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NOTICES

Disclaimers

The findings in this report are not to be construed as an
official Department of the Army position, unless so desig-
nated by other authorized documents.

The citation of teade names and names of manufacturers in
this report is not to be construed as official Government
indorsement or approval of commercisl products or services
referenced herein,

Disposition

Destroy this report when it is no longer needed. Do not
return it to the originator.
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Three cable designs were developed; one with central strength members, one
with external strength members, and one with central strength members and
an external braid. These designs, though developed for plastic clad silica
fibers, are well suited to use with low loss doped silica fibers as well.

The cables were fabricated in two phases. In the first phase, short lengths
(1/3 km) of the three designs were fabricated and subjected to optical and
mechanfcal evaluations. Based on the results of these tests, the third
design was eliminated since it was more costly and offered no advaatages
over other designs. In the second phase, final cable models of the central
strength member and the external strength member designs were fabricated in
lengths from 1/3 «m to 1 km. The final models were subjected to optical,
mechanical, environmental, and radiation evaluations.

The cables met or exceeded most of the program goals.¢ Attenuation of cabled
fibers averaged less than 10 dB/km @.79 microns, impact resistaace was in
excess of 1.5 ft~ibs., bend and twist testing resulted in no broken fibers
at 2000 cycles, tensile strength exceeded 400 lbs., moisture exposure re-
sulted in minimzl increases in attenuation, and the fibers exhibited radia-
tion hardening after initial high doses. In addition, cost projections
indicate that fiber optic cables will be competitive with conventional
CX4566 conductor by 1978 and by 1979-1980 will offer cost savings of 30-50%.
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1.0 INTRODUCTION

The potential advantages of fiber optic communication s}stems are
well known. _For Army tactical field applications these include
increased bandwidths with associated larger repeater spacings
than with conventional metallic conductors. Besides being of

« lizghter weight and smaller size than conventional czbles, fiber

optic cables are impervious to EMI and EMP, and are tempest free.

The U. &. Army Electronics Command, Fort Monmouth, New Jersey,

has initiated a program to develop '"Low Cos: Fiber Optic Cable
Assemblies for Local Distribution Systems.'" The program includes
two phases; the first was a one year effort :> perform initial

cable development and the second will be to develop cable assemblies
including cables and cowpatible connectors. This report describes
ITT's effort onthe first phase performed under Contract #DAABO7-
75-C-1328. The work was being performed by ITT's Electro-Optical

Products Division (EOPD) in Roanoke, Virginia.

The general objective of the program is the development of low cost
fiber optic cables and connectors for use in tactical communications
systens in lengths of one kilometer or less. The cable assemblies
are for use in systems which will operate at selected wavelengths in
the 6,000 to 10,600 Angstroms for both analog and data transmission
with data rates to 20 mzgabits per second. The cables are required
to be lightweight, flexible, and rugged enough to withstand tactical
field army requirements. Furthermore, the cable was to be designed

so that production quantities can be expected tc be cost competitive
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with conventional metallic conductor cables. Specific objectives for

the first phase of the program are summarized in Table I.

ITT's approach to producting low cost optical cables for the Army
tactical field environment is based on the use of plastic clad
silica fibers. The use of these fibers is attractive because they
can be produced by a single preform drawing technique with attenua-
tion below 10 &B/km from materials now available for less than 1
cent per fiber foot. Furthermore, they have moderately high numer-
ical aperture, abeve .27, and can be produced with core diameters
of 125y or above. Fiber diameter of 125u was selected to minimize
coupling losses and maintain fiexibility. Smaller fibers result in
larger optical coupling losses and larger fibers are less flexible.
In addition, a fiber diameter of 125y has been accepted by a number
of fiber manufacturers as an informal industry standard for both
plastic clad silica and all-glass fibers. At the present time, it
is desirable from a connector standpoint to maintain a degree of
diameter standardization between plastic clad silica and ali-glass
fibers. As product lines prolifsrate however, it is expected that

two or more standard sizes may develop. Finally, plastic clad

silica fibers exhibit low susceptibility to radiation induced attenua-

tion as the pure silica materials used in their manufacture have the
lowest susceptibility to radiation induced attenuation of any core

material presently being considered for optical fibers.

The completec. effort also includzd fiber optimization and cable de-

velopment. The approach included:
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Investigation of basic cora and cladding materiais

which appeared to be the most promising from the

standpoint of enabling the drawing of multimode
fibers with optical and physical properties

consistent with the program objectives.
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CABLE OBJECTIVES

Physical:

a. Length
b. Number of fibers
c. Size overall
d. Weight
Transmission:
a. NWavelength
b. Attenuation
(min. 3 mutually agreed
wavelengths in range
including 8200 §)
c. Data transmission
(1) Bit rate
(2) Rise and fall times
(3) Pulse flatness
¢. Numerical aperture

Mechanical:

Tensile strength

Vibration, Temperature cycling,
Moisture resistance, Immersion

Fungus

Flexing, Impact, Twisting

Nuclear survivability:

1/3 kilometer - 1 kilometer
6

.250 inch

100 1b/km

6000 - 10,600 Angstroms

S0 dB/km (Required)
20 dB/km (Desired)

20 megabits/second
4 nanoseconds

3 dB peak to peak variatien
from voltage output level

.27 minimum per kiiometer length

400 1b
MIL-STD-202

MIL-STD-810
MIL-C-13777

103 to 105 roentgens level
(Cobalt 60)

012 614 ncutrons/cm2

1 to 1

(i Mev equivalent)
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2.0 FIBER FABRICATION AND EVALUATION

3% Two processes have been reported for fabricating plastic clad

' silica fibers. In one process the silica core is coated with a
liquid which hardens to form a cladding; in the other process
molten plastic is extruded over the silica core. The liquid
cladding approach yields a cladding which is in intimate contact

with the core surface, while extrusion can be used to produce

either a tight or a loose cladding. In both cases the plastic
must have a lower index of refraction that the core to confine

light at' the core-plastic interface.

e e e e A
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Since the light, except for evanescent fields, is confined to the

core, it is the core attenuation which contributes most to the

i
£
¢
H

overall fiber attenuation. Thus, the cladding can have a rela-
tively high attenuation. In the case of loose claddings, as
surface contact area is fairly low, materials with attenuations
between about 10,000 and 100,000 dB/km can be used to produce
fibers with attenuations below 50 dB/km. For tight coatings the
c¢ludding influence is greater and attenuation in about the 1000 to
10,000 dB/km z:nge i3 required to meet program objectives. For
melt extrusion. fluoropolymers are the materials of pfimary
interest becuase of the refractive index requirements. (TeflonR
refractive index ic 1.35, silica refractive index is 1.46, fiber
numerical aperture is .55). For dip coating, encouraging results
have been reported with suspension of fluoropolymers, such as
Kynar and with silicone resins. (Silicone RTV refractive index

is 1.43, fiber numerical aperture is .30). With suspensions,

curing is required to evaporate the carrier chemical, while silicone

2-1
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resins are available which cure with time at room temperature (room
temperature vulcanizing) and whose curing can be acclerated by

elevating temperature.

The best results reported to date - under 5 dB/km - have been

achieved with TeflonR

extruded plastics and silicone resin RTV.
The attenuations achieved with fluropolymer dip coatings have been
in the neighborhood of 50 dB/km due to the intrinsic properties of

the material.

.
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The design of optical fibers must take into account not only intrin-

sic attenuation and dispersion, but also numerical aperture, suscep-

B0 5 Aok

tibility to cabling induced attenuation, and radiation hardness.

This section describes ITT's fiber fabrication and material evalua-

tion effort.

2.1 Fabrication Approaches

Plastic optical cladding materials may be applied to fibers by a

PO SPL NI H ISR 18 OTITR YRR AN L T

variety of processes including extrusion, dip coating, spray coat-
ing, electrostatic coating, and plasma deposition. The investiga- :
tion of these techniques was initiated prior to the start of the

present program. In-line extrusion and dip coating of plastic

ok

materials is now performed routinely at EOPD, and other techniques
such as spray coating, electrostatic coating, and plasma deposi-

tion are under investigation. :

i & s

To produce plastic-clad silica fibers of High quality and lost cost,

RPN

in-line extrusion and dip coating techniques were investigated in

detail during the first six months of this program. The first




technique consists of in-line extrusion of a plastic optical

L% 2l 2k il

cladding over the as-drawn fiber. The second technique consists

3

of applying the optical cladding in-line by dip coating and sub-

ST
vl amedd,

i - sequent extrusion of a protective coating. The dip coated cladd-

ing material and the extruded protective coating have been

applied in a two-step operation and in-line in a single operation.

L L TP KLY 1
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The selection of the technique for application of specific plastic

"
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cladding and protective ccating materials depends on their mechan-

ical properties, working temperature, viscosity, and curing tempera-

ture. Some cladding materials that are extrudable cannot be applied

)
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3

by dip coating and vice-versa.

e WA

' The basic fiber drawing set-up is shown in Figure 2-1. The system

PRIPRVER - RUTY R PR T ATIE

consists of a preform collet which is mounted on a vertical feed,
K an oxyhydrogen flame or graphite resistance furnace heat source,

and a mechanism to pull and take up the fiber. To achieve in-line

extrusion and dip coating of plastic cladding materials, an ex-

3 truder or dip coater, or both, are positioned between the heat
; source and the drawing-takeup mechanism. Fiber diameter unifor-
? mity is maintained by accurately controlling the temperature of |

the heat source. Fiber diameter variations ranging from +5 to 10%

have been meosured with the oxyhydrogen burner system and varia- %

tions of less than 1% have been achieved with the graphite furnace.

2.1.1 In-Line Extrusion Coating Technique

§ In-line extrusion coating of the optical cladding materials was
accomplished by positioning a 3/4'" screw extruder between the heat

source and the drawing takeup. The process consists of forcing a

2-3
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‘“shggd. The latter process is referred to as "tubing-on.” Param-
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molten plastic under high pressure into a crosshead through which
the fiber is passed at a constant speed. At the ;xit point,

plastic flowing through an anaular orifice coats the fiber uniform-
ly as Et is pulled through the crosshead. Adequate distance between
the extruder exit and the take-up mechanism is provided to allow

the cladded fiber to cool.

The extrusion process falls roughly into two categories, depending
on the design of the die used within the crosshead. If the end

of the guide terminates prior to the land of the die, plastic is
forced against the fiber at the exit point and the diameter of

the extrudate is approximately equal to that of the die. This

process is termed "pressure extrusion." Alternatively, if the

tip of the crosshead guide is positioned flush with the end of
the die, the extrudate flows from the orifice in tubular form,

meking contact with the fiber at some distance from the crcss-

eters can be selected to vary'the wall thickness and to vary the
cladding from a close fit or bond to a tubing which loosely

encapsulates the fiber.

The "tubing-on" process was most suitable for cladding optical

fibers. In this case a plastic tube is drawn anto the fiber

fath i i S A b LS s iR G

where it resches a final diameter. The ratio betwesn the cross
sectional ares of the die opening and that of the plastic cladding
is termed the draw down ratio:

Draw Down Ratio = DZ-TZ
dz-fz

where
D = inside diameter of the die

T = outside diameter of the guide tip
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d = Diameter of the cladded fiber

£ = Diameter of the fiber

This relation applies for both balanced and unbalanced draw down
of the inner and outer surfaces of the plastic clad. In view of
the thin wall required for optical fiber coatings, it is impera-
tive that s near balanced draw down be used. Failing to achieve

this condition can.lead to extrudate cone breaks and melt frac-

ture.

2.1.2 In-Line Dip Coating Technique

In-line dip coating of the fibers was accomplished by positioning
a dip coater device between the heat source and the drawing take-
up mechanism. The fiber immediately after drawing pesses through
the reservoir oé the dip coater which contains the plastic
solution or dispersion. At the bottom of the reservoir a wiping
die removes excess plastic to maintain a uniform cladding thick-
ness which is controlled by the opening of the wiping die, the
fiber pull speed, the viscosity of the cladding material, and the
as-drawn fiber diameter. Immediately following the dip coater,
the fiber is pulled through a curing furnace to evaporate the

solvent and to accelerate curing of the plastic.
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To preserve the mechanical integrity of dip coated surfaces it
was found necessary to overcoat the cladding layer with an addi-
tiongl protective layer. This technique not only protects the
cladding from additional damage but also considerably eases fiber
handling.

Two coating techniques have been employed during the course of
the contract program. The first technique consists of dip coat-
ing the fibe- in-line with the plastic cladding in one operation
and extruding the protective coating during a second operation.
This process requires the cladded fiber to be spooled prior to

application of the protective coating. The second technique

consists of applying the cladding and protective coating in-line 3
in one operation. Both techniques have resulted in high quality
fibers, however, the latter technique exhibits potential for

producing fibers at a lower cost.

Ao N S a8 Kot b i
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2.2 Silica Core and Plastic Cladding Material Evaluation

To meet the objectives of optical attenuation and numerical

SRl 50,

aperture, mechanical integrity, and resistance to environmenzal

el

attack and nuclear radistion, a number of silica core and plastic

cladding materials were investigated. A detailed discussion of

this affort is presented in the following sections.

2-7
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2.2.1 Core Materials .

The selection of suitable silica core materials was based on

A spectral attenuation characteristics,particularly in the wave-
E length range from 0.75 to 0.35 microns, resistance to nuclear
'g radiation, availability,and cost. Whenever possible, published
data were utilized to select a group of suitable candidates.
For the case where published data were not available, material

characteristics were determined by evaluating a variety of plastic-

E: cladded silica core combinations.

E Commercial silicas fall into three classes - natural, moderate
water content artificial, and low water content artificial. The
pure natural silicas are obtained from pure mineral deposits and

fabricated into convenient shapes for further processing using

techniques designed to maintain their natural purity. The

, moderate water content silicas are produced by flame hydrolysis,

S while the low water content silicas are produced by water free

reactions.

Silicas of each type are available under several trade names.

Seversal are listed in Table 2.1,

Seiavie b bRy

Spectral loss curves have been published for fibers drawn from
several of the commercially available silicas. Figure 2-2 shows
é published spectral loss curves of unclad fibers of T08, Suprasil
E 1, Suprasil W1 and Suprasil W2. All of these silicas can meet
the attenuation requirement in the specified wavelength range.

In addition to the above-listed silicas, Suprasil 2, Spectrosil

2-8
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TABLE 2.1
COMMERCIAL SILICAS
Moderatc Water
Content Artificial
Suprasil 1
Suprasil 2

Spectrosil B
Silanox B

Low Water
Content Artificial

Suprasil W1
Suprasil W2

Spectrosil WF
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SPECTRAL LOSSES OF UNCLAD
SILICA FIBERS®

"Spectral Losses of Unclad Vitreous Silica and Soda-l.ime-Silicate
Fibcrs." Po x‘iscr. JOOOSOA.’ v.63’ No.g. scpt. 19730

FIGURE 2-2
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WF, Homosil, Silanox B and Optosil were evaluated for their attenua-

tion characteristcs by extruding or dip coating an optical cladding

over as drawn fibers.

