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INTRODUCTION

This program was undertaken as an effort aimed toward developing generic
concepts and prototype designs for a high pressure undersea bhulkhead 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 employina fiber optic cables for com-
mand, centrol, and communications. Optical penetrators may also be reauired
in systems utilizinag optical fibers as sensors. Because the penetrator pro-
vides the means by which the optical signals carried by the fiber are trans-
ferred between the high hydrostatic pressure enviromment of the cable and the
low pressure environment of the electronics packaage 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-
ahle electrical penetrators. Unless these proven features are supported,
undesirable system impacts miaht occur which would negate manv of the advan-
tages 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 hetter
optical fiber connectors presently available in the market~-
place. The optical characteristics should bhe maintained
over the entire spectral reagion utilized for communica-
tions.

* The penetrator design should lend itself to efficient
certification procedures. It should he possible to test
and certify the pressure-~inteqrity function of the Adevice
at the time of manufacture — prior to integration with the
cable and optoelectronics. TIdeally, the pressure barrier
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 confiquration.

* The penetrator~to-cable interface should be fully
demountable from both the high and low pressure sides of
the bulkhead. 1Ideally, 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.
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* The desian should be campatible with a wide variety of
optical fiber and optical connector types. This reducee
the certification burden as well as minimizing inventory
reaquirements. 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 Adesign should be inherently straightforward to
manufacture in a repeatable fashion while maintaining
reasonable manufacturing tolerances. It should not be so
complex that reliability and cost-effectiveness are
campranised.

* The desian should be rugaed and robust, permitting
operation over a wide ranage of temperature and pressure
conditions. It should be resistant to damaage by vibration
and explosive shock. Overall system perfermance must not
be compromised in any way due to limitations of the fiber
optic vpenetrator.

* The desian should lend itself to hermetic realizations
for applications reauiring sustained exposure to high
hydrostatic pressures. For reliability, the desian should
resist vapor intrusion. Glass-to-metal or alass-to-cervamic
seals should be incorporable so as to form a hermetic vapor
barrier without reauiring a major redesian or
recertification effort.

Historically, epoxy-filled hypodermic needles, epoxy pottings, and
elastomeric squeeze bushinas (references 1 & 2) have been employed when it is
required to transfer light from an optical fiber across a pressure agradient,
These techniques all realize their light transfer function by means of physi-
cally sealing to the eoxternal cable sheath or to the optical fiber itself.
Such approaches fail to satisfy all or most of the criteria describina a
viable penetrator realization as stated above. While sometimes serving as
adequate solutions when applied to test and ecvaluation of developmental fiber
optic components, reliance upon these techniaues is unrealistic and would
result in undesirable enaginecerina and operational compromises if applied to
Navy system applications.

This report discusses a prototype penctrator desian developed at the
Naval Ocean Systems Center, potentiallv satisfyving all of the above reaquire-
ments. Testing is currently underway to more fully characterize device per-
formance as a function of applied environmental stress. The results of the
testinag will be reported at a future date. The analysis and prototypina

1. Redfern, J, Taylor, H, Fastley, R, Albares, D, "Fiber Optic Towed Array,"
NUC TP 414, October 1974, p 22 - 24

2. Ockert, D, "An Underwater Penetrator Development in Filter Optics,'
Engineering Report Numher 79-23, Westinahouse Oceanic Nivision, Contract
IR and D:7R615, 30 April 1079
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performed in the development of this particular desian has proved to Le an
important first step toward realizing workable undersea penetrators for future
Navy applications emploving optical fiber cables.

REALTZATION

The penetrator realization reported here is based upon the concept
disclosed in reference 3. This approach utilized a CRIN rod lens of one balf
pitch length as a combination pressure barrier and imaaginag device, schemat i-
cally depicted in figure 1. BRecause this concept, as reported, predated the
availabhility of low-loss single optical fiber cables (cire 1973) it was
predicated for use in conjunction with optical fiber bundle toechnoloay.  Tf
this realization is to be a viable approach capable of performinag compataibly
with modern, low-loss, sinale optical fiber technoleay, several key aquestions

must bhe answered.

OPTICAL FIBER
HIGH PRESSURE PENETRATOR
DESIGN "A"

METAL BULKHEAD
‘ EPOXY BOND

HIGH PRESSURE
ENVIRONMENT

LOW PRESSURE
ENVIRONMENT

OPTICAL FIBER

DEMOUNTABLE

CONNECTOR .
INDIUM
SOLDER SEAL
1 2-PITCH LDER SE
SELFOC ROD
Figure 1. sSchemat 1o - draaed Foetractive ITndex
(GRIN) rod Tens = Cominct fon b vessite Jar ot

and tmaging devico .

