ass opt ical
fiber (into A con f ucTat e rece iv int fibher wit hout the loss- of
an appreciable fract ion of the I ighlt enercvy? What are, the

prspects for suc-h dev ices to heC used in conjlunct ion wit h

sincile mode Opt ical fiber,, which wil1 he employed with scxne
fiber optic commun ication!; and s ensor systems in the
futureo?

* Canil such rod lenses he mouintedi in a suiff icieopty tahl t

manner to pcerm it i-el iall Operation ever A wide r-anle (if

pressure, And tem)ltraturo cond it ions? Th is coni derat inn is
important becausev any rod movement with rsetto the con-
nectors willI resuilt in the defocusqinq Or trainslation of f-he
imacet with a resmiltinel increas;e in inszert ion loss.

* Tc; it practical to fabricate A heavy nienetrator bd

capab~le of wit1hst and ino in excess (if 10 , 201 psi pressure
di ffe rentijal to the' I-eculitred meIchIan i Ca to 101eranceS
necessary to mate pa irsF of si role f ilher connect ors in A
roeeatabloe manner? T f not , what oombi nat ion oif mach ininc

andi al ionment features should be employed to enhance
fabhiicat ion techn jones?

A,- A rsiil t of te research performedi in th i!- development prol r an we
a rc-A sonAhl v con f ilent that paticlhi(I 1oh pefoMance fi ber 0 I't i (- Tl! (e f, ure

ienetirat ors , tit ilI i zi nc the concept presented here , Are ent i i-el v real i .7ale

Pract ical pi-durot-ion dev ircs are ploss~ible to manufacture if s;uit able fabr ica-
t ion terchn iocues are employed . Prntot ype, denountahl o rienet rater on itq sdevel -

oped0, At NOS(c, iitilizino the one-half pitch GRIN lens windiow concep't, combinled

witf, refinement s relat ins to posqitional rod locat ion and connector transverse

ailionment , exhibit aipproximately 1-1.5 dr, optical insert ion loss, malinq theom
ont cal I Iv, conpi rahl o to malny of the better fiber opt iC connec'(torsthcsl

Intrin!7ic insertion loss of the GRIN lens, is on the order of 0.3 dl'; this
permits- A very low level Of insert ion loss to be real ized in nondemiint able
,des- io-s. Prototype peneltratoirs- have been tested to hydrostat ic pressures in

ex-ess- (of 10, 000 psi ( corresqpond inc to maximulm depths; commensurate with over
05Q of the Ocean floor) withouit faill o. odrdainin ptclp-f-

mance was Observed after hi oh pressure "soaks" last incl several days; t hi s

indicatedl that inc-onseciiential posit ional creep in rod position was takinq
ila(-c due( to lono-term appl i el stress. Temperaiture cycl inc Over a ranoc from

-40C' to +1001' caused no class spallIinc due to mismatch) ,f temperature coeffi-

cients between class and metal .A photocraph of a prototype fiber optic
penetrator is shown in ficuires ?a andI :!I.
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THEORETICAL CONSIDERATIONS

The GRIN rod lens chosen for consideration was the SELFOCI Type SLS/2 mm
manufactured by the Nippon Sheet Glass of Japan and distributed by the Nippon
Sheet Glass Ccnpany, USA. This unit exhibits the following characteristics:

Numerical Aperture (NA) 0.30

On-axis Refractive Index (n ) 1.545
s

Radial Grading Constant (A) 0.0361
Ncninal Diameter 2.0 mm
Nominal Pitch Length 32.8 mm

Cost in 1980, Unit Quantities $40

The type SLS GRIN lens appears to be the best choice among SELFOC
products in that it exhibits adequate numerical aperture to collect nearly all
the light enitted from a low-loss graded index optical fiber (whose NA typ-
ically ranges from 0.14 to 0.28). Relatively moderate chromatic pitch depen-
dence is inherent in the Type SLS compared to larger NA devices such as the

Type SLW. This is very important in the case of wavelength duplexed communi-

cations link applications. Two mm corresponds to the largest standard diam-
eter presently available in the SELFOC line although larger diameter lenses
have been fabricated and are currently being transitioned into production.
Larger diameter lenses minimize the mechanical interfacing mismatch of lens to
connector, facilitating fabrication. Likewise, ultra-high resolution SELFOC
lenses have been developed which permit imaging of single mode optical fibers

with low loss. The device employed to construct the penetrators reported here
is a standard item currently being mass-produced in Japan - mass production

keeps reproducibility high and cost low.

Referring to figure 3, equations (1) and (2) describe the imaging rules
of a SELFOC lens, modified for the case where the device is immersed in a
matching fluid medium.