Figure 2-3 shows the radiation-induced changes in optical attenua- ﬁ
tion for a number of silicas. The curves show that Suprasil 1
exhibits minimum induced attenuation of all materials shown. Radia-

tion induced loss measurements on EOPD produced plastic-clad silica %

fibers have been performed on final cable models and results are

outlined in section 4.3.11.

Fiber cost was a key consideration for the program. Table 2.2 lists
the cost per foot of fiber of all of the commercially available

' silicas. TO8 has the lowest cost of all of the silicas investigated
and it was used exclusively during early effort. However, the
quality of preforms was found to vary. Since Suprasil 1 and the
chemically similar Suprasil 2 offer lower attenuation and higher
radiation resistance, and since their cost is consistent with

expected processing costs, they were considered the prime candidates.

2.2.2 Selection of Plastic Optical Cladding Materials

The selection of plastic optical cladding maierials was based on
their optical properties, mechanical and environmental surviv-
ability, and suitability for various coating techniques. In

addition, these materials were evaluated for their suitability as
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Material

TO8

Suprasil 1
Silanox A
Silanox B
Silanox WF
Suprasil W2
Spectrosil WF
Suprasil 2
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TABLE 2.2

SILICA MATERIAL COST
(125 um diameter)

Cents/Fiber Foot

.06
.91
6.55
2.25
8.51
7.41
7.49
.38
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a protective coating to establish the requirement for an addition-
al overcoat and to establish their suitability as a buffer layer
to reduce microbending losses during cabling and bundling. Table
2.3 lists the prime plastic optical cladding materials evaluated
during the first six months of the contract period. Shown in this
table are the cost, application technique, index of refraction,

water permeability, and operating temperature range. Several

fluoropolymer suspension coatings were briefly examined and found

to be unsatisfactory because of their high intrinsic attenuation.

st b i

2.2.2.1 Extruded Coatings

O

Teflon coatings offer a number of desirable properites. The high

dos i)

meiting point allows the use of a large variety of cable jackets
without the fear of melting the cladding or coating. The coating
is tough and flexible, exhibits low coefficient of friction, and
is chemically inert. PFA exhibits low water permeability and ab-

sorption.

VLR A o S SR AR R I i

voraf Al

R

FEP-160 and FEP-110 were initially extruded over TO8 to establish
optimum extrusion conditions. During the course of this investi-
gation it was found that the presence of gel particles caused

frequent cone breaks in the extrudate. In addition, melt fracture

U € M AR b & I N 1k e

was observed when a thin coating of FEP 100 or FEP 110 was applied

to the fibers as an optical cladding.

Melt fracture, which is caused by shear stresses, can roughen the

.
R T X I S

inner and outer surface of the extrudate, and can give rise to

LV S AN

scattering losses. Extrusion conditions must, therefcore, be such
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that reduced shear stresses are achieved in the extrudate,
especially where the extruded plastic serves as the optical
cladding. These conditions can usually be met with thin coatings
by increasing the crosshead die opening and the die temperature
and by increasing the melt temperature and extrusion throughput.
Because of the present limitation in drawing speed, the above
conditions could not be achieved with FEP 100 and FEP 110.
Although FEP 100 was free from gel ps~ticles, process conditions

with respect to melt fracture were more critical than with FEP 110.

To overcome these problems, Teflon PFA 9704 was evaluated. It

exhibited good extrudability which allowed application of thin and

thick cladding and multiple claddings. These claddings were ?
applied without melt fracture and cone breaks by optimizing ex-
trusion conditions. Because of its superior extrudability, in
addition to meeting the optical characteristics required for a
cladding material, Teflon PFA was considered a viable candidate

for plastic-clad silica fiber fabrication.

Experiments on cladding thickness revealed that the optical
gquality of PFA claddings varied inversely with cladding thickness,
requiring a draw down ratio from 900 to 2000:1. This extremely
high draw down ratio lead to pin holes in the extrudate which are
detrimental to the mechanical properties of the cladded fiber and

were found to cause an increase in attenuation when the fiber was

Lk o T T L A ey Nl

immersed in boiling water for several hours. ' he high draw down
ratio also lead to cone breaks when not all of the extrusion

conditions are optimized. Further optimization of extrusion
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parameters for PFA resulted in cladded fibers which exhibited

excellent mechanical and optical characteristics.

2.2.2.2 Dip Coatings

It was reported that extremely low optical attenuation can be
achieved using a dip coating of silicone RTV. Other desirable
properties of the silicone resins are (1) relatively uniform

. mechanical properties over wide temperature ranges, (2) high water
repellency, and (3) chemical inertness. Thus, the use of silicone

resin dip coating was investigated.

The cured flexibility of silicone RTV enhances the mechanical
properties of the fibers and its cured consistency aids reduction

of microbending effects. Tue viscosity of the silicone RTV resins

used was found to be adequate for dip coating, allowing optical
cladding thicknesses which could be readily coatied with protective
layers by extrusion using the same extruder dies and techniques
used with the optical cladding application processes. The
numerical aperture and associated index of refraction exhibited

by silicone cladded fibers were within the levels specified in

the technical guidelines of the contract. These superior proper-
ties of silicone RTV resins exhibited over those of the Teflon
plastics resulted in silicone RTV plastic-cladded silica fibers

ultimately being selected for the cable fabrication effort.
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2.3 Fabrication and Evaluation of Plastic-Clad Silica Combinations

Based on the evaluation of material properties and application
techniques for silica and plastic cladding materials, a number of
plastic clad silica combinations were experimentally evaluated

with respect to fiber attenuation, mechanical strength and numerical
aperture. In addition, the use of multiple coatings to reduce micro-

bending losses was also investigated.

Table 2.4 1lists plastic-clad silica combinations which were investi-

gated in detail during the first six months of the contract program.

2.3.1 Optical Evaluation of Plastic-Clad Silica Combinations

The optical evaluation of cladded fibers included coating the fibers
with thick and thin claddings, multiple claddings of the same
material and with dissimilar materials, and then measuring attenua-

tion between 0.6 and 1.06 micron wavelengths. The objective of this

effort was to achieve minimum loss and to reduce microbend
induced losses. The optical characteristics of these combina-
tions were determined by employing the measurement technique

described in Appendix A.

During the fabrication process, fibers were wound on drums or
spools or collected in loose coils. The attenuation of fibers
varied over a wide range, when wound on spools and drums or in
coiled form, Usually the highest values were obtained for
spooled fibers. Excess losses may be introduced due to the

cross-over of fibers in the spooled condition.
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TABLE 2.4
PLASTIC-CLAD SILICA COMBINATIONS

o

Optical Outer  Fabrication Loss (dB/im)
Clsdding  Jacket Process o

TO8 FEP-110 Extrusion *
TO8 FEP-100 Extrusion *
T08 PFA Extrusion 30.7
Suprasil 1 PFA Extrusion 17.0
Suprasil 1 PFA PFA Double Extrusion 31.5
i Spectrosil WF PFA Extrusion 22.3
Silanox B PFA Extrusion 6.6
Suprasil 1 Silicone RIV ** Dip Coat 5.5

Suprasil 1 Silicone RIV **PFA Dip Coat § 8.3
Extrusion

*Excess loss due to vendor problems with TO8 optical quality

e
o L DF LS i AN S G

*%* Dow-Corning SylgardR
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To eliminate the effects of microbend-induced losses as described
above, the loss characteristics of plastic-clad silica fibers
listed in Table 2.4 were measured when, the fibers were strung
between large diameter drums. The results given were the best
obtained. The results of the most attractive combinations-
silicone resin and PFA coated Suprasil 1 - are plotted as complete
spectral loss curves in Figure 2-4. Also shown for comparison is

a curve for a doped silica fiber produced at EOPD.

Various experiments were performed to determine the best approach
to excess loss reduction. Double claddings of PFA and thick and
thin coatings of PFA on silica fibers were evaluated with respect
to microbending induced losses. The effect of cladding thickness
was studied by applying claddings of various thickness of PFA on
Suprasil 1 fibers. Thin claddings exhibited less cladding-
scattering losses but were more susceptible to microbending
effects. Thick claddings exhibited higher scattering losses but
reduced microbending losses. These results lead to an investi-
yation of double cladding to incorporate the thin cladding for
scattering loss reduction and the thick cladding for microbending
loss reduction. Loss reduction utilizing double PFA cladding was
limited because the application of the hot second PFA coating over
the thin PFA optical cladding severely affected its optical

properties, especialiy with thick second coatings. Furthermore,

results tended to be inconsistent.
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The silicone RTV coated fibers were measured both spooled and
strung to evaluate the microbending effects with the cladding.
The combination of silicone RTV and Suprasil 1 exhibited little
loss increase when spooled, especially for the lower loss strung
fibers, which indicated that silicone resin claddings have ex-
cellent mechanical properties with respect to excess loss pre-
vention. However, the silicone RTV cladding was susceptible to
abrasion damage and was therefore coated with PFA as a protective
jacket. Again, a high resistance to excess loss was observed
comparing spooled and strung attenuation results. Measurement of
a number of fibers indicated a difference of 3-5 dB/km between

spooled (4" diameter spool) and strung fibers.

The silicone‘resin fibers, which have lower attenuation and higher
resistance to exce;s\ioss than the PFA cladded fibers, also exhi-
bited a higher numerical aperture. Figure 2-5 shows the relative
insertion loss as a function of numerical aperature for a random
selection of 6 silieone resin cladded fibers and 6 PFA cladded fi-
bers. The 1 dB point, which is a useful definition of numerical
aperture, is .30 for the silicone resin cladded fibers and .19 for
the PFA cladded fibers. The plotted lines indicate average values

of the pcints at .24 and .33 NA. The discrepancy between the

R A ot SR e, bt A s AT A TP BT 2 SR i PT T i e

w..n.‘..."m" . m;}.émmnmi-.mL-..m_,»:\m“m.«.‘_»}i,:&,:.a

calculated NA of .55 (page 2-2) and the measured NA of approx-
imately .19 is felt to ve a result of scattering of higher order

modes by the cladding and by the irregular core-cladding interface
formed by PFA.

Duriag the last half of the program, additional experiments were

conducted with a number of prospective silicone RTV cladding
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materials. Silica coated with Shin-Etsu was found to exhibit
lower attenuation than when coated with the Dow-Corning material
(<10 dB/km at .79u). Processing techniques for all silicone RTV

materials were in accordance with the manufacturers' data sheets.
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LOSS versus NUMERICAL APERTURE
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2.3.2 Mechanical Evaluation

The strength of optical fibers is of gr;at importance since
maximum yield in the cabling process and long life in the field
are desirable. Early in the low cost cable development program
it became apparent that silicone resin cladded fibers exhibited
strengths greater than fibers that had been extrusion-cladded.
Average tensile strengths exceeded 300,000 psi and minimum
strengths rarely measured below 100,000 psi. Further development
of fiber coating techniques during the last half of the contract

period resulted in average fiber strengths that exceeded 1,000,000

~psi in 60 cm gauge lengths.

2.3.3 Effects of Moisture and Temperature on Fiber Attenuation

TQ deternine the effects of moisture anJ temperature on attenuation
the core-cladding combinations fabricated with PFA and silicone -
RTV were submersed in boiling water for two hours. The PFA cladded
fiber exhibited an increase of approximately 50 dB/km whereas

the silicone RIV cladded fiber exhibited no measurable increase.

To establish which factor (the temperature exposure or water
penetration) caused the observed attenuation increase, two

samples of fibers were exposed to 100°C for one hour in the

absence of water. Neither cladded combination exhibited an
increase in attenuation. This indicated that water penetration

of the PFA cladded fiber caused the increase in attenuation.
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2.3.4 Conclusion

Silicone resin cladded Suprasil 1 and Suprasil 2 fibers with
PFA jackets were chosen for cable fabrication because of their
low attenuation, high numerical aperture, high strength, pot-
ential of high radiation resistance, high moisture resistance,
consistency of results, and small tendency to exhibit excess

loss. ‘

3.0 CABLE DESIGN

Objectives for the cable design included low excess attenuation,
high tensiie strength, high flexibility, small bend radius, low
electrical%conductivity, and EMI/EMP immunity. This section
describes %esign approaches and material selections made to
best meet #he program objectives. Included are discussions of
strength nfnber material selection, cable structure and jacket

and filler}aaterials.

l
/

3.1 Strq&gth Member Materials

In generﬁl, for compact cables, it is expected that strength

member strain will roughly equal fiber strain. Thus if it is
assumed that the strength members will carry almost the whole load-
a conservative estimate - it is desirable that the strength members
have the highest stress possible at .0l strain. Investigation of
commercially available non-metallic strength member materials

R

showed that KevlarR 29, Kevlar™ 49 and carbon yarns could best

meet this objective.

3-1
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It should be noted that carbon fibers have the draw back that
they are slightly conductive. Stress-strain curves for these

materials are shown in Figure 3-1 along with one for bulk silica
for comparison.

R

Kevliar™ is a high modulus material. It has been obtained as a

multifilament yarn which is coated to reduce friction between
individual filaments.

Investigation of carbon and graphite yarns revealed a tensile

strength lower than manufscturer's reported values for yarns

which were incorporated in a matrix which allowed adequate smooth-

ness and flexibility. Initial bundling attempts resulted in

breakage of individual filaments of the yarns due to a "sticky”
property of the material causing kinking of the filaments. The

tensile strength measurements made at EOPD on these carbon varns

yielded values no higher than those observed for the less expensive

KevlarR yarns. Another commercially available carbon fiber varn

which was encapsulated in an epoxy vehicle exhibited flexibility
unsuitable for fiber optic cables due to its stiffness. Work is
presently under way to develop s carbon yarn in a new type of
vehicle which will allow adequate flexibility and smoothness and
exhibit tensile strength greater than those of Kevlarn yarns.
However, the resuits of this effort will not be available in time

for the present program.
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3.2 (Cable Designs _

Initial effort resulted in the development of three designs

for preliminary evaluation, one with.central strength members
and a single layer jacket, one with central strength members

and a three layer jacket, and one with external strength members.
These designs, though intended for plastic clad silica fibers in

the present effort, should also be applicable to doped silica and

other low loss design.

3.2.1 Central Strength Member-Single Layer Jacket Design

Under contract with the Navy Electronic Center, ITT developed
the central strength member cable for low loss optical fibers
shown in Figure 3-2. This design served as a starting point
for the central strength member cable design to be developed

under this contract.

The NELC central strength member design employed 19 strands of
KevlarR 4y (1420 deniers) impregnated with polyurethane. The .
strength member was contained in a Nylon braid to provide a smooth
surface for excess cable loss reducticn. 3Six opvical fibers and

12 cotton fillers were helically stranded around the strength

member with a 4 inch lay. The fibers and fillers were wrapped

with an uncured Teflon TFE tape. The outer jacket is an extruded

polyether base polyurethane material. The tape serves to reduce

Y

friction between the fiber layer and the outer polvurethane jacket.

TERRTG

Cable samples from the earlier program were subjected to MIL-C-13~7"F
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Results
Sample #
1

were as follows:

Results Fibers - Cycles to Failure
Sample No. 1 2 3 4

1 10 30 60

2 1 1 36 62

3 1 1 59 58

4 3 22 72 83

5 0 2 72 79

6 1 1 17 26
&

tests. Tests performed included impact, bend and twist. Results

a) Impact Test - Per MIL C 13777F at room temperature.
Requirements - 200 cycles for cables less than 1/2 inch in

diameter using a 10 1b weight with a 6 inch drop.