* Do contemporary GRIN lenses (circ 1980) whose optical
properties have been refined compared to their 1970 vintaae
forerunners, exhibit adeauate focusing acuity to permit

1. Redfern, J "Hiah=-Pressure Optical Bulkhead Penetrator,” United States
Patent 3,825,320, filed 2 March 1973, granted 3 July 1874




imaginag the 50 micron core of a typical low-loss optical
fiber onto a conijuagate receiving fiber without the loss of
an appreciable fraction of the liaht eneray? What are the
prospects for such devices to be used in conjunction with
sinale mode optical fibers which will he employed with some
fiber optic communications and sensor systems in the
future?

*  can such rod lenses be mounted in a sufficiently stable
manner to permit reliable operation over a wide ranae of
pressure and temperature conditions?  This consideration is
important hecause any rod movement with respect to the con-
nectors will result in the defocusinag or translation of the
image with a resulting increase in insertion loss.

* TIs it practical to fabricate a heavy renetrator body
capable of withstanding in excess of 10,000 psi pressure
differential to the required mechanical tolerances
necessary to mate pairs of sipale fiber connectors in a
repeatable manner? Tf not, what combination of machining
and alianment features should be emploved to enhance
fabrication techniaques?

As a result of the research performed in this 6.0 development proaram we
are reasconably confident that practical, hiagh performance fibher optic messure
renetrators, utilizina the concept presented here, are entirely realizable.
Practical production devices are possible to manufacture if suitable fabrica-
tian techniaues are employved. Prototype demountable penetrator units devel-
oped at NOSC, utilizina the one-half pitch GRIN lens window concept, combhined
with refinements relatinag to positional rod location and connector transverse
alianment , exhihit approximately 1-1.5 AR optical insertion loss, makinag them
optically comparable to many of the better fiber optic connectors themselves.
Intrinsic insertion loss of the GRIN lens is on the order of 0.3 dR; this
permits a very low level of insertion loss to be realized in nondemountable
desiana.  Prototvpe penetrators have been tested to hydrostatic pressures in
excess of 10,000 psi (corresponding to maximum depths commensurate with over
A8 f the ocean floor) without failure. No dearadation in optical perfor-
mance was observed after hiah pressure "scaks" lasting several days; this
indlicated that inconseguential positional creep in red position was taking
nlace due to lona-term applied stress. Temperature cyclina over a ranae from
=40C to +100C caused ne aglass spallina due to mismatch of temperature coeffi-
cients between alass and metal. A photoaraph of a prototype fiber optic
penetrator is shown in figures 2a and 2b,
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THEORETICAL CONSIDERATIONS

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

Numerical Aperture (NA) 0.30
On-axis Refractive Index (ns) 1.545
Radial Grading Constant (A) 0.0361
Naminal 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 emitted 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.
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Figure 3. Ray trace of SELFOC Ten dmmerset

fluid medium.
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P =
2n (2)
where: 21,22 = Image plane positions
7 = Length of SELFOC lens
A = SELFOC lens radial gradinag 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 length

If the SELFOC lens is chosen to bhe exactly one-half pitch length, an
ohject 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 entrappina grit
between the lens face and the connector end, scratching both the lens and the
fiber held by the connector. A small setback between lens face and connector,
implying that imagina should occur slightly outside of the SELFOC lens, is
desirable. As determined by equations 1 and 2, this requires that the lens
length be slightly less than one-half pitch.

Equations (1) and (2) are plotted in figure 4 for the case of symmetrical
lens-to-connector spacinag ccnditions where the rod lens is immersed in an oil
medium havinag a refractive index of 1.50.

It is noted that an optimum locus of conjugate spacing (L = 21 = 12)

occurs which is relatively linear over the dimensions of interest, 25 - 100

micrometers (0.001 - 0.004 inch). 1In this region, the reauired pitch lenath
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 caomposed of a glass composite
(thallium-doped borosilicate in the case of the Type SLS), the pitch length of
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Figure 4. Parametric plots for the
case of covmmetrical lens-to-connector

Spacing conditions.,

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 1 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).