3. 1"'1m, tUl cac, "'A M I

fjtjid I Mf)(diL11n.



n ns 2 JAcos/7 + nsinJAZ

1  nJA ns 2 jAsinjAZ - ncoslZ (1)

2 Tr(2)

where: tilt2 = Image plane positions

Z = Lenqth of SELFOC lens

A = SELFOC lens radial grading constant
n = Refractive index of the SELFOC lens on the

optical axis

n = Refractive index of the medium surrounding the

SELFOC lens
P = SELFOC lens fractional pitch lenoth

If the SELFOC lens is chosen to be exactly one-half pitch length, an

object in contact with one face creates an inverted, real imaae of itself (at

unity magnification) on the opposite face. This would be undesirable in a

practical penetrator realization because of the possibility of entrappino crit

between the lens face and the connector end, scratchinq both the lens and the

fiber held by the connector. A small setback between lens face and connector,

implying that imaqino should occur slightly outside of the SELFnC lens, is
desirable. As determined by equations I and 2, this requires that the lens

length be sliqhtly less than one-half pitch.

Equations (1) and (2) are plotted in figure 4 for the case of symmetrical
lens-to-connector spacino conditions where the rod lens is immersed in an oil

medium having a refractive index of 1.50.

It is noted that an optimum locus of conjugate spacing (L = I = 2

occurs which is relatively linear over the dimensions of interest, 29 - i0

micrometers (0.001 - 0.004 inch). In this region, the required pitch length

can be quickly determined by employing a linear regression approximation as

expressed by equation (3).

L = 11210 - 22419P (3)

where:

L is in micrometers, and

P is the SELFOC lens fractional pitch length

For example, in order to achieve a 38.1 micrometer clearance dimension between

lens face and connector (0.0015 inch) a lens fractional pitch length of 0.4983
inch is dictated.

Because the refractive index of all transparent materials is a function

of wavelength and because SELFOC lenses are composed of a glass composite

(thallium-doped borosilicate in the case of the Type SLS), the pitch length of

7
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a given lens is a function of wavelength. This implies that the clearance
dimensions calculated above depend upon the wavelength of light transmitted

through the lens. In the case of wavelength multiplexed or duplexed trans-
mission schemes, the lens face/connector standoff dimension can only be
"correct" at I wavelength. It is necessary in such cases to predict the
performance degradation expected insofar as insertion loss is concerned.

The pitch length of a SELFOC lens is given by equation (4) and wavelength
dependence of the glass composing the Type SLS lens by equations (5a and 5b).

fn ( M
Z = J2nPR n (4)

n = 1.5345 + 7.40x10O A 2  (5a)

n = 1.5076 + 5.00xlO5/A 2  (5b)
R

. R.



where:

R = Radius of SELFOC lens
0

= Optical wavelength in A

5n = n (A) - n (M)
o r

Plotting dP/P as a function of wavelength, figure 5 is obtained. The
percentage change in pitch length is normalized to a wavelength separation of
1 micron.

25

20 p

for \ 1.

15

10

5

0

I I I I I I I I I
16 15 14 13 12 11 10 09 08 07,

Figure 5. Chromatic pitch depeindence vs wavelength fol NSG t \'je
SLS/2mm SELFOC rod lens.

It is observed that the change in effective pitch length as a function of
wavelength is substaftrial at short wavelengths (ie, the visible portion of the
spectrum) but much less pronounced in the near infrared. For example, in the
case where the two wavelengths are 0.83 micron and 1.06 microns, as in a
typical wavelength multiplexed communications link, a SELFOC rod exhibiting
0.499 pitch characteristics at the short wavelength has an effective pitch
length of only 0.491 at the long wavelength. This result will be utilized
later in this report to predict the increase in insertion loss which would be
exhibited by a penetrator employed under such conditions. Because the trend
in high performance fiber optic systems is toward longer wavelengths where
optical fiber transmission characteristics are optimized, the example con-
sidered above represents a worst-case situation. For example: if the two

wavelengths are changed to 1.27 microns and 1.55 microns (corresponding to the

-9' 'ld - " 
"

"tm a| . .
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Measurement uncertainty in the instrumentation was due primarily to thermally-

induced drift in the micropositioner assemblies; the long-term stability of

the setup was approximately 0.03 dB/hour. The data presented here are there-
fore meaningful to a few hundreths of I dB insofar as precision is concerned.
Micropositioner calibration permitted a mechanical resolution of approximately
5 micrometers (0.0002 inch), hence, the accuracy of the positional
measurements is of this order.

A number of parameters were held constant throughout the entire series of
measurements:

wavelength 0.83 micron
Fiber Type ITT Type T-212 GI MCVD

Index Matching Fluid Glycerin (n = 1.4746)
SELFOC NSG Type SLS/2 mm

0.499 pitch at 0.83

micron wavelength

Several SELFOC lenses from the same production run were evaluated.
Because the results agreed within a few percentage points between units, the
measurements obtained with a "typical" SELFOC lens are presented.