5 6
75 80
71 71
78 105
81 87
79 80
47 73

57 209 7650 7650 7650 7650

Fibers - Cycles to Failure

1 2 3 4 5
0 20 >2500 >2500 >2500

c) Twist Test - Per MIL C 13777F at room temperature

Requirements - same as for the Bend Test

Results
Sample +#
1

it akande PIOPEP Y.L ST ATk ¥, P

Fibers - Cycles to Failure
1 2 3 4 S
0 >2500 >2500 >25Q00 »>2500

3-6
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Note: 0 cycle - fiber not transmitting light initially

* #7 sample tested using S 1b weight and 6 inch drop

b) Bend Test - Per MIL C 13777F at room temperature

Requirements - 2000 cycles, 20 1b weight, and 180° bend

6
>2500

>2500
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Failure of some fibers to transmit at the start of the tests was

due to a set up problem which has been identified and corrected.

Two tests - tensile and high temperature - on the cable performed

under the previous Navy program are also of interest here.

Tensile strength tests were performed on seven cable specimens,
six of which were 20 meters long and one 5 meters. A load was

applied to the samples in 50 pound increments with the elongation

being measured at each step. The first fiber break occurred §
between 200 and 450 pounds for the 20 meter samples, the average

being about 300 pounds. The first fiber break occurred at 0.8%

elongation. Average elongation at 500 pounds tension was 1.25%
for cables with a straight strength member. The 5 meter section

of the cable with a straight strength member was stressed to

500 pounds and 1.2% elongation with no fiber breakage.

The high temperature test consisted of elevating the temperature
for one week to 65°C.- At the completion of the test and sub-

sequent cable transportation it was found that all fibers tailed
to transmit. The source of the failure was traced to shrinkage

of the Nylon.braid and fusing of the polyurethane impregnated

strength member strands which caused the cable to become rigid

TR TR T

! and led to fiber breakage when the cable was bent.

} Evaluation of the test results described above led to the conclusion

that the basic design was sound, hut that some modification of the

S e AR ey AR, o AN it e, 2. F2 bt B ] R LR £8Pt A At R e N M SN [IATMP e REPLTLET
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As a result, the following modifications were made in the strength
member:

1) Kevlar® 29 was substituted for Nylon as the braid
material to reduce braid shrinkage.

2) The polyurethane coated KevlarR

49 strength member
strands were coated with silicone o0il to inhibit fusing.

3) The strength member is prestressed to 400 1bs to
reduce initial elongation when the final cable is loaded. In
preliminary tests, exposure to 105°C for one week did not cause

fusion of strength member strands.
Figure 3-3 shows the design for preliminary fabrication. The
cotton fillers have been replaced by fungus resistant polyester

yarn.

3.2.2 (Central Strength Member - Three Layer Jacket Design

The central strength member three layer cable design shown in
Figure 3-4 incorporates the same fiber bundle as used in the
single layer cable. However, the polyurethane jacket which is
extruded over the bundle is of reduced thickness to allow for the
application of a pre-stretched Nylon braid and the outer poly-
urethane jacket, the objective being to maintain maximum diameter
of .250". The single layer and three layer cables have similar
outer diameters and were expected to exhibit the same tensile
strength. The three layer cable design was expected to exhibit
increased radial crush resistance due to the incorporation of

the Nylon braid.
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PLASTIC CLAD SILICA FIBER

Polyether Type Polyurethane Jacket, .240" Dia.

Tape, Uncured PTFE, .003" Thick x .375" Wide, 142
Overlap, 55° Wrap Angle

6 Plastic Clad Silica Fibers, .020" Dia. Each, Lay
Length 4.2"

12 Polyester Yarn Fillers, .020" Dia. Each, Lay Length
4.2"

Braid, Kevlar®-29, 400 Deniers, 1 end, 14.5 Picks/Inch,

24 Carriers, 20° Angle

Strength Member, 19 Kcvlar.-69 Yarns, 1420 Deniers,
Polyurethane Impregnated, Each Yarm .017" Dia., One
Yarn At Center

Inner Layer Quter Layer
1.24' 2.42

Lay Length
Lay Angle [ 34 5°
No. Yarns 6 12

CENTRAL STRENGTH MEMBER-SINGLE LAYER DESIGN

Figure 3-3
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PLASTIC CLAD SILICA FIBER

Polyether Type Polyurethane .tacket, . 240" Dia.

Preshrunk Nylon Braid, .200" Dia., 2 !nds,.16 Carriers,
14 Picks/Inch, 57° Angle, 8340 Denier Kylon -66 Yarn

Inner Polyether Type Polyurethane Jacket, .180" Dia.

Tape, Uncured PTFE, .003" Thick x .375" Wide, 14%
Overlap, 55° Wrap Angle

6 Plastic Clad Silica Fibers, .020" Dia. Each, lay
Length 4.2"

12 Polyester Yarn Fillers, . 020" Dia. Each, Lay Length
4.2"

Braid, Kevler®-29, 400 Deniers, 1 End, 14.5 Picks/Inch,
24 Carriers, 20° Angle

Strength Member, 19 Kevlar®-49 Yerns, 1420 Deniers,

Polyurethane Impregnated, Each Yarn .017" Dia., One
Yarn At Center

Inner Layer Outer Layer

Lay Length 1.24" 2.42"
Lay Angle s 5°
No. Yarus 6 12

CENTRAL STRENGTH MEMBER-THREE LAYER DESIGN

Figure 3-4
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3.2.3 External Strength Member Design

In earlier Army efforts the design of Figure 3-5 was developed.
With this approach the strength member material, which is
straight laid, causes the fibers to go into compression if the

cable is bent in the plane of the strength members.

Figure 3-6 shows the external strength member cable design. The
cable includes a centrai core of seven (7) close ypacked fibers in
a8 polyurethane jacket to form a central core. Nineteen (19)
Keviar® 49 strength members, which are helically laid around the
central core, are covered with a Teflon TFE tape. The cable is
enclosed in a polyurethane jacket. The longer lay length of the
strength member is intended to reduce fiber tensile loading.

The tape assures that strength members will not fuse to the

jacket and thus allows the cable to bend freely in all

directions,

3.3 Material Selections

In order to meet objectives of flexibility, crush resistance,
and protection against chemical and radiation attack, several
jacketing materi».s were evaluated. Polyurethane was selected
as the jacketing material on the basis of its resiliency at
low temperatures, abrasion resistance, and its chemical and
environmental inertness. Polyurethane exhibits excellent

extrudability and flexibility.
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A.

D.

Polyether Type Polyurethane Outer Jacket, .240" Dia.

Tape, Uncured PTFE, .003" Thick x .375" Wide, 14X Overlap,
55° Wrap Angle

18 Aramid Yarns, K.vlar.-69. 1420 Daniers, Polyurethane

Impregnated, Each Yarn .017" Dia.
Polyether Type Polyurethane Inner Jacket, .095" Dia.
7 Plastic Clad Sflica Fibers, .020" Dia. Each, Lay Length 2.0"

EXTERNAL STRENGTH MEMBER DESIGN

Figure 3-6
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Uncured TFE tape was selected as an intermediate layer between the
strength member or fiber bundle and the extruded polyurethane
jacket to facilitate "slidingJ between the components for in-

creased cable flexibility.

For the cable design employing fillers, fungus resistant polyester

fibers were used in place of Nyloa.
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4.0 CABLE FABRICATION
~

The first half of the cable development program entailed

the development of suitable plastic-clad silica fibers and the
formulation of cable designs that would provide adequate mechan-
ical and environwental protection for the fibers. The second
half of the program consisted of the fabrication and evaluation
of the cables discussed in Section 3.0. This section will provide
the results of evaluations performed on each cable design and will
compare those results to program gosls. Conclusions and recom-

mendations for further study will be offered.

In the interest of easily identifying the individual cable designs
discussed in section 3.0, descriptive nomenclatures were assigned

as showvn in table 4.1. The cables were fabricated in three phases:

1) Fabrication of short evaluation lengths (145-179 meters)
of ECOM-1, ECOM-2, and ECOM-3 for ECOM's review and

wporoval,

2) Fabricarion of preliminary models consisting of two

1/3 km lengths of each of the three designs.

3) Fabrication of final cable models consisting of
ECOM-1, ECOM-3, and ECOM-1A. The ECOM-2 design was
eliminated for final model fabrication since it was
a2 mowe costly cable design, yet offered no
mechanical or environmental advantages over the ECOM-1
design. The ECOM-1A design was added as a variation of
the: ECOM-1 design and employed MylarR instead of
TeflonR tape.

4-1
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4.1 Fabrication of Evaluation Lengths

Prior to selection of cable designs for preliminary model fabrica-
tion, one short test length of each of the three designs was
fabricated. Attenuation of the fibers was measured while on four
inch diameter spools and againin the cables. Both measurements
were made at a wavelength of .79 microns as shown in Table 4.2

and were intended to provide a rough indication of losses included
in the fiber during the cabling process. It should be noted, how-
ever, that losses reported on fibers on four inch spools do include
some microbend losses induced during spooling. In general, .the
results shown in Table 4.2 indicate that cabled plastic clad

silica fibers can not only meet the required program goal of

50 dB/km, but can also meet the desired goal of 20 dB/km.
The three sample cables were submitted to ECOM for design evulua-
tion and all three designs were subsequently selected for fabrica-

tion into 1/3 km preliminary models.

4.2 Preliminary and Final Model Fabrication

Fabrication of low cost cables for optical, mechanical and environ-
mental evaluation was accomplished in two phases. In the first
phase, preliminary models were fabricated in 1/3 km lengths and
subjected to the following evaluations:

1) Attenuation measurement
2) Impact testing

3) Bend testing

4} Twist testing

S} Tensile loading

6) Moisture resistance

7) Tenmperature cycling
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TABLE

4.2

CABLE ATTENUATION - dB/km

* Spool diameter: 4.0"

4-4

N PPTRTE L

3 (<79 um .12 Injection N.A)
s Fiber Loss Fiber Loss
: Cable Before Cabling After Cable Cable
1 Type On_Spool* Cabling Length Diameter
E Central Strength 12.3 8.8 145 M 0.235 in.
3 Member, Single 14.3 12.7
Layer 14.3 15.3
] 17.5 19.5
1 20.3 24.9
20.3 25.8
3 avg 16.5 avg 17.8
: Central Strength 12.3 12.3 145 M 0.250
Member, Three 14.3 14.0 0.270 in.
' Layer Design 14.3 16.6
17.58 21.3
20.3 31.0
20.3 36.9
avg 16.5 avg 22.0
E External Strength 12,0 8.7 179 M .230 in.
) Member 12.0 10.3
12.0 10.8
12.0 11.2
3 16.0 12.0
20.3 15.5
20.7 17.4
avg 15.0 avg 12.3
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The purpose of the evaluation was to determine the abilaty of the

three cable designs to meet original program objectives and, in
addition, to gain experience in evaluating optical cables using

conventional cable testing techniques.

Final cable models were fabricated in longer lengths as follows:

Cable Type Length

ECOM-3 1140 meters :
ECOM-1 1020 meters {
ECOM-3 520 meters ;
ECOM-3 336 meters '
ECOM-1 317 meters

ECOM-1A 506 meters

Complete optical, mechanical, and environmental evaluations were

conducted that included:

Evaluation Cable Model

Attenuation 1, 3, 1A

Numerical Aperture 1, 3, 1A

Dispersion 1, 3, 1A

Tensile Load 1A

Impact 1A
] Twist 1A
3 Bend 1A
] Vibration 1, 3, 1A
é Temperature Cycling 1A
b Moisture Resistance 1, 3, 1A ;
1 Fungus 1, 3, 1A 1
: Nuclear Survivability 1, 3, 1A :
% 8
. The following sections describe the testing and report the results. é

Conclusions and recommendations for further effort will also be

offered. Reference is made to the Cable Test Plan, Appendix A,

TR A
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The test plan describes the test, the test equipment, method of

reducing and reporting data, and the test facility and personnel.

4,3 Attenuaticn and Dispersion

Attenuation and dispersion were measured in both preliminary and
final cable models. Attenuation was measured at .A5, .79, .82,
and 1.05 microns with an injection numerical aperture of .124,
Dispersion 6n the highest and lowest loss fiber in each cable was
measured at the 3 dB and 10 dB points. Table 4.3 provides a
general overview of the accomplishments of the program, comparing
preliminary to final model average attenuation at .79 microns.
Additional details regarding individual fiber attenuation for
final cable models are shown in Table 4.4. Four-point spectral

attenuation and dispersion plots are shown in Appendix B.

4.4 Impact Testing

Preliminary cable models ECOM-1, ECOM-2, ECOM-3, and final cable
model ECOM-1A were impact tested in accordance with MIL-C-13777F
(paragraph 4.5.4.1) and the Cable Test Plan‘shown in Appendix A.
Earlier experience gained in impact testing the lightweight
cable developed for NELC (Figure 3-2) indicated that fiber optic
cables of that general size and design would not be capable of
withstanding the full 200 impacts at 5 ft-lbs. In addition,
previous cables that employed all-glass fibers developed under
an ECOM contract (Figure 3-5) proved capable of withstanding

200 impacts at 1 ft-1b. One of the goals of the ITT program was

to develop a low cost cable with improved impact resistance, but

4-6

Dt o SRAEIA I oI

& 1f i et %,

3 Laes Fradd 2 LY

]
o
H
3
3
7
1
%
:
2
.
i




b \v e
qﬂﬂn T R T, pasied sl T Iy L P o R e R T TRy T Y E R T S AT TS 3 BT AT MR T, ™ A e sa STy DT T O T R AT T P Rt L REPARL SN
m w i T s dodt eI AT AT TR ST L T T TR
Ny

;

w ONIGAVTD NIS3Y INODI'IIS QIAOYUdNWIs
% 08 - 90S V1-W02d |
d %0 L - 95§ € -W0Dd
M_ w2 L - 0Zs €-N0D3
w. A - ovIT € -W0Dd
: - 0°ST v6< §-W0dd fm
- S°ST 0¥s € -W0dd w‘
- 0°02 8ss Z-Wodd !
- 8°91 29¢ Z-Wodd ) )
wl'l - L1 1-W0Dd ﬂ
8- LT - 0201 1-K0Dd
- LoLT zop 1-Wod3
- 0°02 ¥SE 1-Wood
(wx/dp) (wx/4p) (s19313R) ddAL 379VD
STAAON TVNId STAAOW RYVNIWITI¥d SHLINTT

n6,°® NOILVANALLY IOVIZAV ;

STAAOW 'TVNId ANV AYVNIKITIYd
NOILVANILLY

4 $-¥ 47149VL

..
3
2
S

TR Ao b . 3 , .
‘Wb Thabe s w it R e hs L bt e dh s S o o A R L Ak L b g bt N ¢ et e L ket pm e il Ak b n i e gk




i
1
.
!
. si
s reonier aatidion,
ety A ivrg et e I

i }
TABLE 4.4 %
ATTENUATION - EINAL MONFLS - é
ATTENUATION OF §
FIRERS REFORE ATTENUATION AFTER 3
CAMLE TYPE LENGTH FIBER®  CABLING(JB/Km,.70u)%  CABLING(JS/Xn,.79) - i
ECOM-3 336 meters 1 7.6 6.0 §
2 6.7 6.8 ﬁ
3 6.7 6.3 k]
4 6.8 7.1 a:
s .6 6.3 3
¢ 6.8 1.3 5
7 6.7 8.3
mvmt— e A
Average 6.9 7.0 3
3
ECOM=1 317 meters 3 1.2 8.8 o
2 7.1 1.8 4
3 6.1 7.4 é
4 6.1 7.7 3
s 5.9 7.8
P 5.4 7.8
Average 6.5 7.7 3
ECOM=1A 506 meters ) W 10.3 8.8 ]
2 8.2 1.3 3
: 3 7.6 7.9
4 .S 7.7 E
$ 8.2 8.7 1
] 6 7.1 7.6 ¥
Average 8.0 8.0 E
ECOM=3 1140 meters 1 17.0 14.8 :
2 13.8 15.8 i
3 19.9 2.4
4 19.2 17.0
$ 17.4 16.5 ;
¢ 19.9 17.8 :
. ? 15.4 15.0 ‘
Average 17.8 17.3 3
ECOM~1 1020 seters 1 13.1 19.3
2 13.¢ 18.2 :
[ 7.8 18.0 :
] 13.8 1.1 ;
s

14.9 18.8
) 13.1 17.2

Aversge 14.3 17.8

5.6 6.0
$.? .9
6.2 6.3
7.0 6.6
8.1 7.9 !
6.3 [N ] :
7 1.2 10.¢

Average 7.2 7.2

ECOM=-3 $20 meters
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in light of prior experience, it was decided to begin testing on
preliminary and final models at a level of 1 ft-1b. Table 4.5

summarizes the resuits of testing.