~ \/"o(”
27 PR 4
VA PR\ T (4)

7 =
5,2
no = 1.5345 + 7.40x10 /A (5a)
nR = 1.5076 + 5.00x105/A2 (5b)




where:
R = Radius of SELFOC lens

-]
Optical wavelength in A

>
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>
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n {(x) ~ n_(Xx)
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}~

Figure 5. Chromatic pitch dependence vs wavelength for NSG type

SLS/2mm SELFOC rod lens.

It is observed that the change in effective pitch length as a function of
wavelength is substartial 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




high nptical performance spectral windows observed in nodern optical fibers),
the effective pitch lenaths become D498 at the short wavelenath and 0,496 at

the long wavelenath.,  Put another wav, the SELFOC rod characteristics appear
more nearlyv achromatic as the wavelengths are shifted fartber into the infra-
red. This is fortunate in that it simultaneously optimizes the data trans-
mission characteristics of the optical fiber as well,

OPTTCAI, MEASURFMENTS

It is desirable to accurately characterize the optical insertion loss
encountered when emploving the SELFOC rod lens as a fiber imaging element in
an undersea penetrator. This section documents optical measurements performed
uron a tvpical unit. The results help to confirm the validity of the penetra-
tor realization and give an indication of the mechanical tolerances necessary
to achieve acceptable optical performance.,

The optical attennation apparatus used to characterize the lenses isg
depicted in fiaqure .

MICROSCOPE OBJECTIVES
_ N CLADDING MODE STRIPPE K

LED I , \

X20 X: v —

/A i 20 —7,

N
VAN IS 4
/ L ] MICROPOSITIONER
BEAMSPLITTER DETECTOR

1 meter FIBER

4
LED STABILIZATION SIGNAL
#1LOCK-IN
CHOPPED AMPL IFIER
DRIVE
SAMPLE UNDER TEST
1 meter FIBER r-=-2
[ f— ! :L —_—
7 e ¢S~ MICROPOSITIONERS
CLADDING MODE e > )
STRIPPER / J/
#2 LOCK-IN RELATIVE
AMPLIFIER —> RATIOME TER —> DVM
DETECTOR

Figure 6.  Attenuation ve position characterization test apparatus.
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Measurement uncertainty in the instrumentation was duve 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 1 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:

wWavelength 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 chort 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. 1Its 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.
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Figure 8. Transverse displacement loss ’
of butt-coupled optical fibers.

Noting that 25.4 micrometers = 0.0010 inch = 1 mil, it can be seen that a {
lateral misalignment of 11 micrometers (0.43 mil) is sufficient to introduce a '
light coupling loss of 0.5 dB between the two fibers. A displacement of 19,5
micrometers (0.77 mil) causes a 1.5 dB insertion loss. An insertion loss of 3
AR corresponds to a lateral misalignment of 27.5 micrometers (1.07 mils); in




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 (L, = &_ = 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 immersed in glycerin.

This experiment demonstrates for the case of "perfect" fiber alignment,
that the insertion loss of a typical SELFOC relay lens is naminally 0.3 dB
under the conditions evaluated. 1In 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. 1In the case where
a total insertion loss of 3 dB is tolerable, peak tolerances must be less than
22 micrometers ard 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 chramatic aberration. In the case of a penetrator optimized for opera-
tion at 0.83 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 ir 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

13
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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.
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Figure 12, Plate covering a l-ineh diamcter
mounting hole, modeling considerations.

The plate deflection was calculated as a functior of applied pressure
differential for the extreme cases of fixed and simply supported edaes
(reference 5). The latter was found to exhibit arcater deflection as a funce-
tion of applied pressure and is reported here because it gives more conserva-
tive results. Such a case is shown in fiqure 13.

Results of the modeling are qgiven in fiqure 14 for an applied pressure of
10,000 psi. Plate displacement due to flexure, hole radius contraction (at
the high pressure surface), and tensile load on the steel plate are plotted vs
plate/window thickness.

The failure mode of the alass was hypothesized to be spalling of the
edges of the high pressure face of the SELFOC lens due to the uneven com-
pressive forces acting upon the window as a result of plate flexure under
applied pressure. This hypothesis was verified experimentally utilizing a
0.250 inch thick glass window mounted in a type 1704 stainless steel bulkhead
using a hard solder sweat. Failure due to spalling of the edges of the window
was first observed when the applied pressure exceeded 5000 psi, corresponding
to a calculated plate deflection of 0.001 inch, a change in honle radius of
0.0005 inch at the high §ressure surface, and a stress Jevel in the steel of
90,000 psi. No leakage occurred at a pressure of 11,500 psi (the limit of our
test equipment), even though the high pressure side of the window was badly
spalled and glass fractures in planes parallel to the bulkhead had formed.