The optical fiber employed in the test is typical of modern, low-loss

(3 dB/km) graded index telecommunication fibers and conforms dimensionally to

the 50/125 micron international core/cladding standard dimensions. The fiber

has an advertised short length numerical aperture (NA) of 0.22 which is rel-

evant because 1 meter lengths were employed in the test setup in order to give

insertion loss performance approaching worst case. Very long fiber lengths
would exhibit somewhat reduced effective NAs (the modal equilibrium condition
is approached) which would result in better focusing by the rod lens, hence,

lower insertion loss.

As a baseline measurement it is informative to consider optical insertion
loss as a function of lateral alignment mismatch for two butt-coupled, graded

index optical fibers. The fiber faces were prepared by the diamond scribing
and fracture technique (reference 4) and were quite flat and uniform. Glyc-
erin was employed as the refractive index matching fluid between the cleaved
fiber faces serving to minimize loss due to Fresnel reflection. Its optical
properties closely approximate those of mineral oil which is used in the final
penetrator design. The configuration is depicted in figure 7.

When the optical fibers were "perfectly" aligned, the light throughput
was defined to be unity (0 dB). The insertion loss was, therefore, nonzero
for any mechanical misalignment from the "perfect" location. Insertion loss

as a function of transverse displacement is shown in figure 8 for the case of
two, butt-coupled fibers.

4. Gloge, D, Smith, PW, Bisbee, DL, Chinnock, FL, "Optical Fiber End
Preparation for Low-Loss Splices," Bell Syst Tech J.

11
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Figure 8. Transverse displacement loss

of butt-coupled optical fibers.

Notinq that 25.4 micrometers = 0.0010 inch = 1 mil, it can be seen that a

lateral misaliqnment of 11 micrometers (0.43 mil) is sufficient to introduce a
liqht couplinq loss of 0.5 dB between the two fibers. A displacement of 19.5
micrometers (0.77 mil) causes a 1.5 d1 insertion loss. An insertion loss of 3
d corresponds to a lateral misaliqnment of 27.5 micrometers (1.07 mils); in

12



this case only one half the transmitted power is coupled from one fiber to the
other.

The problem faced by designers of commercial fiber optic connectors for
50 micrometer core fibers is quite apparent; that of guaranteeing consistent
alignment accuracy for a low-cost, mass produced component.

The penetrator realization developed at NOSC utilizes a nominally one-
half (0.499) pitch SELFOC lens as an optical relay element. The experimental
configuration employed to evaluate the insertion loss of the SELFOC lens for
such applications is depicted in figure 9.

The insertion loss is plotted in figure 10 as a function of fiber lateral
displacement over a range of symmetrical fiber to lens face setback
clearances.

It was observed that the insertion loss was minimized for setbacks on the
order of 0-25 micrometers, as would be predicted by equation (3) for a SELFOC
lens of 0.499 pitch length (tI = Z2 = 22 micrometers). Insertion loss
increases rapidly for setbacks exceeding approximately 40 micrometers. Near
the optimum setback distance, transverse alignment tolerances are comparable
to those observed with butt-coupled fibers, implying that the image of the
fiber core is distinct. As the setback distance increases, causing the image
to defocus, the tolerances relax somewhat; the larger, blurred image is easier
to maintain aligned with the receiving fiber. This indicates a tradeoff
between insertion loss and criticality of alignment. Measured insertion loss
as a function of setback distance, assuming perfect transverse alignment, is
given by figure 11, for the case of a 0.499 pitch lens inersed in glycerin.

This experiment demonstrates for the case of "perfect" fiber alignment,
that the insertion loss of a typical SELFOC relay lens is nominally 0.3 dB
under the conditions evaluated. In order to maintain less than 1.0 dB of
total insertion loss in a demountable pressure penetrator, the transverse,
peak fiber alignment error must be less than 11 micrometers. Longitudinal

tolerances of less than 38 micrometers must be maintained. In the case where
a total insertion loss of 3 dB is tolerable, peak tolerances must be less than
22 micrometers and 100 micrometers, respectively.

Because the chromatic dependence of the lens introduces an effect similar
to that of altering pitch length as a function of wavelength, the results of
figures 10 and 11 can be employed to estimate the increase in insertion loss
due to chromatic aberration. In the case of a penetrator optimized for opera-
tion at 0.03 micron, the effect of introducing 1.06 micron light is the same
as reducing the pitch length of the rod lens from 0.498 to 0.491 but not
reoptimizing end clearances. This would result in approximately 3-4 dB of
additional insertion loss. The magnitude of this effect can be reduced by
optimizing the penetrator at a wavelength intermediate to the two wavelengths
specified, using, perhaps, a SELFOC lens pitch length of 0.495. This tradeoff
approach is clearly system dependent because the transmission link may operate
with much greater margin at the longer wavelength (this if usually the case),
hence, the link may be able to afford greater insertion loss at the penetra-
tor. Fortunately, this effect is much less severe at the long wavelengths
presently contemplated for long-haul, undersea system applications. For
example, if the previous wavelengths are changed to 1.27 and 1.55 microns, the
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Figure 11. Longitudinal displacement

loss of optical fibers imaged by

2.499 pitch SELFOC lens.

increased insertion loss at the longer wavelength is approximately 0.8 dB if
the penetrator is optimized at the shorter wavelength. Optimization of the
penetrator at an intermediate wavelength would result in even smaller
chromatic effects.