Results show improvement over earlier cables in that survivability
(no breakage) increased from a level of approximately 1.0 ft-1b to
that of 1.5 ft-1bs. The external strength member design (ECOM-3)
was clearly inferior to the central strength member design,
surviving to a level of approximately 1.0 ft-1b. At the MIL-STD
loading of 5.0 ft-1lbs, approximately 50% of the fibers in the
central strength member cables (ECOM-1, 2, and 1A) survived

200 impacts but all of the fibers in the external strength member

design (ECOM-3) were broken at approximately 50 impacts.

4.5 Tensile Test

Optical fiber cables must be able to withstand the handling
expected in tactical field applications. Manual deploym:nt of
the cable, whether from vehicles to ground or strung from poles,
require that the cable have high tensile capability. All four
cable designs were tested to 400 1bs. in accordance with
paragraph 2.1 of the Cable Test Plan. Table 4.6 summarizes the
results of testin, and Elearly indicates that all cable designs
are capable of meeting the specified load. In all the samples
tested only one break occurred in the gage length, and that
occurred in one of the ECOM-1 cables at 350 1bs. In other cables,
breaks occurred in the sheaves during clamping since clamp forces
required to eliminate slippage were very high. Future revisions

in clamping sheaves would be required to eliminate breaks at that

4-9
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4.6 Bend Test

Three samples of each of the four cable models were bend tested o

in accordance with MIL-C-13777F and paragraph 2.4 of the cable

PRt T PR PNV Y

test plan. Optical monitoring was recorded on a strip chart

d

recorder and test data is summarized in Table 4.7, Designs 1 -

?
3, and 1A successfully passed the 2000 cycle test while the //////////

ECOM-2 design did not. It is believed that breakage in the i

PRRY R Y VLTI

ECOM-2 design was due to a "pinching" or "crimping" action at

—— e —
— ——————

the extremes of the bend cycle induced as a direct result of

the multilayered structure.

4.7 Twist Test %
Three samples of each of the four cable designs were subjected ;
to the twist test in accordance with MIL-C-13777F and paragraph

2.3 of the Cable Test Plan. All twelve of the cables survivad

more than 2000 cycles without fiber breakage as shown in Table 4.8.

One sample of ECOM-1 and ECOM-3 were tested to more than 4000

b AL LAl b o L e e xRS

cycles without failure. One sample of ECOM-2 cable was tested

to 5738 cycles with one break occurring at 5300 cycles. ;

4.8 Temperature Cycling

LA - kadbh sa bar e

One sample each of preliminary models, type 1, 2 and 3 were sub-
jected to temperature cycling per MIL-STD-202D (Method 102A,
Test Condition D) and paragraph 3.2 of Cable Test Plan C00l. As
specified in the test plan the samples (between 40 and 52 meters
é in length) were measured for attenuation at 7900 Angstroms (in-

jection NA of .124) before and after the temperature cycling.
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The following table summarizes the results (a complete summary with

individual fiber results is shown in Table 4.9.

Average Attenuation (dB/Km)

Cable Type/Number at 79008

Before After
ECOM-1 122975-C 9.8 11.2
ECOM-2 110775-A-Bb 10.9 11.4
ECOM-3 121975-A-1IB 10.5 12.0

Uncertainty in individual fiber measurements is assumed to be about
4 0.1 dB/Km or on the order of + 2.5 dB for the sample lengths in-

volved.

Although there was a general tendency for individual fiber losses
to be slightly larger after the temperature cycling, S5 out of the

19 fibers involved indicated losses slightly less afterwards.

One sample of type 1A was subjected to temperature cycling. The
sample (51 meters) was measured for attenuation prior to cycling

at .65, .79, and..82, and 1.05 microns. Measurements were made
after cycling at the same wavelengths. Data is shown in Tahle 4.10.
The test data indicates a significant increase in attenuation in
three of the six fibers in the cable. Testing performed early in
the program on preliminary models (ECOM 1 and ECOM 2) of the

central strength member design resulted in negligible increases

in attenuation after cycling. In the final model ECOM-1A design,

4-15
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TABLE 4.9
TEMPERATURE C¥CLING ?

Attenuation € ., 7%u

Cable Type Fiber No. Before Cycling After Cycling

SN aseaNY L a2

3 ECOM-1 1 8.5 12.6

3 (40 m) 2 12.1 11.2 /

3 8.7 5.7
4 10.4 11.1
5 9.5 14.1 3

6 9.8 2.7

f Average . 9.8 11.2 ;

- i ECOM- 2 9.8 8.3

(43 m)
8.3 9.7

11.5§ 10.5
17.0 17.7

[WEIEE SIWENS NS FIL S WML EANERRRA ST R v}

9.8 9.6

Ab
(-, w » (%} ~N -

Average 1C.9 11.4 %

ECOM- 3 1 12,7 14.4 :

1 (51 m) F

1 2 12.5 13.7

3 13.4 17.4 |

3 ¢ 15.1 11.4 ‘

5 8.5 7.3

’ 6
7

Average 10.5 12.0
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two distinct differences in cable construction exist:

1, Higher quality, lower loss silicone RTV resin.

2. VUse of corregated MYLARR tape instead of TEFLONR,
The significant increase in attenuation in the ECOM-1A design could
be a result of either of the above two variations in design. The
possible degradation of the silicone resin is least suspect as fibers
have survived immersion for several hours in boiling water. The
MYLARR tape is a more likely cause since its configuration is that
of a corregated cross section that may have created additional
losses in the fiber during the softening of the fiber coatings.
The corregated shape of the tape could very well have caused the
softened fiber coating to conform to the corregations. In order
to form positive conclusions, additional testing would be required
to verify that the increases in loss were in fact a mechanical

effect and not a silicone RTV heat aging effect.

4.9 Moisture Resistance

Moisture resistance testing was performed on preliminary cable
models ECOM-1, 2, and 3 in accordance with MIL-STD-202D, Method 106
and paragraph 3.3 of the Cable Test Plan. Samples were prepared by
sealing the ends with RIV silicone to prevent moisture entry at
that point and metal cable clamps were used to secure the cables
during the vibration sub-cycle. During the test some of the cable
end seals failed and allowed water to enter. In other samples,

the cable clamps were improperly installed and cut the cables
during the vibration sub-cycle, again allowing water to enter.
Attenuation was measured after testing. However, data was in-

conclusive. For that reason, moisture resistonce testing was
4-18
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performed on all three final cable models. Additional care was
taken to insure that the cable ends were properly sealed to prevent

entry of moisture and cable clamps were revised to prevent chafing.

Detailed "before'" and "after'" data may be seen in Tables 4.11
through 4.13. The average increases in attenuation at .79u of

4 to 5 dB/km indicate that moisture does have some affect on attenua-

tion.
Attenuation Before Attenuation after
Cable Type Testing (dB/km,.79y) Testing (dB/km,.79u)
ECOM-1 7.3 12.2
ECOM-1A 7.4 11.3
ECOM-3 6.0 10.3

Additional moisture testing should be performed on cables of longer
lengths to minimize the effect of short length testing on attenua-
tion measurements. Additional design and fabrication effort to
provide improved vapor barriers should result in cables with less

sensitivity to moisture.

4.10 Fungus Testing

All three cable types were fungus tested in accordance with MIL-STD-
810B, Method 508, Procedure 1. As specified in the Statement of
Work, the cable samples were not cleaned with solvents prior to
testing. They were, however, handled with extreme care in that no

human contact with the cable surface was made.

The control sample used was untreated goatskin and profuse growth
was evident over 100% of the sample. Two of the cable samples
4-19
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showed no growth (ECOM-3 and ECOM-1A) while the third (ECOM-1)
showed growth over at least 90%‘of its surface area. The growth
appeared as a discoloration of the surface rather than a profuse
"fuzzy' growth. The batch number of the polyurethane material
used for the jacket was givgn to the vendor; his records do not

indicate that any process changes took place that may degrade

fungus resistance. The supply of that particular batch number

was depleted during final model fabrication.

Based on the above, it may be assumed that:

1. The batch of polyurethane was contaminated, or:

2. The cable sample came in contact with a
contaminant during the fabrication.
Several possible sources exist:

a. Extruder tooling
b. Water trough

c. Capstan

d. Takeup reels

The vendor subsequently perfurmed a fungus test at his facility
using a recently fabricated polyurethane jacketed cable. The

test resulted in no growth on the cable samples.

4.11 Nuclear Survivability Testing
In actual combat situations, fiber optic cables may be subjected to

radiation exposure. Cables produced under the low cost cable
contract were evaluated jointly by ITT and Naval Research Labora-
tory personnel using NRL equipment in order to determine the

ability of plastic clad silica fibers to provide continuous

4-23
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operation under adverse conditions. ;

4.11.1 Test Plan E
To simulate tactical field conditions, it was agreed upon to use 5
the NRL Linac as a source of mixed flux neutrons and gamma radia-
tion for the nuclear survivability testing of plastic clad silica

fibers. The Linac is used to simulate the fission spectrum from

N T T s S e et kb b A

a weapon by irradiating a water cooled target with a 22 Mev

o A TR,

electron beam. The Linac's neutron output has a distribution

Vit ML

of energies and to obtain the 1 Mev silicon damage equivalent 3
from the total fluence, a correction factor of less than 10% §
is needed. The original intent was to irradiate two samples and
the radiation induced optical iosses to be measured 10 seconds 2
and 24 hours after irradiation{ One sample was to be irradiated :
to 103 rads ‘'while the other was to be exposed to 105 rad level
within a period of 10 seconds. During the course of testing,

it was found necessary to irradiate several fibers with inter-

v

mediate doses of either mixed flux or high energy electrons
to obtain additional information about radiation hardening

and saturation of induced optical losses in the fibers under

investigation. Because long gauges of cables are needed to

TRTYH
o o e e A AT AL

conduct the test, and the volume in the radiation facility

where uniform flux can be achieved is limited, it was

TR TR e,
&,

necessary to perform the nuclear survivability test on fibers

only. However, a short section of each cable design was

T IV Y

irradiated to a mixed flux irradiation to study any adverse ;

effect in the cable mechanical integrity and its cowmponents.

\
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4,11.2 Experimental Setup

4.11.2.1 Radiation Source

NRL linear accelerator (Linac) was used as a radiation source
by making use of the electron-produced Bremsstrahlung kx-rays).
The Linac has high power neutron irradiation capability which
simulates a fission-neutron sﬁectrum and the associated gamma
rays.

Bombardment of a heavy-element target with high energy electrons
from a Linac produces, through Bremsstrahlung and subsequent

photo-neutron emission, neutrons having an energy distribution

quite similar to a fission spectrum.

The target for the neutron and gamma irradiation facility

at NRL electron Linac was selected to be approximately 8
radiation lengths thick (53 gm/cmz). It consists of tantalum
plates whose thicknesses are graded to distribute more uniformly
the energy deposited in them by the traversing electrons.

The plates are equally spaced in a water cooled aluminum box

as shown in Figure 4-1.

The electron beam (22 Mev) was impinged on the target at a

rate of 360 bursts per second with an average current of about
50 micro-amps. The target was electrically isolated from its
surrounding and for a given run the accumulated charge on the

target was measured with a Keithley electrometer.

Both charge integratior and sulfur disk activation were used

to monitor the beam fluence.
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4.11.2.2. Mixed Flux Neutrons and Gamma Radiation

b SRS R b

The electron beam was directed onto the tantalum target. The
coiled fiber axis was placed perpendicular to the beam axis,

about 2 1/2" from the target. In the low level irradiation

s b

experiment (< 103 rads), 1" lead brick was placed between 2

the coiled fiber and the target. The location of the fiber

coil with respect to the target is shown in Figure 4-1. The
linac pulse rate was 360 pps. All irradiations were per-
formed in less than 10 seconds except when irradiation

levels higher than 105 rads were to be achieved.

Y ™ -y
S NAREC e ol 7 ke B A s G

4.11.2.3 Pure Gamma Irradiation

et wud

To simulate the effect of gamma radiation on the induced
optical loss of the fiber, high energy electrons from the 3
Linac were used at 40 Mev. An aluminum scatterer was placed %
in the electron beam to produce homogeneous flux around the

coiled fiber. The fiber coil axis was placed on the electron

» 3

beam axis approximately one meter from the scatterer.

- 4.11.2.4 Dosimetry

The gamma dose received by the coiled fiber was measured by
placing four thermo-luminescent dosimeters (TLDs) equally
spaced on the coil and a fifth dosimeter at the coil's center.

The locations of the TLDs on the coil are shown in Figure 4-1.

blice ctauiod v

The dose was calculated by averaging the five values. The TLDs

were calibrated for rads of Si damage equivalent using the

TR, T

el S
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NRL Co%0 source. All gamma doses in this report are expressed

in units of absorbed dose, rads of Si damage equivalent. ;

The neutron fluence was determined by the activation of sulfur
discs. Four discs were equally spaced on the coiled fiber.
The discs were supplied and analyzed by EG § G. The average

values of the four measurements were reported.