The low pressure side of the window remained intact. Recause the bulkhead
containing the SELFNC rod in the penetrator design reported here is approxi-
mately n.65 inch thick, window failure at a pressure of 50,000 psi can be

5.  Roark, RJ, Formulas for Stress and Strain, McGraw=Hil1l, NY, 19¢4,
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inferred from figure 14 due to glass spalling. Plate deflection corresponds
to less than 0.0001 1nch at a working pressure of 10,000 psi. Stress upon the
stee!l 1s only 20,000 psi; this allows for the employment of a low-strength
metal alloy selected for free cutting properties and corrosion resistance
criteria instead of tensile strength. A safety factor of approximately five
at an applied pressure of 10,000 psi is inferred for glass breakage.

The shear force acting upon the epoxy employed to bond the SELFOC rod
into the metal bulkhead was calculated using equation 6, derived from geo-
metrical considerations.

(6)
where :

S = Shear force

I' = Pressure differential
d = SELFOC lens diametervr
1 = SELFOC lens length

The aspect ratio (d/1) of a type SLS SELFOC lens is 0.122, independent of
rod diameter. The epoxy employed is Epotek™ Type 301-2 which is specified as
having a lap shear strenath (aluminum to aluminum) of 2,060 psi. Allowing the
epoxy shear strength to be derated to 1,000 psi for the case of alass to steel
bondinag (probably conservative), the epoxy will shear at an applied pressure
level of 33,000 psi, corresponding to a safety factor of at least 3-4 for the
epoxyv bond.

The thermal stress effect was modeled by a 0.080 inch Jdiameter borosili-
cate crown glass rod in intimate contact with a 2.0 inch diameter concentric
stainless steel annulus. Recause the temperature coefficient of the metal 1u
qreater than that of the alass, the metal is expected to squeeze the glass at
cold temperdtures, placing it under stress. Under these assumptions, the
aqlass is subjected to a radial compressive loading of 1,030 psi when cocled
from +20 F to -20 F {reference 6). This is well below the 50,000 psi compres-
sive strength 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 rema:n within optical specifications is
currently under determination.

6.  Gatewood, RC, Thermal Stresses: With App lications to Ay lanes, Missiles,
Turbines, and Nuclear Reactors, MeGraw-Hilil, [967.

18




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 defocusing, it was determined from
fiqures 10 and 11 that the followinag peak mechanical tolerances in locating
the fiber cores must be achieved in production and maintained in the field:

Transverse less than 15 micrometers, 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 misalignment is negligible. For the purpose of this analysis, peak
displacement error values are employed; it is assumed that multiple misalian-
ments add in an RMS manner (average erors accumulate). In practice, the
possibility exists for poorer (or better) performance because peak values may
add (or subtract) constructively. On the average, however, such events appear
to be relatively improbable.

The connector selected to mate with the prototype penetrator is the Type
206™, as manufactured by Amphenol, Incorporated. A drawing indicating the
construction of the alignment mechanism of this device is shown in figure 15.
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Q)
Figure 15. Alignment mechanism, Amphencl Type 906k
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




epoxXy ~urina time, takes about 30 minutes, In normal 1se¢, 4 unit is mated to
a second jdentical connectoy usina a4 precise, injtectior meolded DELRIN™ sleove
to achieve transverse and longitutinal alianment. Tnsertion loss less thar

1,5 4R {typical) is claimed by the manutacturer. The Type 206 was employea in

our application for several reasons:

Tt is of stainless steel construction

Its alianment nose is of small diameter (approximately that of SELFOC
Tens)

T+ is a rermarhroditic desian

It is readily field installable

It exhibits acceptable insertion loss characteristics

It is relatively inexpensive

It 1is an indlustry-accepted component .

Ae more suitable fiber optic connectors become rommercially available in the
marketrlace it is likely that the penetrator desian can he altered to accom-
modate them.