MECHANICAL CONSIDERATIONS

In order to predict environmental performance of the penetrator design it
is necessary to determine the mechanical effects due to externally applied
stimuli: differential pressure (glass stress, epoxy shear) and temperature
cycling (glass compressive stress).

Glass stress was modeled as a function of pressure by considering a cir-
cular steel disk with a centrally located 0.080 inch diameter hole to approxi-
mate the condition encountered when a SELFOC rod is bonded into a metal bulk-
head. This assumption implies that the glass, which would fill the hole in
the actual device, exerts no restoring force upon the metal surrounding it.
This corresponds to a worst-case assumption insofar as plate deflection is
concerned. The plate was assumed to cover a 1-inch diameter mounting hole as
depicted in figure 12.

15
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The plate deflection was calculated as a functior ,f applied pressure
differential for the extreme cases of fixed and nimpl .supported odoes
(reference 5). The latter was found to exhibit oreate defl(ction aq a func-
tion of applied pressure and is reported here because it qives more conserva-

t-ive results. Such a case is shown in ficiure 13.

Results of the modelinq are given in ficure 14 for an applied pres sure of
10,000 psi. Plate displacement due to flexure, hole radius contraction (at
the hiqh pressure surface), and tensile load on the steel plate are plotted vs

plate/window thickness.

The failure mode of the olass was hypothesized to he spallinq of the
edqes of the hiqh pressure face of the SELFOC lens due to the uneven com-
pressive forces actinq upon the window as a result of plate flexure tnder
applied pressure. This hypothesis was verified experimentally utilizinq a
0.250 inch thick qlass window mounted in a type 1704 stainless steel bulkhead
usinq a hard solder sweat. Failure due to spallinq of the edqes of the window
was first observed when the applied pressure exceeded 5000 psi, correspondinoi

to a calculated plate deflection of 0.001 inch, a chanoe in hole radius of
).(I nch5 ailu t tie hiqhi rc,surc surface, alnd i .stt's vl ,i thc -tel of
c0,nnn psi. No leakaqe occurred at a pressure of 11,500 psi (the limit of our
test equipment), even thouqh the hiqh pressure side of the window was badly

spalled and qlass fractures in planes parallel to the bulkhead had formed.
The low pressure side of the window remained intact. Because the bulkhead
containinq the SELFoC rod in the penetrator desiqn reported here is approxi-
mately n.65 inch thick, window failure at a pressure of 50,000 psi can be

5. Roark, M, Formu las fo r St re as and Strain, Mc(raw-Ii I I , NY, 1 )(.
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inforred from f iqure 14 due to qIass spa I Iinq. Plate ieflec-tion corresponds
t,, less than 0.0001 inch at a workinq pressure of 10,00 psi. Stress upon the
steel is on]' .0,(00 psi; this allows for the employment of a low-strerlqth
metal alloy selected for free cutting properties and corrosion resistance
criteria instead of tensile strenqth. A safety factor of approximately five

at an applied pressure of 10,000 psi is inferred for qlass breakage.

The shear force actinc upon the epoxy employed to bond the SELPCC rod
into the metal bulkhead was c-alculated usi nq equation (', ,crived, from qeO-
motrical considerat ions.

S - 11 ("/1)
(6)

where:

S = Shear force
= Pressure differential

d SELFOC lens diameter
I = SELFOC lens lenqth

The aspect ratio (d/l) ot a type SLS SELFOC lens is 0. 122, independent of
rod diameter. The epoxy employed is Epotek'T Type 101-2 which is speclfi ed as
having a lap shear strenqth (aluminum to aluminum? of 2,000 psi. Allowing the
epoxy shear strength to be derated to 1,000 psi for the case of olass to steel
bondinq kprobably conservative), the epoxy will shear at an app lied pressure
level of 33,000 psi, correspondinq to a safety factor of at least 3-4 for the

epoxy bond.