4.11.2.5 Fiber Preparation

L A ) e

Two types of fibers were tested. Each employed SuprasilR
core but differed in the type of silicone RTV applied. The

first silicone RTV shall be referred to as Silicone A (Dow-

Vb

Corning Sylgardn) and the second (a higher optical :uality
material) shall be referred to as Silicone B (Shin-Etsu).
Both fibers were jacketed with a secondary coating of PFA. ‘
The fibers were coiled to the specified length on 2" barrel j
spools with one flange cut off to expose the fiber to rad- é
iation. The reported fiber length is only that of the coiled

section of fiber. The two ends of the fiber were run through a

conduit from the irradiation area to the shielded measuring

area. To monitor the induced optical losses at different

radiation levels, coils of different lengths of the same fiber

type were prepared. The optical losses before and 24 hours

after irradiation were measured at ITT-EOPD at .79 microns and
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.82 microns. The injection NA was .124.

The dynamic optical loss measurements after irradiation were
done on the Linac site using a white light, monochromator and
PIN photo-detector. The optical losses were monitored at .82
microns with injection NA=.,18. The signal from the detector
was fed to a strip chart recorder to monitor the optical power

from the fiber as a function of time.

4.11.2.6 Dynamic Optical Loss Measurements

End preparation was performed on the two leads from the coiled
fiber. This was accomplished by stripping the PFA and the

silicone RTV jackets and the break was induced by scribing the

fiber under tension with a diamond tip. The ends were examined %
under an optical microscope to insure that the break produced
a flat, mirror finish. One end was secured in the detector,
and the other end was injected with .82 micron light from a

monochromator and a microscope objective. The injection NA

e 2 et UM LR I

Yy

was .18. The position of the input end of the fiber was

adjusted to achieve maximum injection power. The power level 3

as a function of time was monitored using a strip chart recorder.

ERPr TR

When a coiled fiber is exposed to the radiation from the Linac,

PRI

a spontaneous drop in the optical power takes place with

immediate recovery after shutting down the Linac. The induced

E optical loss as a function of time is calculated from optical
E
[
E
E
£
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power after irradiation Pt’ optical power before irradiation
Po. and the length of the fiber, L, in kilometers.
10 P

Induced optical loss = L log F% dB/km
As the radiation induced optical losses were higher than antici-
pated, it was necessary in some tests to switch to the appropriate
scale on the chart recorder and adjust for the zero point, which
required about 30 sec. In such case the 10 second point was
not recorded, but an approximate value can be determined by

extrapolation.

4.11.3 Results

The scope of this experiment was to test and analyze the
radiation induced optical losses in plastic clad silica
fibers employing two types of silicone cladding materials.

These fibers were irradiated to gamma and neutron mixed flux

irradiation levels of 102 to 10° rads of gamma and 108 te
1010 neutrons/cmz (E >10 Kev). The radiation induced optical f
loss at .82 microns was monitored as a function of time with

special emphasis on the optical losses 10 seconds and 24 hours

after irradiation. ¥

To study the effect of gamma radiation on the fiber optical

losses, the fibers were irradiated with high energy electrons,

to simulate the effect of gamma rays.

b s
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The optical power recovery, in the two types cof fibers irradiated

to either mixed flux neutrons and gamma or high energy electrons,

ot B S JALN MO L LR L O T

as well as the optical losses 10 seconds and 24 hours after

irradiation, will be discussed. "

4.11.3.1 Induced Optical Losses - 10 sec. After Irradiation:

4,11.3.1.1 Mixed Flux Irradiation

Soakind A2 &l ok

Table 4.14 shows the mixed flux radiation induced optical loss at

g

.82 microns 10 seconds and 24 hours after irradiation. Tests 1

through 6 were performed on Silicone B coated Suprasil fibers and

tests 7 through 12 were conducted on Silicone A coated Suprasil

fibers. For each fiber type short, medium,and long fibers were

tested to study the radiation effects at different dose levels.

The gamma dose is given in microcoulomb and rads of silicon damage

equivalent which was measuured using TLDs. The neutron dose was

measured using the activation of sulfur discs for neutrons with

energies >10 kev. Higher dose rates were achieved by removing

the lead brick which shields the fiber coil.

muMqﬁummmnmmkamum i RSO ik bakdh ks ednd
o (L 3

The optical losses
10 sec after irradiation were higher than those predicted from

¥
LAk ol

previous measurements on short fiber gauges and irradiated to

high levels of pulsed irradiation!.

Dt bt e

The effect will be discussed
in Section 4.11.3.1.2

ek b b b S Lo LRl iRt bt

L e § (e e O e LYW

E

1Radiation Resistance of Fiber Optics Materials and Waveguides,

B.D. Evans, G.H. Sigel, Jr. "IEEE Transactions on Nuclear

Science" Vol. NS-M22, 2462, 1975.
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Figure 4-2 shows the optical power recovery in 854 meters of
Siljicone B coated fiber after a mixed flux radiation dose of

8.9 x'lO2 rads of gamma and 3.4 x 108 n/cm2 neutrons. The power

(013 ¥

was monitored about 80 seconds after irradiation, and shows

PECY Y

approximately 43ﬂ48/km induced optical loss. Extrapolating the
recovery curve to 10 seconds after irradiation would indicate

about 80 dB/km induced optical loss as compared to 1 dB/km pre-
dicted from previous measurements!. The optical loss decreases

to about 1 dB/km after 30 minutes.

Figure 4-3 shows optical power recovery in 299 meters of Silicone A 4
coated fiber after irradiation with a low dose level. Curve 10 ;

shows the recovery after irradiating with 74 rads. The induced

Koot kot 2

optical loss after 10 seconds is about 14 dB/km. After recovery

and irradiating with 760 rads (Test 11) the 10 second point

L8 Vol

increased to about 58 dB/km. The radiation hardening is negligible

in Test 11, because the fiber preirradiation dose was too low.

3 4

to 10" rads, on the optical

The effect of medium dose levels, 10

8 e L 1 7t AN, b, ST (b

power recovery in 300 meters of Silicone B coated fiber are shown 3

3

in Figure 4-4. The fiber was irradiated with 10° rads and moni- 1

TPRRNCIT VS

tored 3 minutes after irradiation, as shown as Test 2 in

Figure 4-4 Extrapolation to 10 seconds after irradiation

S e e b M

showed an induced loss higher than 100 dB/km. The fiber was

Ive

allowed to recover and then irradiated to a dose which was ]

about 50% higher than the Test 2 dose. The recovery curve is

1Tbid
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shown in Test 3 Figure 4-4. The extrapolated optical value

at 10 seconds is less than 50 dB/km. In Test 4, the fiber

was irradiated after reccovery to about 104 rads. The optical

power was monitored immeciately after irradiation. The 10

second value is higher than that of Test 3, but is lower than

that of Test 2. This is an indication of saturation effect

or an increase of the radiation hardness of the fiber by

preirradiation.

The effect of high radiation dose levels ~ 10° in a short

gauge length of Silicone B coated fiber is shown in Figure

\ 4-5. It can be seen that optical losses are lower in the second

irradiation, Test 6, as compared to the first irradiation,

Test 5, even though the second radiation dose is slightly

higher than the first dose. The radiation hardening has

been demonstrated again and indicates that the radiation

hardening increases with radiation dose.

The optical power recovery after irradiating 950 meters of

Silicone A coated fiber with S x 102 rads is shown in Figure

4-6, Test 7. Test 1 for a Silicone B coated fiber is shown

on the same figure for comparison. The extrapolated 10 second
point for Test 7 is also higher than predicted from previous

tests on high purity silica. The two recovery curves 1 and 7
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are similar except for the crossing of two curves which indicates

a faster recovery in the Silicone B coated fober.

Figure 4-7 Tests 8 and 9 show the optical power recovery of 274

meters of Silicone A coated fiber after mixed flux irradiation.

In Test 8, the fiber was first irradiated with 1.1 x 103 rads of

2

gamma and 6.8 x 109 n/cm®“. The induced optical loss 10 seconds

N g Lra et o A0

after irradiation is 65 dB/km. Test 9 shows the induced optical

ot Al Lty

loss after reirradiating the same sample after recovery to 8.9 x
2

A sk

103 rads of gamma and 5.5 x 109 n/cm”. The induced optical loss

a8k

_ after 10 seconds has increased to more than 150 dB/km which

3

indicates that preirradiating to 10~ rad levels is not enough to

develop significant radiation hardening.

The optical power recovery of a fiber irradiated to a much higher
dose is shown in Test 12, Figure 4-7 for comparison. In this test,
a 40 meter silicone coated fiber was irradiated for the first time

10 n/cmz. It is clear

to 1.6 x 10S rads of gamma and 1.3 x 10
from Figure 4-7 that the fiber irradiated to a higher does (Test
12) has a lower induced loss than that of the sample irradiated to
a lower dose (Test 9). One may conclude that radiation hardening
is evident at high radiation doses. The hardening process was
first observed on preirradiated fiber and it was thought that the
radiation hardening process may take place after preirradiation.

Test 12 confirms, however, that the radiation hardening is taking

place during first-time high dose irradiation.

Figure 4-3 shows a retrace of Test 8. In this test, the optical

power was monitored during and after irradiation. It is

‘ e 3
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interesting to notice-a fast recovery mechanism in the first two
seconds after irradiation followed by a second but slower recovery
mechanism afterward. In the initial recovery mechanism, the

induced optical loss was lowered by 24 dB/km in about 2.5 seconds.

The radiatior induced optical losses 10 seconds after irradiation,
measured or determined ‘from extrapolation, are shown in Table 4.15
for the tests described in Table 4.14. The gamma radiation doses
are also listed in the table. The induced ontical loss, dB/km rad,
in the fourth column is calculated by dividing the induced loss in
dB/km by the dose in rads. The neutron dose was not considered

because 109 n/cm2

1Mev neutrons would be equivalent to 1 rad,
therefore their effect is not substantial. The induced optical
loss values in dB/km-rad from Table 4.15 were plotted as a function
of dose for the eleven tests and are shown in Figure 4-9. Inter-
estingly, we notice a decrease in induced loss, dB/km-rad, with
increasing dose. This observation indicates a saturation effect

in the optical fiber at a dose much below the value reported for

6

bulk silica, which is about 10°% - 107 rad.

4.11.3.1.2 Gamma Irradiations

Gamma radiation reacts with electrons in the glass to produce
secondary electrons. The redistribution of electrons in the
glass creates positive holes and electron traps (color centers,

possibly on defect sites.) The same effect can be simuiated
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using high energy electrons and electron-electron interaction
instead of gamma-electron interaction. This experiment was
designed to study the effect of gamma radiation alone and was
intended to provide an indication of the level of contribution

of the neutrons to the radiation damage.

Electrons from NRL Linac were used with energies about 40 Mev

to simulate the effect of gamma rays.

Table 4.16 shows the effects of high energy pulsed electrons
on the optical losses in plastic clad silica fibers. Tests 1
to 3 were performed on 99 meters of Silicone A coated fibers
and Tests 4 to 7 were conducted on 94 meters of Silicone B
coated fibers. Radiation dose, exposure time, and the induced
optical losses 10 seconds and 24 hours after irradiation are

also shown in Table 4.16.

Figure 4-10 shows the optical recovery of 99 meters of Silicone A
coated fiber irradiated to 3 radiation doses of high energy
electrons. The sample was first irradiated to 8.3 x 102 rads,
Test 1, and the induced optical loss at 10 seconds was 88.5
dB/km. The second irradiation, Test 2, after Test 1 and recovery
was 9 x 10% rads. Because of the cross over of plots 1 and 2,

it is expected that the induced optical loss 10 seconds after

irradiation for Test 2 to be greater than 88 dB/km.
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The third irradiation dose, which is comparable in level to
that of Test 2, was applied to the fiber after recovery. The
induced optical loss was lower than those of the first two
irradiations and was 30 dB/km 10 seconds after irradiation.
This indicates an increase of the radiation hardness of the

preirradiated samples.

The effects of four different doses on the induced optical
losses in a Silicone B coated fiber are shown in Figure 4-11.

The sample length was 94 meters and the optical power level

was monitored continously. The sample was first given 1.3

x 103 rads and the induced optical loss after ten seconds

was 86 dB/km at .82 microns as shown in Figure 4-11 Test 4.

The induced loss after 10 seconds was much lower (34 dEBE/km)

as shown in Test 5 after Test 4 and recovery and a second
irradiation to a higher dose of 1.35 x 105 rads. To study

the effect of a low radiation dose on a preirradiated sample,
the same sample was given 1.3 x 103 rads after recovery. The
induced optical loss after 10 seconds was 18 dB/km, as shown

in Figure 4-11 Test 6 compared to 86 dB/km when the sample

was given the same dose for the first time. The fourth exposure
was a high dose of 1.35 105 rads and the induced optical loss
after 10 seconds is 24 dB/km as indicated in Figure 4-11 Test 7.

Again the induced optical loss after the second high radiation

M 4 A it
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is lower than that after the first high dose.

It is believed that the testing under this contract was the first

perfcrmed on long lengths of optical fibers at low levels of
radiation dose. In contrast, previous experiments were con-
ducted on short lengths of fibers exposed to high doses. Based
on the published results of that testing, and the comnoniy held
belief that induced optical loss in glass is linear at radia-
tion levels below 109 rads, it was predicted by extrapolation
that induced optical losses at low doses would be lower than

that actually measured in testing under this contract.

The above results indicate that the virgin unirradiated fiber
is sensitive to low levels of radiation. This is the case

in the mixed flux irradiation experiment, and the effect is
confirmed with results from high energy electron irradiations.
After irradiating the fiber to a high dose of radiation, the
fibers showed lower radiation induced optical losses and higher

rates of recovery, compared to the first ivradiation

Table 4.17 shows the induced optical loss in dB/km-rad and
radiation doses in rads for the high energy electrons radiation
tests performed on Silicone A and Silicone B ccated fibers.
Figure 4-12 shews a plot of radiation induced optical loss as

a function of radiation dos: in rads. The points approximate

a straight line when plotted on log-log paper. The decrease
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in induced loss in dB/km-rad with increasing radiation indicates

a saturation effect is present within the radiation dose range
studies. An induced loss after 10 seconds, of 18 dB/km was
measured in the preirradiated sample (Test 6) compared to 85 dB/km
for the virgin sample (Test 4). Both sanples were irradiated to
the same dose of 1.3 x 103 rads. This observation demonstrates
the radiation resistance of the preirradiated fibers which is due

to radiation hardening.

4.11.3.2 Radiation Induced Optical Losses Afte~ 24 Hours

A total of eleven fibers were irradiated to doses ranging from
74 tad to 2.7 x 10° rad. The induced optical losses and accur-

ulated doses are shown in Table 4.18.

The radiation induced losses in these fibers are within experi-
mental error and the limit of existing measuring eguipment. The
induced loss in sample 11, Table 4.18, which is 2.5 dB in the
fiber, could be partially due to experimental error and partially
due to damage in the optical tladding occurred during the pulling
of the fiber through a conduit with seeral 90° bends. The
induced loss in sample 3, Table 4.18, is 3.7 dB, which is

within the experimental error due to the short length of the

fiber.
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Based on the results outlined in Table 4.18, it can be concluded

that total recovery took place with 24 hours after irradiation

5

to doses as high as 2.7 x 10 rads.