Measurements taken on seven Amnlenol Type Q06 fiber optic connectors,
field inatalled by the author's aroup and measured by the NNEC Metroloay
Taboratory, indicate that the followina mealk mechanical tolerances are
achieved usina field installed, productrion devices:

Transverse 0 ({absorbed into fiber diameter)
Concentricity 3 micrometers
Lapped lenath 5 micrometers

Manufacturer's data from International Telephone and Teleararh Corporation ard
otter optical fiber producers, indicate that the tolerances presently
Aachievable with regard to the optical fibers themselves are on the order of:

Transverse (diameter) S micrometers
Core concentricity 5 micrometers
Lenath 0 (if lapped into a connector)

Tf tolerances for two connectors are combined and added in an RMS fashion, the
total error «an be estimated for a mated pair of "perfectly alianed” connec~
tore containina installed fibers:

Transverse 10.9 micrometers
Tongitudinal 7.1 micrometers

Tt is seen that under ideal conditions f(an absolutely perfect external
aliagnment mechanism is employed to index the connectors) considerably less
than 1.5 AR of total insertion loss should be achievable (misalignment less
than 15 micrometers). It is also apparent that it is just barely possible (in
theory) to achieve the required 11.0 micron peak tolerance (on the average)
necessary to exhihit less than 1 dR insertion loss. The above, of course,
postulates an alignment mechanism with no errors of its own. This cannot be
the case, hence, tolerances in the penetrator alignment mechanism (partic-
ularly transverse errors) will contribute to overall insertion loss and will

20
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begin to dominate if allowed to exceed approximately 10-15 micrometers. Lon-
gitudinal 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
machininag operations (turning and lappina) to achieve the required longitu-
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 desian presented in this
report utilizes a movable stainless steel plate accommodatina 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 curinag, 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 aligmment plate to the penetrator body in a 1

permanent and stable manner.
. - . ¥
Several potential sources of misalignment error exist:
Transverse

Tolerance upon the hole diameter required 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.

Fram 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
hnle diameter which is controlled to less than 0.0002 inch overall. ;

L

— -

Fabrication errors totaling no more than 25 micrometers (0.001 inch)

should exist with regard to plate, body machining, and grinding tolerances, i

plus epoxy film thickness variations. The epoxy must be mixed consistently i

and applied at a known temperature and clamping pressure so that batch-to- j

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- f
4

cally determined to form a cured film thickness of 38 micrometers (0.0015

inch). E
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CONSTRUCTIONAL REALIVATION

Six prototvpe penetrator units were constructed during FYRD at NOSC in
order to verify the concept presented previously and to provide units for
preliminary test and evaluation. An assembly drawing depicting the construc-
tion of the units is aiven in figure 16.  Construction is of Type 303 alloy

stainless steenl,

The penetrator unite were constructed in two sections: A penetrator
body, whirhk provides the sealinag, pressure barrier, and imaaira functions, and
ar alianment pla-e which permits the reauivred transverse tolerances to be
ackieved. A preassure eaqualization hole in the alignment plate allows for oil
transfer as the connector is inserted or removed from the penetrator. The
SFLFOC lenses were honded inte the bulkheads usinag low viscosity epoxy (FEpotreld
R01=-2) which was inserted using a vacuum fillina techniaque to ensure that
voids were not formed {(reference 7). After approximately 48 hours of curing
at 30 ¢, each completed penetrator body assembly was pressurized to 11,500 pgi
for approximately 1 hour. (Before-and-after dimensional measurements with a
precision dial indicateor demonstrated that nealiagible rod movement due to
epoxy creep resulted from this proof test.) In a similar manner, the penetra-
tor body can be certified for pressure and shock intearity prior to inteara-
tion with other optical components such as connectors and cables. A
rhotoaraph of a prototype penetrator prior to final assembly is stown in
figure 17. An optional indium solder vapor seal can be deposited, bridaira
alass and metal, if hermeticity is reaquired.

The final assembly process joins the two sections into a complete pene-
trator assembly. This function is accomplished by X-Y micropositioning the
alianment plate (containing an installed Type 906 connectorized fiher) with
respect to the penetrator body (containina another such connectorized fiher)
in order to maximize the intensity of an optical test siagnal which is trans-
mitted throuah the unit while it is installed in the alianment fixture. A 2.5
pound weidght serves to press the alianment plate into close proximity with the
penetator body. The plate floats on a thin film of catuivzed epoxy resin,
which acts as a lubricant. The epoxy ultimately cures to provide a stable
joint which locks the sections toaether into a unitized penetrator. After the
alignment is accamplished, but before the epoxy has set, the assembly is
tacked toaether with several drops of cyanoacrylate instant adhesive (Loctite
Type 495®), The cyanoacrvylate creates a stable bond in less than 5 minutes
which is strona enough to permit handlinag of the assembled penetrator without
allowing 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 2 days); this frees up the fixture for alignment of other
units, A completed penetrator is shown in figure 18,

7. Cowen, S0, ﬂaqutry, JH, Young, ¢, Redfern, J, "Underec2 High Pressure
Bulkhead Penctrator for Use With Fiber Optic Cables", United States Patent,
Mavy Case e donC-80, filed Novembor 1080,
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Figure 17. Prototyje jenetrater jrior to final assembly.