The thermal stress effect was modeled by a 0.080 inch diameter b ,roi] i-

cate c-rown qlass rod in intimite contact with a 2.0 inch diameter concentric
stainless steel annulus. Because the temperature coefficient of theI mtal
greater than that of the glass, the metal is expected to squeeze the olasFr at
cold temperatures, placing it under stress. Under these assumptions, the
glass is subjected to a radial compressive loading of 1,030 psi when coole'd
from f20 F to -20 F (reference 6). This is well below the 50,000 psi compres-
sive strenqth typical of soft glasses. Because the glass and metal are not
actually in intimate contact, but have a thin film of epoxy between them
(which has an elastic modulus approximately a factor of 30 less than either

the glass or the metal), the above calculation is quite conservative. In
practice, the epoxy acts as an elastic cushion layer which effectively reduces
compressive and tensile loading upon the glass. The penetrator is expected to
pass MIL temperature cycling over the range of -55 C to +125 C in storage at 1
atmosphere. Whether the device can maintain satisfactory operational inser-
tion loss under such conditions and r-ma'ut within optical specifications is

currently tinder determination.

a. Gatewood, PC, Thermal Stresst,s: With A} 1 ,At lon t Ai lai,int Missi les,

Turbines, and Nuclear Reactors, ML~rw-hiil I , I , 7
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MECHANICAL TOLERANCES

The mechanical tolerances which must be maintained in order to assure

satisfactory optical performance for a demountable fiber optic penetrator (or

connector) are quite stringent. In order to achieve less than 1.5 dB of total
insertion loss due to misalignment and defocusinq, it was determined from

figures 10 and 11 that the following peak mechanical tolerances in locatinq

the fiber cores must be achieved in production and maintained in the field:

Transverse less than 15 micrmeters, or

Concentricity less than 15 micrometers, or

Longitudinal less than 60 micrometers.

These tolerances correspond to those required to mate a pair of 50 micron

core, graded index telecommunication fibers in an "optically satisfactory"
manner. Each tolerance corresponds to a peak value and assumes that all other

mechanical misaliqnment is negligible. For the purpose of this analysis, peak
displacement error values are employed; it is assumed that multiple misaliqn-

ments add in an RlS manner (average erors accumulate). In practice, the

possibility exists for poorer (or better) performance because peak values may
add (or subtract) constructively. on the averaqe, however, such events appear

to he relatively improbable.

The connector selected to mate with the prototype penetrator is the Type
Q06"M , as manufactured by Amphenol, Incorporated. A drawinq indicating the

construction of the alignment mechanism of this device is shown in figure 15.

EPOXY
FL I ER

CONCENTRIC
HOLE

Figure 15. Alignment mechanism, Amphenol Type 906 c

fiber optic connector.

This connector uses four roller bearings pressed into a relatively large

diameter hole bored in a precision-machined plug body to achieve accurate

optical fiber core alignment. The optical fiber is inserted through the hole

formed between the roller bearings and is epoxied into place and lapped to
length. A subsequent polishing operation assures an acceptable optical finish
on the face of the fiber. The entire installation procedure, exclusive of the

7q



opoxy c~uin(1 t ine, takef abouvt- 2r P-inilte,;. I rn n-)rma I se, i unit is mnat-! to(

a Se Ofl)ni ilient ical INf~ti0 S a. pr(i! Pc, ifl Wctinr moli,, le hFLPINI' r

to ach ,ievo transverse ini long ittud i nal ilicionmont. In!ert iof loss. losF
1. PCtypica,-l )is claimed! b, the Mario oturel The0 Type( P00 waS eni (,W'11 IT'

our anpliatien for several reasons:

Tt- i s of sta i nlper steel construct in
Its al iconment- no-,( i s of smrall 111 OO(-tfr ( approximatolv t hat rif SL

I ens )
T is a I'e rna nh rodi It i r if- i (in

It is- readlily v l installable
Tt- exhibits ac(eprtable insert ion loss 1harartoriFntics;
It- is relatively inexpensive

It- is an inlustrv-ar-ept (ol romnnent-

As more sulitable fiber opti je cnnectors; beconme -omnerrial ly available in t ho

marketplace it- is I lkely that the penotrator desioan car]i Ne a] teredi to accrOm-

modlate t1 'en.

N'oasurements taken on seven Amp' enol Type 11(C, fiber orptic neco,

fjelAi insRtalled' by the authors- group and measured by the NO5 -C MetrolJoy
laboratory, inicrate that +the fol lowing neak- mech~anical tclerances. Are

acieeduing7 fieldl insFtalledC, produioi-n devicesq:

Transv:erse n1 (absonrbedi into, fiiber dii sneter I

Concntricity 3 micrometers
Lappedi lenath 5 micrometers

Yanuifacturer's data from International TeleIphone and TelegraphI Cornoratior. ari

other opnt ical fiber produce(rs, indirate t-hat the tel erancen - presezzntly
-ic1 ' jvable with regardi to thek optij al 17fitass t-bemselves are or the ordler of:

Transverse (diameter) " micrometers
rore cncentric-ityv 5 miromoters
Lent P S 1r (if lappedi into a c-onnec-tor)