4,11.3.3 Cable Irradiation

Short sections of the 3 cable designs were irradiated to a high

5 10 neutrons/

mix £lux dose (1.27 x 10° rads of gamma + 4.4 x 10
cmz) for visual inspection and mechanical integrity testing.

The irradiation doses and test conditions for the cables and two
long fibers are shown in Table 4.19. No signs of any degradation

were visible.

4.11.3.4 Conclusions

It is possible that defect sites are created on the fiber surface
during the drawing process which can be saturated during the
initial irradiation. These saturated defect sites will not be
available to take part in process of electron traps and positive
hole formation, and hence lead to lower radiation induced losses
in the preirradiated fibers. The following conclusions are
offered:
1. The plastic clad silica fibers showed saturation
of the radiation induced optical 1loss in the dose
range from 74 to 105 rads.
2. The preirradiated fibers showed an improved radiation
hardness compared to the virgin fibers.
3. To characterize the radiation hardness of a fiber,
it is necessary to specify not only the time of the
measurement, but also the radiation dose, as the

saturation effect was observed for radiation doses

4- 56
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as low as 74 rads. The induced optical loss after
a specified time in dB/km:rad versus dose in rads
should be calculated for each fiber type. From

this plot the induced optical loss can be

calculated for any dose level within the working

curve limit.

Preirradiating Plastic Clad Silica Fibers May
Improve Its Radiation Hardness

To study this effect, further work is needed to establish whether
the improvement in the ra@iation hardness persists over an extend-
ed period of time, or whether it is just a transient effect.
It is also important to study and establish the optimum radiation
levels tc¢ improve the radiation hardness without any adverse

effect on the mechanical integrity of the fibers or the cables.
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5.0 COMPARATIVE COST-FIBER OPTIC VS. CONVENTIONAL METALLIC
CONDUCTOR

One of the objectives of this contract was to develop a fiber
optic cable that will be cost competitive with conventional cables
when manufactured in large volumes. This section briefly compares
the dimensional characteristics and projected costs of cables
developed under this contract with the presently used conventional

CX 4566 conductor.

A comparison of dimensional characteristics for both cable types

is shown in Table 5.1.

TABLE 5.1
CENTRAL STRENGTH
MEMBER F.0. CABLE CX-4566
Diameter .250" .503"
Weight 30 kg/km 219 kg/km
Length/Spool 1 km * 76 meters

The above data clearly shows the space and weight savings offered

by fiber optic cables.

g Fiber optic cables similar in structure to those developed under
this program which incorporate 6 plastic clad silica fibers and
have an attenuation of <20 dB/km, are commercially available for

$9.90/meter. Comparable CX-4566 cable (26-pair) is priced
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lower at approximately $3.00/meter in similar quantities (10-20 km).
Figure 5-1 presents a forecast of comparative costs through 1982
and clearly shows that through planned improvements in optical
fiber and cable fabrication equipment and processes, fiber optic
cables with plastic clad silica fibers will be cost competitive
with conventional conductors within 3-5 years. By that time,

fiber making processes will allow significant reductions in labor
resulting in fiber costs that approach the cost of raw materials.
Progress toward the cost reduction of éll-glass fibers is also

expected to be great during the 1979-1982 time frame.

The cost projections in Figure 5-1 were made on the basis of 1977
dollars, hence a flat line is shown for CX-4566. Inflationary
effects will result in progressively higher CX-4566 costs, and
reduce the fall off of the cost of optical fiber cable. 1In any
case fiber optic cables are expected to offer cost savings by

1981-1982.

A comparison of projected costs for all glass vs. plastic clad
silica fibers indicates that the difference will narrow signifi-

cantly by the 1981-1982 time frame.
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‘6.0 CONCLUSIONS AND RECOMMENDATIONS

As part of the "Low Cost Fiber Optic Cable'" contract, cables were
produced which meet most of the requirements for tactical field
applications. The requirements specified in the contract are
compared with the achievements in Table 6.1 Results indicate
that with further development, all requirements can be met.
Specific conclusions reached from the present effort and sugges-
tions for additional effort are discussed in the following sect-

ions.

6.1 Conclusions

Based upon the development and evaluation effort, the following
conclusions have been reached:
1. Rugged optical fiber cables employing plastic
clad silica fibers can be fabricated with
optical attenuation less than 10 dB/km.
2. Impact resistance of optical fiber cables,
although improved over cables produced earlier,
still falls short of the MIL-C-13777 require-
ment of 200 impacts at 5 ft-1bs.
3. Optical fiber cables can be fabricated with
tensile strengths required for field applications.
4. Cyclic bending and twisting have no adverse effects
on the optical continuity of optical cable models.
5. Cable design can affect the performance of optical
fiber cables after temperature cyclirng. Designs
ECOM-1, ECOM-2, and ECOM-3 showed no significant
increase in attenuation while Design ECOM-1A showed

a significant increase in three of six fibers.

6-1
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Cable attenuation may be affected by long-term
exposure to high levels of moisture. Average
attenuation increases of 4-5 dB/km were measured.
However, since some of the fibers tested did not
exhibit a significant loss increase, it is ex-
pected that the effect of moisture on loss can

be alleviated.

Optical fiber cables can be fabricated with fungus
resistant materials commonly used in conventional
metallic conductor cables.

Irradiation of fibers causes a significant short
term increase in attenuation. However, pre-irrad-

iation may produce radiation hardened fibers.
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PHYSICAL:

Length

Number of fibers

Size

Weight

OPTICAL:

Attenuation

Numerical Aperture

MECHANICAL:

Tensile Strength

TABLE 6.1

PROGRAM ACHIEVEMENTS

GOAL

1/73 - 1 km
6

.250 inch
100 1bs/km

50 dB/km required
20 dB/km desired

>.27

400 1bs

Vibration, Temperature

Cycling, Moisture
Resistance, Immersion

Fungus Resistance

Flexing

Twist

Impact

NUCLEAR SURVIVABILITY

103-10S Roentgens
1012-1014 Neutrons/
cm2

MIL-STD-202

MIL-STD-810

MIL-C-13777
2000 cycles

MIL-C-13777
2000 cycles

MIL-C-13777
5 ft/1bs
200 impacts

<50 dB/km
increase 10

sec after dose

6-3
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ACHIEVEMENT

1 km+

6 § 7 fiber cable
fabricated

.240 inch
66 1bs/km

<10 dB/km 2.79 microns
<13 dB/km 2.82 microns

.30

400 1bs.

No appreciable degrada-
tion

No growth

>2000 cycles
>2000 cycles

1.5 ft/1bs.,
200 impacts

55 dB/km average

increase 10 sec after

dose Min=S dB/km
Max=175 dB/km
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6.2 Recommendations

During the course of the low cost cable development program, it
was determined that low cost plastic clad silica fiber cables
could be fabricated to satisfy most of the optical, mechanical,
and environmental requirements of Army tactical use. A number of
areas were identified for furcther effort, both in fiber and cable
fabrication and evaluation. The following ave recommendations for
further study:

1. Cable performance under actual fi2ld conditions
should ve studied. Cables sheculd be strung from
poles using conventional stringing techniques in
order to determine long term tension effects on
attenuation and mechanical integrity. Roadway
survival testing should be zccomplished to
determine effect of vehicular traffic. Continuity
and/or attenuation should be measured at regular
intervals.

2. Impact resistance should be improved by revisions
in cable design. Emphasis shculd be placed on
strength member design and jacket material
selection.

3. Mechanical evaluations (MIL-C-13777F) should be
conducted at temperature extremes to determine

cable survival capability.

4. Additional temperature cycling should be
conducted on designs that employ MYLARR tape to
determine the source of increased loss.

5. Additional testing should be conducted to verify
the effects of moisture on atvenuation. Longer
lengths of cable should be evaluated and, if
necessary, additional moisture barrier pro-
visions should be incorporated into cable designs.

6. Extensive radiation testing should be performed to
determine the causes of induced losses and to

6-4
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verify the finding that indicates "first-dose hard-
ening” of plastic clad silica fibers,

Experiments should be conducted to reduce excess cabling
losses. Investigation should include stranding techniques,

use of monofilament fillers, tape effects, fiber buffers,
and strength member surfaces.

6-5
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CABLE TEST PLAN
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1.0 OPTICAL TESTS

1.1 NUMERICAL APERTURE (MA) AND ATTENUATIONM

1.1.1 Specifications

A) Wavelength: 6,000 - 10,000 Angstroms

B) Attenuation: S0kB/km (required)
20dB/km (desired)

C) Numerical Aperture (NA): .27 minimum at one kilo-
meter length

1.1.2 Definition of Test

The test procedure will measure transmitted optical power
as a function of the injection numerical aperture (in-
jection cone angle), for long and short lengths of fiber.
From this data the attenuation in dB/km will be calculated
and an effective numerical aperture will be defined by

“he Collection Loss (CL) method.

1.1.3 Test Equipment and Pro-edure

The optical equipment to be used in this test provides for
injection numerical aperture control by focusing a colli-
mated beam of filtered light onto the fiber through a
photographic lens with a set of fixed F stops ranging from

0.95 to 16 in multiples of approximately 1.4. The voltages

— 2 . P
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correspcnding to detected fiber optical output power at
wavelengths 6500, 8300, and 10,500 Angstroms at .124 NA
and at 7900 Angstroms at .124, .243, and .336 NA {corres-
ponding to F/4,2, 1.4) will be recorded for both the

long fiber length (1/3, 1/2 or 1 km) and the shc :ngth

(1 to 2 meters).

1.1.4 Data Reduction

The Collection Loss method (CL) is used to reduce the data
for 7900 Angstroms as follows:

A) For each injection NA the total insertion
loss (TIL) is calculated in dB;

B) The fiber attenuation is calculated by
dividing the total insertion loss (TIL) for lowest NA
(.124) by the fiber length in kilometers;

C) The coliection loss (CL) at each of the
higher NA's (.243 and .336) will be calculated by sub-
tracting TIL (.124) from each TIL for the respective higher
NA's;

D) The fiber éffective NA will be found by
interpolation of the CL to find the NA for which CL = 1 4R,
unless the CL at .336 is less than 1 4B, in which case the

fiher effective NA will be assumed to be .336.




The attenuation at 6300, 8200 and 10,500 Angstroms is cal-

culated by steps A and B only.

1.1.4 Test Results Reporting

The following data will be reported:
A) Fiber (cable) net length,
B) The attenuation for each wavelength and the

effective NA at 7900 Angstroms.

1.1.5 Test Facility and Personnel

ITT-EOPD loss measurement equipment and personnel.

1.2 DATA TRANSMISSION

1.2.1 Specifications

A) Bit Rate: 20 megabits/sec
B) Rise and Fall Times: 4 nanoseconds

C) Pulse Flatness: 3 dB pk-pk from voltage
output level.

1.2.2 Definition of Test

The test procedure will measure the pulse snreading in the

fiber from an input pulse which is much narrower than the

output pulse.
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1.2.3 Test Equipment

The equipvment to be used in this test consists of:

A) A pulsed GaAs laser with central emitting
wavelength in the neighborhood of 8200 Angstroms;

B) Appropriate timing and delay electronics;

C) Pulse detection electronics consisting of
either a PIN photodiode (risetime approximately 0.4 nano-
seconds) or an avalanche photodiode (somewhat slower than
the PIN but with less than 4 nanos-cond rise and fall
times at optical input powers well below saturation levels),
a 0.1 MHz to 1.3 GHz pulse amplifier (gain = 20 times),

and a sampling oscilloscope.

1.2.4 Test Procedure 5

The optical output from the laser source will be collected,
collimated and refocused with a magnification of approxi-
mately 1 (one) using standard optics. The optical pulse

will be injected into the fiber at the image of the source

and the fiber output pulse will be detected using the sampling
oscilloscope. A permanent record of the output pulse will

be made. The optical output from the fiber with the laser
operating just below threshold will be recorded on the same
permanent record., The net laser pulse will be taken as the

difference between these two curves. A similar record will
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be taken for:

S ety

i 1

A) The pulse through a short length of fiber, or

B) A sample of the pulse before injection into

the fiber.

The 3 dB and 10 dB pulse widths of the output and input

e tey

pulses will be measured from the permanent records.

i i

1.2.5 Test Results Reporting

r The 3 dB and 10 dB widths of both the input and output pulse

will be reported.

1.2.6 Test Facility and Personnel

ITT-EOPD pulse dizpersion equipment and personnel will be
utilizea.

2.0 MECHANICAL TESTS

e b2 S

2.1 CABLE TENSILE STRENGTH

2.1.1 Specification

400 1b. load for 1 minute

2.1.2 Definition of Test

Rhaad

The test will monitor the number of transmitting fibers

R TR

before, during, and after application of a 400 lb. load to

i
3
v

Rt L 1ok ‘ H v e Py Sk £33 = i
it A Tl T 5 Rt sl AL : PRSRCRFERT-2er e e




R T T D T T R TRy o TR P T o Y I e W e TEITPRTIOITCY P TR TR T L T T A T TETIT T T A T e v

a 61l cm (2 ft.) test section (gage length) for 1 minute.

The.cable elongation will be measured and jacket slippage

e aes i gs o b g

will be monitored.

2.1.3 Test Equipment

The test will be performed using sheaves, rope and cable, a
tension scale, posts, and a cable jack to apply and measure

the tensile load to the cable, Each sheave consists of 2

steel plates, 1" x 3" x 24" connected to 2 U-shaped strips
of steel with cross-section dimensions of 1/4" x 1". The
cable is gripped between the plates by tightening 8 1/4"
steel bolts. A tape measure canister attached to one sheave
with the tape attached to the other sheave will measure

saﬁple length and elongation.

2 Optical monitoring is accomplished using a standard micro-

scope illuminator.

Palinac i

2.1.4 Test Procedure

A length of cable sufficient for the required number of
test lengths will be prepared for illumination by removing
the jacket on one end and preparing individual fibers by
the diamond scribe and pull technique. These fibers will

be gathered into a loose bundle and placed in the focused

A-6
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beam of the microscope illuminator. The opposite end of the
cable is placed in the sheaves with a sufficient length
protruding to allow for preparation of the observation

end by removal of a short jacket section and separating

the fibers sufficiently for comfortable viewing and reso-
lution at a distance of approximately 10 feet. The test
section between the sheaves will be marked with masking

tape to allow monitoring for jacket slippage or cable slippage
in the sheaves. The number of transmitting fibers and the
time will be recorded before and after tightening the sheaves.
The starting time for application of the load will be noted
and the load applied as rapidly as practical with the equip-
ment used to the 400 1lb. level; the time at attaining

400 1b. load will be noted and the load maintained for 1
full minute then released at as fast a rate as practical -
but not instantaneously. The time of return to zero load
will be noted. Fiber continuity will be monitored and noted
throughout the test, as well as indications of jacket or

cable slippage, and total test section length.

At the end of the test the cable will be cut between the
sheave and the illumination end at a sufficient distance
from the sheave to eliminate jacket slippage regions. A

section of cable starting with the new end will be inserted




into the sheaves and the test repeated as required.

If there are one or more apparent hreaks after test the
total test section will be examined opvtically to determine
the break location. Coincidence of fiber breakage with
jacket bunching due to jacket slippage will be noted.