LRO-2060-7-808

Filgure 18, Assembled penctrator.
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PRET.IMTINARY TEST RESULTE

Teveral tests were performed upon the completed penetrators to determine
insertion loss and survivability under applied stress. Extensive characteri-
zation of optical performance under stress conditions is currently ongoing in
the FYR1 phase of the program and will be reported at a later date,

Tnzertion loss characteriral ion of the penetrators was performed by

inserting a pair of Amphennl Type 906 fiher optic connectors containina 50
micron core, graded index optical fibers into the 1eocoptacles (figure 14y,
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Figure 19. Detail of alignment plate adjustment for maximum
optical signal throughput.
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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 Amphbenol Delrin alignment bushing, the manner in which they are normally
employed and as depicted in figure 20. Typically, insertion losses on the
order of 1.5-3.0 dAB are routinely observed between mated pairs of Amphenol
Type 906 connectors used with ITT Type T-212 optical fiber.
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Figure 20. Detail showing DelrinW)quqnmunL sleeve normally
QAP .
employed to align Amphenol Type OOGGflbwr op-tic connceotor s,

Apparently, the alignment accuracy as a result of the adjustable feature of
the penetrator design employed here is superior to that exhibited by tre
factory-supplied, fixed alignment bushing. This increased alignment accuracy
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 factory-
supplied alianment 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 bhushing as well.
This implies that a major contributor to the aligmment error is lack of con-
centricity of the hole in the connector and of the fiber core within 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 positions as deter-
mined by monitoring throughput power. An even lower insertion loss would he
obtainable from a penetrator not reaquiring the demountability feature.

Ongoing evaluation during FYR1 is intended to generate a statistical data
base using an ensemble of Type 906 connectors (from various Amphenol produc-
tion runs) which have been characterized as to insertion loss and an ensemble
of penetrator units. This procedure will quantify the worst—cane, beoait = o
and average insertion loss performance figures. These figqures will apply to
the penetrator design when it is employed with “typical” Amphenol Type @06
connectors. Such data are very valuable in engineering applications where the
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 be measured in order to
quantify changes in penetrator attenuation due to chromatic aborration 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
11,500 psi (the maximum pressure capability of the testiry ajjar.tus cmp loyod)
was applied to the assembly. This pressure corresponds to an ocean depth of

26




PRESSURE PENETRATOR
UNDER
TEST
—s ///1//

4‘1///// SEAL
- - !

] I
!
\ ]
| )
N

\\ ’/ — TEST FIXTURE

N/

Figure 21. Pressure tolerance test
configuration.

23,000 feet. To determine whether epoxy creep and resulting rod movement
(which would result under pressure) occurs, the assembly was subjected to
11,500 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 change 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 FYR1. 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
subjection 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 high performance, demcunt-
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 exhibited by previous attempts at realiz-
ing 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
r2adily realizable using the technique. The realization allows glass—-to-metal
sealing to be incorporated into the penetrator desiuan for use in conjunction
with tigh-reliabhility 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
dR when made fully demountable by use of interchangeable optical fiber connec-
tors. In the latter case, the throughput attenuation is dominated by mechan-
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-
ina techniaques. A uniaue fine adjustment feature incorporated into the
realization relaxes the machinina reauirements associated with the rritical
connector transverse alianment specifications, making the desion readilwy
manufacturable.

Preliminary testing carried out at NOSC has shown the prototype penetra-
tor units capable of withstandina pressures in excess of 10,000 psi with no
measurable degradation {(t+his pressure level corresponds to operation with a
calculated safety factor of approximately 3 to 4). No damage occurs to the
units when cycled between temperatures of =40 C to +100 C. Ongoinag testinag
will characterize optical performance as a function of external stress.
Results of the characterization program currentlv underway during FY®1 will be
the topic of a follow~on report.

CONCLUSTON

The desion presented here is a promising approach for manufacturina fiber
optic undersea penetrators for Navy systems. Desirable operational features
traditionally associated with electrical penetrators are readilv supported in
a fiber optic renetrator when GRIN imaaing rods are employed as pressure
windcws. Prototype devices have been shown to exhibit excellent ortical and
mechanical performance while simultaneously permitting practical manufacturina
techniques to be employed for construction.
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