If toleorances for two cnneoctors are combinocd andi addred in an RMS fashion, the
total error (-an be estimated for a matedi pair of "perfoctl y aligined" .onn~ec-

horsq containing installed fibers:

Transverse 10.9 micrometers-

Lorngitudinal 7.1 micrometeprs

It- is seen that under ideal conditions (an absoluitely perfect external

alignment mec(hanism is employedi to index the connectors) considierably less
than 1., HRI of total insertion loss should hie achievable (misaliqnment less

than 1; micrometers). It is also apparent that it is just barel-y po~ssible ( in
theory) to achieve the req(ui red 11 .0 micron peak tolePrance ( on the average)

necessary to exhibit less than I dR insertion loss. The above, of course,

postulates. an aliqinment mechanism with no errors of its own. This cannot be

the case, hence, tolerances in the penetrator aliqoment mechanism (partic-
uliarly transverse errors) will contribute to overall insertion loss and will
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beqin to dominate if allowed to exceed approximately 10-15 micrometers. Lon-
qitudinal tolerance must be held to much less than 60 micrometers if longitu-
dinal misalignment is not to introduce appreciable additional insertion loss.
If the longitudinal locating accuracy of the penetrator is better than approx-
imately 5 micrometers, longitudinal errors will be dominated by the length
uncertainties of the lapped connectors themselves.

It was determined that the penetrator realization could utilize precision
machining operations (turning and lapping) to achieve the reQuired lonqitu-
dinal alignment accuracy, but that it would be necessary to provide some type
of adjustable alignment mechanism which would be permanently locked into posi-
tion after adjustment to achieve transverse alignment. This is necessary for
metal machining considerations and because the optical axis of the SELFOC lens
may not correspond exactly to its physical axis. The design presented in this
report utilizes a movable stainless steel plate accommodating one connector
assembly. This connector assembly is slid upon a film of epoxy resin to
achieve accurate transverse alignment with the penetrator body containing the
SELFOC lens and the other connector. Upon curing, the epoxy locks the entire
assembly into a single unit which is permanently aligned. Currently, investi-
gation is underway in an effort to eliminate the use of epoxy for this func-
tion due to possible long-term instability. Electron beam welding is under

consideration for joining the alignment plate to the penetrator body in a
permanent and stable manner.

Several potential sources of misalignment error exist:

Transverse

Tolerance upon the hole diameter rec'uired to accommodate

the locating nose of the connector.

Hole ellipticity, contributing to connector wobble.

Longitudinal

Grinding tolerance limitations encountered during fabrica-

tion of the penetrator body and alignment plate.

Variations in epoxy film thickness.

Frcn a practical standpoint, the above implies that the hole should be as
round as possible and should be no more than 5 micrometers larger than the
maximum diameter required to fit the connector nose. This translates to a
hole diameter which is controlled to less than 0.0002 inch overall.

Fabrication errors totaling no more than 25 micrometers (0.001 inch)
should exist with regard to plate, body machining, and grinding tolerances,
plus epoxy film thickness variations. The epoxy must be mixed consistently
and applied at a known temperature and clamping pressure so that batch-to-
batch variations in film thickness are minimized. Epotek 301-2, catalyzed per
the manufacturer's recommendations and applied between 2-inch diameter stain-

less steel disks with 2.5 pounds of clamping pressure, at 25 C, was empiri-
cally determined to form a cured film thickness of 38 micrometers (0.0015

inch).
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SiN j~r t-Wt \'tr~~ to unit!n were constructed 'ur i nq PYPO at NOF7C in
order to verify theo conc-ept Iprese#n ted prey i ois) y and to provide tin jt for

prel iminary test- andi e'val uat ion. An aFnse(ml y drawi nq depict inq the( crinstruc-
r ion of the( units is a ion in f inure iF.- Construct irn is of Type 303 alloy

sta in les '-c - .
1

7T), imirae u t- weT,. ,ontrictel in two) soct ions: A penetratenr

bodyv, wv i oh ro'.' li.e t- !e seal i no, proqsuire, barrier, and imani noi fun-t ions, and
an aiiiionment pl a -e which permitsz the reni ired transve,(rse tel erances to he
ach ieved . A pressu kre ruaIlz at-i on hole in the al ignment pl at e allo ws for ojI
tra)nsfer .5theF connector ijo inserrteod or removed fro(m the pe-net rater. The,
SFTFOC lenses7 were bonde(d into theo hbiklhadr7 us inu low v i scesi ty epoxy (Fpotfe -

30-1wh'ich was inserted 1on en aIl vacul Ium fi I I inn( tecrhninuTie t-"o e'tnure 1*tar

voirds were not forn,.ed ( referenceo 7) Afteor arqirrx mate) v 40 !:ours of criinn
at- 3r) (, each comprloted "-,ntrator bob" asse-mbly was press;uri zedi to 1 1 , 00 ps'i
for approximately I 1 hour. (Pefore-andI-after dimensional measuremnts5 with a

prec-ision dial indicatoir dIemnst rated that nencl inible rod movement due to

epoxy creep resul ted from' this proof test . ) Tn a similar manner, the penetra-
ter bodyv can be ceritified for res sure andi shock inteor it v prior to) nt eira-
t ion with other optical rnmpnonts surlh as connectors and cab) en. A
photooiraph of a pre-totvpe, pvntrator nri(or to final a!nsembl y is shown in
fiouire 17. An optional indium solder vapor seal ran he deopositeod, bridrnirn

glass(: and metal , if hermoticitvY is reouired.