The number of breaks in the cable test section will be
considered as the number of breaks occurring in the gage

length only.

2.1.5 Test Results Reporting

The gage length, % elongation at 400 1bs. load, and the
number of broken fibers will be reported for each test.
The occurrence and location of jacket slippage will be

reported.

2.1,6 Test Facility and Personnel

ITT-EOPD facilities and personnel will be used.

2.2 CABLE IMPACT RESISTANCE (MIL-C-13777F)

2.2.1 Specification

200 impacts with a 10 1lb. weight from 6" (1' diameter hammer).
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2.2.2 Definition of Test

Test will be performed as per MIL-C-13777F with the following

axceptions:
A)

B)

c)

D)

E)

Optical monitoring of fiber breakage as per
tensile strength tests (2.1) instead of elec-
trical tests;

Testing on one continuous length per 2.1.4;

A force-distance product of 1.75 ft.-1lbs. will
be used on type I and II cable designs;

A force-distance product of 1.0C ft.-1bs. will
be used on type III cable design;

Tests to be at room temperature only.

2.2.3 Test Procedure

As in MIL-C-13777F with above noted exceptions.

2.2,4 Test Results Reporting

The cumulative number of broken fibers for all samples of

each cable type will be reported as a function of number of

impacts. The maximum, minimum and average number of fiber

breaks per cable after 200 impacts will be reported for each

cable type.

2.2.5 Test Facilities and Perscnnel

Tests will be performed at ITT-Surprenant Division, Clinton,

Mass. Testing will be conducted by ITT-Surprenant and ITT-

EOPD personnel.

A-9
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2.3 CABLE TWIST TEST

2.3.1 Specification

2000 cycles at loading per MIL-C-13777F.

2.3.2 Definition of Test

Test will be performed as per MIL-C-13777F with the following

exceptions:

A) Optical monitoring for fiber breakage as per
tensile strength tests (2.1) instead of electri-
cal tests with the possible addition cf a de-
tector and strip chart recorder;

B) Testing on one continuous length per 2.1.4;

C) Room temperature only.

2.3.3 Test Procedure

As in MIL-C-13777F with above noted; exceptions.

2.3.4 Test Results Reporting

The cumulative number of broken fibers for all samples of

each cable type will be reported as a function of the number

of twist cycles.

2.3.5 Test Facilities ana Personnel

Tests will be performed at ITT-Surprenant Division, Clinton,
Mass. Testing will be conducted by ITT-Surprenant and ITT-

EOPD personnel.




2.4 CABLE BEND TEST

2.4.1 Specification

2000 cycles at loading per MIL-C-13777F.

2.4.2 Definition of Test

Tests will be performed as per MIL-C-13777F with exceptions
as noted in 2.3.2, with the additional exception that tests

will be performed with a 5/8" radius mandrel.

2.4.3 Test Procedure

As in MIL-C-13777F with noted exceptions.

2.4.4 Test Results Reporting

The cumulative number of broken fibers for all samples of
each cable type will be reported as a function of the number

of bend cycles.

2.4,5 Test Facilitiss and Personnel

Tests will be performed at ITT-Surprenant Division, Clinten,
Mass. Testing will be conducted by ITT-Surprenant and ITT-

personnel,

3.0 ENVIRONMENTAL TESTS

3.1 VIBRATION (MIL-STD-2C2D, METHOD 204B)

A-11
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3.1.1 Specifications

A) Test Condition: A (per STD)
B) Test Sample Length: Unspecified
C) Mounting Method: Unspecified

3.1.2 Definition of Test

This procedure will examine the effect of vibration on fiber
integrity in the cable. Integrity will be determined by the

number of fibers transmitting after the test.

3.1.3 Test Equipment and Procedure

The vibration test equipment for this test will be chosen
to conform to MIL-STD-202D, Method 204B, Test Condition A.
A suitable length of fiber (on the order of 25 to 50 cm),
previously checked for continuity will be suspended tautly
between two suitable clamps spaced appropriately. The
tests will be run with the vibration motion applied trans-
verse to the cable for 12 test cycles. The clamping fixture will
be changed to allow motion parallel to the cable axis and

a second sample tested in this geometry for 12 test cvcles.
The cable sample will then be examined optically for broken

fibers and visually for any mechanical failure.
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@ 5.1.4 Test Results Reporting

The number of transmitting fibers before and ~fter the
test for both transverse and longitudinal motion will be

reported. Any mechanical degradation for the cable samples

will be reported senarately f{or each geometry.

3.1.5 Test Facility and Personnel

Optical evaluation with ITT-EOPD facilitie:s and personnel.

Vibration tests facility undetermined.

3.2 TEMPERATURE CYCLING (MIL-STD-202D, METHOD 102A)

5.2.1 Specifications

A) Test Condition: D

B) Measurements: Attenuation

D rhEhLLAMIY L 1 et

3.2.2 Definition of Test

E A cable sample of about 40 to 50 meters length will be

E measured for attenuation before and after temperature
cycling per MIL-STD-202D, Method 102A. The cable sample

: will be examined for mechanical defects arising from the

3 temperature cycling.
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3.2.3 Test Equipment and Procedure

Prior to temperature cycling the attenuation of each fiber
in the cable sample will be measured at 7900 Angstroms
and .124 injection numerical aperture. The cable length
will be examined for any superficial defects. and these
will be duly noted. The attenuation test will be con-
ducted after the temperature cycling under the same con-
ditions as before. The cable sample will be examined again
for any superficial defects and differences noted. If

any significant differences in transmission occur the
cable will be examined in detail to determine the probable
cause - this examination will include cross-sectioning

and disection of the cable, if necessary.

3.2.4 Test Results Reporting

The before and after attenuation of each fiber in the cable
sample will be reported. Differences between superficia:
characteristics before and after will be reported. 1If a
probable mode of degradation can be identified for a sig-

nificant change in attenuation, it will be reported.

3.2.5 Test Facilitvy and Personnel

Optical and mechanical evaluation with [TT-EOPD facilities and

personnel. Temperature cycling facility not vet determined,

however several facilities are available,

A-13
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3.3 MOISTURE RESISTANCE (MIL-STD-202D, METHOD 106C)

3.3.1 Specifications

A) Test Condition: Cold and vibration sub-
cycles to be included

B) Measurements: Attenuation

3.3.2 Definition of Test

A cable sample of about 40 to 50 meters length will be
measured for atteruation before and after subjecting the
sample to the environmental conditions specified in
MIL-STD-202D, Method 106C. The cable sample will be
inspected for defects arising from the environmental ex-

posure.

3.3.3 Test Equipment and Procedure

Prior to the environmental exposure the attenuation of
each fiber in the cable sample will be measured at 7900
Angstroms and .124 injecticn numerical aperture. The

cable sample will be examined for any superficial defects
and these will be duly noted. After this test and examina-
tion the cable ends will be sealed with an epoxy resin to
be more or less impervious to moisture penetration through

the sample ends. Alternately, the cable ends may be routed

A-15




through appropriate feed throughs to the laboratorv tuo
prevent moisture penetration. The same test and 2xanina-
tion will be conducted after the environmental exprcsure, as
was done before. If any significant changes in tra::mission

A occur the cable will be examined in deta;l to deterrine

the probable cause - this examination will inclade zross-

sectioning and dissection of the cable if necessiiv.

3.3.4 Test Results Reporting

The before and after attenuation of each fiber i1 (1e
cable sample will be reported. Differences betweer super-

ficial characteristics before and after will be reported.

o
S Iy

: If a probable mode of degradation can be identifie.l for

a significant change in attenuation, it will be reported.

35.3.5 Test Facility and Personnel

: Optical and mechanical evaluation with ITT-EQPD f:cilities
and personnel. Environmental exposure facility not vet

determined, however several facilities are available.

3.4 FUNGUS (MIL-STD-S1CB)

2.4.1 Specification

Per paragraph 3.1.7 of MIL-STD-810B.
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3.4.2 Definition of Test

This test is to determine the resistance of the cable jacket

to fungi growth.

3.4.3 Test Equipment and Procedure

The test equipment and procedure for this test appear in
detail in MIL-STD-810B. A test sample of suitable length

(1 to S meters) will be delivered to the testing laboratory.

3.4.4 Test Results Reporting

The testing report from the test.ng laboratory will be the

report on test results.

3.4.5 Test Facility and Personnel

Not yet determined, however several facilities are available.

3.5 NUCLEAR SURVIVABILITY

3.5.1 Specifications

A) Exposure: gamma-radiation - 103-10s

Roentgens (Co?ilt 60)14
neutrons - 10 to 107 /cm
(1 Mev equivalent)

B) Fiber Attenuation: € 20% increase ten seconds
after end of exposure (ob-
jective)

A-17
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< 1.0 dB/km increase 24

hours after end of exposure
(objective)

< 50 dB/km ten seconds
after end of exposure
(required)

C) Cable Survivability: Unspecified but probable

mode of degradation tc be
determined if possible.

3.5.2 Definition of Test

This test will consist of exposing an approximately 200
meter sample of fiber and short lengths (on the order

of 1 meter) of cable samples to levels of radiation within
the limits defined above. Optical monitoring of the

fiber sample during and after exposures will be used to

determine optical degradation.

3.5.3 Test Equipment and Procedure

Radiation exposure of the samples will be conducted using

the Cobalt 60 source (gamma-radiation) and lipear particle
accelerator (neutrons) at U. S. Naval Research Laboratories,
Washington, D. C. Optical monitoring during and after ex-
posure will be accompiished with suitable apparatus available
at NRL. The monitoring wavelength will be approximately

8300 Angstroms; injection numerical aperture will be deter-

mined at the time of test. Prior to radiation exposure

A-18
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the fiber will be tested for optical attenuation according
to paragraphs 1.1 of this test procedure report. During
the exposure phases of the test the optical signal from
the mornitoring system will be compared to the monitoring
signal just before exposure begins to determine the differ-
ential changes in loss. After the 24 hour period post-
exposure the fiber will again be tested according to para-

graph 1.1 of this test procedure report.

3.5.4 Test Results Reporting

A separate test report for the fiber sample subjected to
each radiation source will consist of:

A) The before and after total attenuation
measurement made according to procedure 1.1.3 and data
reduction 1.1.4;

B) The differential attenuation at 10 seconds
after the end of exposure;

C) The differential attenuation at 24 hours after

the end of exposure.
Degradation effects in the cable samples will be

reported.

3.5.5 Test Facilities and Personnel

Both ITT-EOPD and NRL facilities and personnel will be used

in this test with ITT personnel participating in the NRL
phase of the test.
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APPENDIX B

ATTENUATION AND DISPERSION

A s B I d DA L B g e o E o R g S B I

At ke SR




PR

clnd s A

G

AN

Ko s an

1°91

LAN'R

A

8°01

1°¢

*ON 159ty

NOILVANALLY

0° LY

L°01

SI919K 9¢¢
£ -N0OJ4

8°S1

L°01

NOISYH4dSId ANV NOILVANILLV

TR T

R AV I TAY)

1z

T IR e L R R L TR g L7 VPRI, e NPTV TP

(3utod gp ¢ ‘wN/su)

NOISYIdS1d

6L°

59°

{(suouadiuw)
HLONITIAVM

B-1

-«




B T i

TR AT TSN

ﬁ

Ea>art

Spt-e e il ot o

R a1y

IS o

i W TSN T TR RN LT AT IR NS

I S

L AN A4

S°81

AR

881 2°81
Ll S 11
9°¢L v L
€01 0°01
Ty s
"ON 19q14
NOILVANALLV

NOTSUIJSIA ANV NOILVANALLY

9°0T1

S1319W ¥Z%
1-KH003

9°12

1°02

v a1

(3urod gp ¢ ‘wy/su)

NOISHAdSIa

SO0°T

8’

B-2

6L°

S9°

(suoxotu)
HLONITIAVM

T P ROV

IR Y R O L T L PR T T T A T T T



g,

LR LR Y X e e

0°92

1°61

T°1¢ 2 0¢ €62 0°0¢
0°22 8°027 A8 ¢4 0°62
8°LT S 971 0°LI £ 42
1°22 6°61 €12 £°92
9 5 I g
"ON 49q14
NOTLVANILIV

S1339W 0YT1
€ -W0D3

NOISYddSIA ANV NOILVANZLLY

0°8¢

6°61

8°S1

L°61

L8

v° 92

9°81

6°¢1

(3urod gp ¢ ‘wy/su)

NOISUHAdSIa

SO0 1
’8°
6L°
S9°

(suoxdtu)
HLONITIAVM

B-3

P

P




gt e p

Torms.

[ANA

£°02

8°2¢

6°62

8°61

8°S1

S'el

S —————————————————————
N v O YTV ISP OTTP £ YA STy P YT ng & PP AL S ta

- - - 1°s2
L 2§ 9'ss 9° 15 6°25
A $° 22 1°22 2°§¢
1° 81 0°'81 2°81 €61
1°02 L°02 1°v2 b se
KR ¢ T 1
"ON 13qtd
NOILVANILLY

SI3IIN ZS0T
[, (00} ]
NO1SUY3IdSIA OGNV NOILVANALLVY

R I R L P YL T S Py o b ey e o s o) b gt (NS 1 R RN P R TP IRCL T Y

(3urod gp ¢ ‘wy/su)

NOIS¥iIdSIa

ST TRR UL Pt T TRy

el

S0°1

-z
2y .

B s —

6L°

s o8

Sg°
{(sucadrw)

HLONATIAVM

“-




w
1
:
i
w
.w
y
3 (3uvrod gp ¢ ‘wy/su)
; - - - - 9°02 0°12 NOISH3dSIq
m 2 81 1°02 Z°81 9°81 1°81 L6 S0 1
]
; ST I L°21 9°11 9° 11 1°11 L 71 28"
3
: 9°L L8 L*L 6°L A 8°8 GL*
g S°0T 8 11 6°6 v 01 9°6 0° 11 s9Q°
“ 9 S v 3 3 1 (suoadtu)
m *ON 19qQT4 HLONSTIAVM
% NOILVANILLY
: .
3 S1939W 60§
1-W0D1

NOISHYddSIA ANV NOIJVANILLY

by Prem $gih R v L L W B e b ol WOy e e o b e e g R b RN o e
) N Ay Rbaa b ki S L b L s L o dr ik i Lad gy & TR

QU ol Ll Tt 3 e A ) | o s o

bioks 8 gid Ll Ut st wg e i) ol end




LA A

L°91

8¢l

9°01

6°ST

6°ST

[ARA

$'9

'8

2°61

6° 11

- 1°22 -
b 9T 0°9T1 2'91
901 S° 01 Z°01
9°9 59 9°9
88 L*8 v'8
B ¢ 2
“ON 19qTq
NOIIVANALLV
S1939W 02§
€-W0Jd

NOISYAdSIA UNV NOILVANFLLV

(3uvod gp § ‘wy/su)

NOISY¥ddsSIda

S0° Y
4N
6L°
S9°

(suoxdotu)
HLONTTIAVM

B-6

o




101

#012
107

ool
" 108
001
110

001
200
00l
202

203

ol

T LoD, TR e

205

206

ML i Linde Ui 12 ¢t

0,08
207

01

DISTRIBULION LIST

Defense Documentation Center 210
ATIN: DDC-TCA

Cameron Station (Bldg 5)

Alexandria, VA 2231L 001
Director 211
National Security Agency

ATTN: TDL coL
Fort George G. Meade, MD 20755

212
Director, Defense Nuclear Agency
ATIN: Technical Library

Washington, DC 20305 001
Code R121A, Tech Library 21l
DCA/Tefense Comn Engring Cer

. 1860 Wiehle Ave col
Reston, VA 2209C

215
Office of Naval Research
Code L27
Arlington, VA 22217 001
Naval Ships Engineering Cir 301
Code 61570
Prince Georges Center oo
Hyattsville, MD 20782

302
QiC, Fieet Msl Sys Anal &

Eval Gp Annex

AlIN: GIDEP Admin 0fc o0l
Naval Weapons Station Seal Beach
Corona, CA 91720 30k
Director
Navai Research Laboratory OoC1
ATTN: Code 2627
Washington, DC 20375 307
Commander 191033
Naval Electronics Lab Center
ATIN: Library
San Diego, CA 92152
Commander
U3 Naval Ordnance Laboratory 322
ATIN: Technical Library oCl
White Oak, Silver Sprg, MD 20910

-a n
a e
o, 4

e -
cCl
GUICOresE "9 1 EIAT ¢ SYOQET -y «pt WLLILIM S
G Oum, C WS IR BN 028 To0gY 98 S PSSy
@ ‘9 08 We? ‘9 98T

Commandant, Marine Corps
HQ, US Marine Corps
ATTN: Code LMC
Washington, DC 20380

HQ, US Marine Corps
ATIN: Code INTS
Washington, DC 20380

Command, Control & Comm Div
Development Center

Marine Corps Devel & Educ Cmd
Quantico, VA 22134

COR, Naval Air Systems Command
Heteorological Div (AIR-5u0)
Washington, DC 20361

Naval Telecommunications Cmd
Tech Library, Code 422

LLOl Massachusstts Ave, N#
Washington, 3C 20390

Rome Air Development Center
ATTM: Documents Library (TIID)
Griffiss ArB, NY 13uLl

USAF ETAC/C3T

Navy Yard innex

Bldg 159

Washington, DC 20333 °

Air Force Carbridge Research Lab
L. G. Hanscom Fieid

ATTN: LIR

Bedford, MA (1730

HY ESD(XRRI)
L. G. danscom Fiald
Becford, MA C1730

ATSPCOSCEN /3R
San Antonfo, TX 78243

Armanment Jevelcopment Lk Test Cir
ATDN: JLCSL, Tech Library
Bigin AF8, FL 2942




) !‘.“! s

ORI A NG aar n s fat v oma bl it ia Dl ao Detlil )

PRI TR E TR

* 31k

001
315

oCL
318
001
320
001

Los
001

Lo8
o001

Log

coL
L13

0,02
L21

002
L22

co1

.HQ, Air For:s Systems Command k23

ATTN: DICA
Andrews AFB
Washington, IC 20331 001
Director L2L

Air Universiiy Library
ATTN: AUL/LSE-6L-285
Maxwell AFB, AL 36112 001

HQ, AFCS3 k27
ATTY: EPECRW Mail Stop 105B
Richards-Gerbaur AFB, MO 6L030

003
Air Force Systems Command
Advanced Systems Div (ASD/ENAD) L29
Wright-Patterson AFB, OH L5L33

OSASS-RD 001
Washington, DC 20310

u3o
KQDA(DARD-ARS-P/Dr. R. B. Watson)
WASH, DC 20310

001
CDR, US Army Materiel Command
ATTYM: AMCMA-EE k31
5001 Eisenhower Ave
Alexandria, VA 22333

CDR, US Army Materiel Command

ATTN: AMCRD~FW L32
G001 Eisenhowar Ave

Alexandria, VA 22333

Ccmmander
U3 Amy Training & Doctrine Cmd L36
ATDe: ATCD-F

Fort Monroe, VA 23651

001
Commander
US Army R&D Group (Far East) u3?
APQO, San Francisco 96343
Commander . 001
US Army Missile Command
ATTN: AMSMI-RRA, Bldg 7779 uk2
Redstone Arsenal, AL 35309
COR, US Army Missile Ccmmand QoL
Redstone Scientific Info Cir
ATIN: Chief, Tocument Section Lk
Redstone Arsenai, AL 35809
Commnndor coi

iS5 Army uaroxmdicm. lmssearch .a.b
4\ TH: mer'
Fort Rucker, AL 36362

Commander

US Army Armament Commiand
ATTN: AMSAR-RDP (Library)
Rock Island, IL 61201

Commander
Rock Island Arsenal

ATTN: SARRI-LP-L-Tech Library -

Rock Island, IL 61201

CDR, US Army Combined irms
Combat Developments Activ:.ty
ATTM: ATCAIC-IT

Fort Leavenworth, KS 66027

Commander

US Army Logistics Center
ATIN: ATCL-MA

Fort Lee, VA 23801

Commandant

US Army Crdnance School

ATTY : ATSOR-CTD

Aberdeen Proving Gnd, MD 21C05

Commander

US Army Intelligence School
ATTN: ATSIT-CTD

Ffort Huachuca, AZ 85613

Commandant

US Army Field Arvillery Schooi
ATTi: ATSFA-CTD

Fort 5111, OK 73503

Commandant

U5 Army Znginear School
ATTN: ATSE-CTD-0T-TL
Fort Belwvoir, VA 220620

Coms'\dmr

'S5 Army ¥ilizary Police Scheol
ATTN: ATSJ-CTD

Fort Gordon, GA 30905

Cde, I!En:,v Diamond Iabora%cries
Ariis Library

2660 Poudar Mill Road

Adnalphi, MD 20783

Cormander

Picatinny Arsenal

ATIN: 3ARPA-ND-A-u (3ldg 95)
tover, wJd 07E0L




002
Lso

001
us2

ool
Lss

ool
L58

Lés

002
L75

002
L76

002

L8O

L82

ool
L83

LR Gy

Commander L34
Picatinny Arsenal

ATTN: SARPA-IS-S #59

Dover, NJ 07801 col
Commander L86
Frankford Arsenal
Am: Libt‘ar'j, KZ,JOO, Blo 51'2
Philadelphia, PA 15137 001
Commander L87
Frankford Arsenal
ATTN: SARFA 21000 (Mr. Kerensky)
Philadelphia, PA 19137 002
Commander L88
White Sands Missiie Range
ATTN: STEWS-ID-S HQ
White Sands Missile Rnge, coL
88002
Dir/Dev & Engr L89
Defense Systems Div
ATIN: SAREA-DE-DDR, H. Tannenbaunm
Edgewood Arsenal, APG, MD 21010 OOl
Commander h90
Aberdeoeon Pmaving Ground
ATIN: STEAP-TL (Bldg 30Y)
APG, MD 21005 col
Commander
HQ, Fort Kuachuca
ATTH: Technical Refercnce Div
Fort Huachuca, AZ 85613
Commander L93
US Ammy Electironic Proving Gnd
ATTN: STEEP-MT
Fort Huachuca, AZ 8561 c02
Cormander L$é
USASA Test & Zval Center
fort Huachuca, AZ §5613
0C1
Ccmmanuer
US Army Cormmunications Cormand 00
ATTN: ACC-FD-M
Ffort Huachuca, AZ 8%C13
. - . 002
Cdr, US Asnmy Research 0fc
AN ATXRO-TIZ? S0.
PO Rox 12211
Reeearch Triangle Paric, NC 277C9
ca2

.

Cdr, US Anny Reanarch 0fc
ATTN: AXRO-pH (Cr. I, J. Lontz)

PO Box 12211 ..

Negearch Triangle Pari:, NC 27709

Commander

US Army Mobility Eqpt R&D Ctr
ATTN: SMEF3-R

Fort Belvoir, VA 22060

Commander

US Army Engineer Topographic idbos
ATTN: ETL-TD-E

Fort Belvoir, VA 22050

US Army Security Agency
ATTN: IARD

Arlingten Hall Staticn
Arlington, Va 22212

Commander

US Army Tank-Automotive Command
ATTN: AMSTA-RU-L

Warren, MI L8090

Commander
Firrwnod Arsenal
ATTN: SARFA-TS-L
APG, MD 210i0

iroctor

JS Army Engr wWaterways IZxper Sta
ATTi: Research Center Library
7icksburg, MS 39150

CouR, US Army <Zcmoined Arms
GCorbat Developments activity
AT : ATCACC

Fort Leavenwoith, XS 66027

Commandar

US Army Ywna Proving Ground
ATTN: STEYP-ITD (Tech Livrary)
Yuma, AZ 85164

srmmantiar
‘IS Army Arctin Test Center
AT s STZAC-PL

APQ, Seattle 98733

Lﬁu‘.mmmw et kT Hrs ATt rme ke wn TEan ko e % nane e m At a€s it e s



maaatace e

. e e e

b " 502 €O, US Army Tropic Test Ctr 599 TII-TAC Office
3 . ATIN: STETC-MO-A(Tech Library) ATIN: CSS (Dr. Pritchard)
] Drawer 942 001 Fort Monmouth, NJ 07703
2 001 Fort Clayton, Canal Zone 09827 .
i '
: 509 Commander j
F US Army Logistics Center !
3 ATIN: ATCL-MC ,
Y 001 Fort Lee, VA 22801 !
610 Diractor, Nighl Vision Inhoratory
511 Commander . US Army Electroniecs Command
US Army Nuclear Agency ATTN: AMSEL-NV~D
Q0L Fort Bliss, TX 79916 001 Fort Belvoir, WA 2206
3 512 Directorate/Combat Developments 607 Commander
3 US Army Armor School US Army Tank-Automotive Command
4 ATTN: ATSB-CD-AA ATIN: AMSTA-RHP, Dr. J. Parks
3 00L Fort Knox, KY 40121 Q01 Warren, MI L8090
1 S17 Commander 609 Director
: US Army Missile Command Night Vision Laboratory (z00M)
) ATTN: AMSMI-RE (Mr. Pittman) ATIN: AMSEL-NV-SD (Mr. Gibson)
3 001 Redstone Arsenal, AL 35809 Q0L Fort Belvoir, VA 22060
519 Commander 61h  Chinr
3 US Army Systems Analysis Agey Ofz of Missile Flectronic Warfare
3 ATTN: AMKSY-T (Mr. A. Reid) Eleclronic Warfare Lab, lcoM
. 001 APG, MD 21005 002 Whiko Sands Miggile Ranpn, MM 88002
3 s 617 Chinf
1 522 Chief, Metegrolgryy Division Intel Maleriel Dov & Support Ofc
3 Target Acquisition Dept, 7 \
\ . s Zlectronic Warfare Lab, ECOM
. US Army =ield Artillery School 00L Fort Meade, MD 20758
4 001 Fort Si1 K 73503 ’
: 680 Commnander
3 525 Project Manager, REMBASS US Ammy Electronics Cormand
ATTN: AMCPM-RBS 000 Fort Monmouth, NJ 07703
001 Fort Monmouth, NJ 07703
3 1 AMSEL-wy,-pr
1 526 Project Manager, NAVCON 1 AMSEL-ML-D
4 ATIN: AMCPM-NC-TM (T. Daniels) 1 AMSEL-WL-D
] Bldg 253¢ ' 1 AMSEL-VL-D
; 001 Fort Monmouth, NJ 07703 3 AMSEL-CT-D
1  AMSEL-BL-D
596 Commandant 1 AMSEL~TL-DT
S Army Signal School W3 AMSEL-TL-
~ ATTN:  ATSN-CTD-MS 1 MISEL-TL- (Ofc of Record)
] 002 Fort Gordon, GA 30905 1 AMSEL-#ywprp
1 AMBEL-MA-}P
598 Commander 2 AMSEL~MS-TI
US Amy Satellite Comm Agency 1 AMSEL~3G-TD
ATIN: AMCPM-3C-3 1 AMSEL-PP~I-PI
001 Fort Monmouth s NJ 07703
# Unclassitied, unlimited ronorss only,
; ** umu«mn " conveacr Add COTR'y
£ L LX]




[ ]

701

001

703

002

704

001
765
002

711

001
713
001

714

0Cl

715

001

717

001

e X Y e Nl

AMSEL-CT-L(Dx. Schiel)
AMSEL-GS-H

AMSEL-CG (Mr. Doxey
AMSEL-PA

USMC-LNO

AMSEL-RD

TRADOC-LNO

AMSEL-TL-D
Originating Office

MIT-Lincoln Laboratory
ATIN: Library - Rm A-082
PO Box 73

Lexington, MA 02173

NASA Scientific & Tech Info Facility
ATTN: Acquisitions Branch (S-AK/DL)
PO Box 33 ’
College Park, MD 20740

National Bureau of Standards

Bldg 225, Rm A-331

ATTN: Mr. Leedy

Washington, DC 20231

Advisory Group on Electron Devices
201 Varick St. 9th Floor
New York, NY 10014

Metals and Ceramics Inf Center
Battelle

305 King Avenue

Columbus, OH 43201

R. C. Hansen, Inc.
PO Box 215
Tarzana, GA 91356

Ketren, Inc.

ATIN: Mr. George Schecter

1400 Wilson Blvd, Architect Bldg
Arlington, VA 22209

Plastics Tech Eval Center
Picatinny Arsenal, Bldg 176
ATTN: Mr. A. M. Anzalone
Dover, NJ 07801

Reliability Analysis Center
Rome Air Development Center
ATTN: J. M. Schramp/RBRM
Griffiss AFB, NY 13440

L mw  dermmras se o

720 Thermophysical Properties Res Ctr
Purdue University, Research Park
2595 Yeager Road

001 LaFayette, IN 47906

Naval Electronics Laboratory Center
Mr. R.I. Labduska (Code 4400)

271 Catalina Blvd.

San Diego, Calif. 92152

Naval Electronics Laboratory Center
Mr. D.Williams (Code 2540)

271 Catalina Blvd.

3an Diego, Calif. 92152

Naval Electronics Laboratory Center
Dr. D.J.Albares (Code 2500)

271 Catalina Blvd.

San Diego, Calif. 92152

Maval Electronics Laboratory Center
Dr. H.F.Taylor (Code 2500)

271 Catalina Blvd.

San Diego, Calif. 92152

Naval Electronics Laboratory Center
L. Cdr. J. R. Ellis (Code 1640)

271 Catalina Blvd.

San Diego, Calif. 92152

Naval Electronics
Mr. R. A. Eastley
271 Catalina Blwvd.
San Diego, Calif.

Laboratory Center
(Code 2500)

92152

HQ AFSC/DLCAA
Andrews Afir Force
Major D.C. Luke
Washington, D. C.

Base
20325

Air Force Avionic
Mr. K.C. Tzrumbel

Lab AAM

Wright Patterson Air Force Base, Ohio 45433

Naval Electronics Laboratory Center
Mr. G. Kosmos (Code 44C0)

271 Catalina Blvd.

San Diego, Calif. 92152

HISA-FM 115-75