The final assembly process joins the two sections into a coriplete pene-
trator assembly. This function is; accomplished by X-Y micropositioninoi the
aliginment plate (containing an installed Type, Qn connectorized fiber) with
respect to the pe*netrator body (containino another suich connectorized fiber)

in order to maxize7( the intensity of an optical test- signal which is trans-
mitted throucnh the unit while it is instal led inl the a) inment fixture. A 2. 5
pound weioht serves t-o press the a) inoent pl ate into close proximity with, the
penetator body. The plate floats on a thin film of tiriepoxy resin,
which acts as a lubricant. The epoxy ultimately cures to provide a stable
joint which locks the sections together into a unitized penetrator. After the

alig-nme-nt is acccfnpl ishe,-d, but before the epoxy has set, the assembly is
tacked tonetber with sevveral drops of cyanoacryl ate instant adhesive (Loctite
Type, 405, i. The cyanoacrylate creates a stable bond in less than 5 minutes

which is stronq enougqh to permit handling o)f the assembled penetrator without

allowingT plate movement. This permits the aligned but uncured unit to be
removed from the alignment fixture for the duration of the epoxy set-up time
(approximately ? dlays); this frees up the fixture for alignment of other
Units. A completed penetrator is shown in figure 18.

7. CoeShu:lrv, 111, Y )urn;, (7, Reffe ru, J , 'tinder ,i -11 iqh Pressur-e
Bulkhbpal P-11 t m it -r for I'- With Fib)( r Opt ic Cables" United States Patent,
N IVy iacI O-( INo)v'mticr 19.()
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Figure 17. PIoLoty e ltratcr 1 Lir o f iril assembly.
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PRET IMTNARY TE.T PESqI1lT/

2'.voraI ftests were performed tuon tho c-omr p orid ponetrators to determine

insertion loss and survivability under applied stress. Extensive characteri-

zation of optical performance under stress conditions is current]% ongoing in
the FYVI phase of the program and will be reported at a later date.

Tn ertion loss characteri:a: ion of the penetrators war performed by
inserting a pair of Amphenol Type iO, fiber optic cnnnectors containing SO

micron core, qrad ed index optical fibprs into tih ,. I. : ( t i 1.).

EPOXY F IL M

FIBER

IMAGE OF

0OPPOS IT E4

C JNNECTOR
SELFOC LENS

906

CONNECTOR

Figure 19. Detail of alignment ilate adjustment for maximum

optical signal throughput.

Mineral oil (refractive index = 1.50) was used as a combination index

matching fluid (serving to minimize Fresnel reflection loss) and lubricant (to

prevent metal galling between the connectors and their receptacles). The

average insertion loss introduced by a cascade of two connector plugs plus the

penetrator assembly was on the order of 1.0-1.5 dB. This is equal to or bet-

ter than the throughput characteristics exhibited by the connectors when mated

in an Amphenol Delrin alignment bushing, the manner in which they are normally

employed and as depicted in figure 20. Typically, insertion losses on the

order of 1.9-3.0 dB are routinely observed between mated pairs of Amphenol

Type 906 connectors used with ITT Type T-212 optical fiber.
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ALIGNMENT SLEEVE CONNECTOR NOSE LOCATING Li1

FIBER CONNECTOR FACES

Figure 20. Detail showing Delrin"'"' aliqm t s'v, ,,(I1.
omilloved to align Aimhenol Type 10iC)fi,, r ()I t J it .

Apparently, the alignment accuracy as a result of the adjustable feature of
the penetrator design employed here is superior to that exhibited hy t-e
factory-supplied, fixed alignment bushing. This increased alignment accurdcv
is such that it more than compensates for the 0.30 dR insertion loss typical
of the SELFOC relay lens which is not present, of course, when the factnry-
supplied alignment bushing is employed. Considerable variation in throughput
level was noted when the connectors were rotated in their respective alignment
receptacles, as is the case with the factory-supplied delrin bushing as well.
This implies that a major contributor to the alignment error is lark of cnn-
centricity of the hole in the connector and of the fiber c-ore wit1,ir the
cladding. Insertion loss as low as 0.5 dB was observed for some of the pene-
trator units when the connectors were rotated to optimum x-sitions as deter-
mined by monitorinq throughput power. An even lower insertion loss wOrld be
obtainable from a penetrator not requiring the demountability foaturo.

Ongoing evaluation during FY81 is intended to generate a statistical dati
base using an ensemble of Type nf6 connectors (from various Amphenol produc-
tion runs) which have been characterized as to insertion loss and an ensemh],
of penetrator units. This procedure will quantify tin woi!;t-caC, , ,-
and average insertion loss performance figures. These figures will apply to
the penetrator design when it is employed with "typical" Amphenol Type PO(,
connectors. Such data are very valuable in engineering applications where tho
effect of the penetrator upon the optical performance of a communications link
must be predicted when the device is installed in a particular system.
Insertion loss as a function of wavelength will also he measured in order to
quantify changes in penetrator attenuation due to chromatic &, rrit ion in the
SELFOC lens.

Survivability to hydrostatic pressure was determined using the apparatus

shown in figure 21.

No failure in the penetrator sealing integrity was noted when a pressure of
11,5no psi (the maximum pressure capability of the testirT '0 i1il itu:; ,' ' ' "it )
was applied to the assembly. This pressure corresponds to an ocean depth of



PRESSURE PENETRATOR
UNDER

1 SEAL

-P - TEST FIXTURE

Figure 21. Pressure tolerance test

configuration.

23,000 feet. To determine whether epoxy creep and resultinq rod movement
(which would result under pressure) occurs, the assembly was subjected to

11, 00 psi for a period of 3 days at 25 C. Insertion loss measurements per-

formed before and after this soak test indicated that no measurable chanqe in

the throughput characteristics occurred. This implied that epoxy creep was

small or zero, at least for this combination of time, temperature, and

pressure.

Measurements will be taken in order to characterize insertion loss as a

function of pressure during FYRI. These will determine if any elastic defor-

mation effects are present in the units which would give a pressure-dependent

response. The former test, of course, only checks for inelastic deformations.

The penetrators were temperature cycled from +25 C to -40 C to +100 C and
back to +25 C to check for glass breakage due to differential stress - none

occurred. Throughput characteristics remained the same before and after

sibjection to temperature extremes. Ongoing characterization will Quantify
optical throughput characteristics as a function of temperature.

SUMMARY

A design for and several prototype models of a hiqh performance, demount-

able, high pressure penetrator for fiber optic cables have been developed by
NOSC. Such devices will be required to realize practical undersea system

applications employing optical fiber cables. The approach utilizes the
imaging properties of GRIN rod lenses to provide a low insertion loss, high

pressure window (which is sealed into the pressure bulkhead). Such an

approach overcomes the disadvantages exhibi4-ed by previous attempts at realiz-

inq fiber optic penetrators, which attempted to seal the fiber itself or the
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entire cable jacket into a bulkhead. The GRIN rod approach preserves essen-

tially all of the operational attributes associated with conventional electri-

cal pressure penetrators, making system design using fiber optic cables in the

undersea environment more straightforward. Composite connectors containing

both fiber optic data transmission elements and electrical power pins are

raadily realizable using the technique. The realization allows qlass-to-meta]

sealing to be incorporated into the penetrator design for use in conjunction

with piqh-reliability electronic systems.

The prototype penetrators constructed during this program were capable of

an optical insertion loss of 0.3 dB in a nondemountable configuration and 1.5

dB when made fully demountable by use of interchangeable optical fiber cnnnec-

tors. In the latter case, the throughput attenuation is dominated by mchan-

ical imperfections in the presently available connectors and optical fibers.

The mechanical tolerances required to machine the penetrator alignment recep-

tacles were found to be obtainable using industry-accepted, precision machin-

inq techniques. A uninue fine adjustment feature incorporated into the

realization relaxes the machining reouirements associated with thre critical

connector transverse alignment specifications, makinq the design readil,
manufacturable.

Preliminary testing carried out at NOSC has shown the orototype penetrl-

tor units capable of withstandinq pressures in excess of 10,000 rsi with no

measurable degradation (this pressure level corresponds to oporation with a

calculated safetv factor of approximately 3 to 4). No damaqe occurs to tho

units when cycled between temperatures of -40 C to +100 C. Ongoing testino

will characterize optical performance as a function of external stress.
Results of the characterization proqram currentlv underwav duirinq FYP1 wi ll be

the topic of a follow-on repnrt.

CONCL S I ON

The desicm presented here is a promising approach for manufacturino fire

optic undersea penetrators for Navy systems. Desirable operational featurec

t7raitionally associated with electrical penetrators are readily supported in
a fiber optic nenetrator vhn GRIN imaqing rods are empioye as pressure

windows. Prototype devices have been shown to exhibit excellent optical an i

mechanical performance while simultaneously permittino practical manufacturinci

techniques to he employed for construction.
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