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FIBER-OPTIC TECHNOLOGY REVLEW

P. B. Lyons
Los Alamos Scientific Laboratoryv
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I. Introduction

Fiber-optic technology is not quite into its teenage years as the
decade of the 80s begins, but the promise of fiber optics to revolutionize
comnunication technology is already quite clear. As the decade of the 703
bezan, this conferencze would have heen, to say the least, premature. In
fact, in 1970 this conference might have been without attendees. Now fiber
optics represents the only topic of several major conferences and is
included as a subtoplc in twenly or more major Aannual conferences.

This paper is intended as a broad, nontechnical, introduction to this
DNA confcrence on Fiber Optics in the Nuclecar Environment. It is, in fact,
the only largely nontechnical talk scheduled for this conference. But any
conference participant who now doubts the technical impact and promise of

fiber optics should be adequately convinced by the conclusion of this
conference.,

I1. The History of Fiber Techunology

Many ancient cultur:s were well awarc of the utlility of glass objects
and the principles ¢l total internal reflection and light puiding may well
have been known to thiese early uartists. It Ls believed that in the first
century B.C., the Palestinians made glass portraits with techniques
resembling fused fiber bundles. )

Optical communications werc in use long before fiber optices werec
developed. In 1790, the French developed an oplical semaphoro system
capable of transmitiing a message 200 km in 15 minutes.? And in 1889,
Alexander Graham Bel) domonstrated speech transmission via a light beam
with his photophone,3'"

John Tyndall,® in 1854, demonstrated light guiding in a water strean
for what 1s generally belicved to have been the first published record of
the phenomenon. Fiber technology actually began with J. L. Balrd's patent
in 1927 for coherent fiber bundles.® By the carly 1960s, fibers ware used
for fiber optio tube faceplates, punch card rcaders, medlieal imaging, and
decorative purposes. The glasa fibers avallable before 1960 werc
¢ jarrcterlzod by very soavero attenuations, exceceding 1000 dBD/km.*  With

such attenuation, any communicatlons applicationa were confined to shouting
dlistancen.

In the 1960n, much better understanding of fiber optic altenuation
mechaninms wan developed.  In thetr paper in 1966, Koo and Hoekham?

RAL 1000 dB/km, only 1% of the light remalnyg after a 20-m distanca.
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reported attenuation below 200 dB/km in bulk quartz and discussed the
requirements (~ 20 dB/km) for fiber optiec utilization in tclecommunication.

They predicted that a loss of 20 dB/km should be attalned with further

pur_ fication. In 1969, Jones and Kao® reported attenuation below 10 dB/km
in bulk fused quartz.

[ A

"v-z .-

1,
!

(RS
f K

In 1970, Corning Glass scicntists broke the critical 20 dB/kn
attenuation barrier.?® Figure 1 charts the history of fiber attenuation
over several decades with the critical milestone shown by the starred
value. !0 Later progress is shown in Fig. 1 and any new attcnuation records
tend to be short-lived. Recent work in Japan resulted in a value of 0.20
dB/km at a wavelength of 1.55 m.!! At this level of attenuvation, a 50-km
line length will still deliever 10% of the incident coupled light. Very
high purity materials are requircd to realize these low-loss fiberas.
Figure 2 rsummarizes the attenuation contributions of several contaminants
and scattering mechanisms.12 y

Low fiber attcnuation is necessary but not sufficient for an effective
telecommunications system. High volumes of data transfer require that each
‘ata bit be transmitted in a very short time, us or even ns. Fiber pulse
dispersion (or time spreading) thus in of eritical importance. The first
fibers were constructed with the simple index profile shown in Fig. 3a, a
step index profile. With the constant indcex of the core region, pulse
spreading results simply from the differcncec in path lengths for limiting

rays. Typical step fibers offer a bandwidth of about 20 Mliz for a one-km
line.

The gradud index fiber of Fig, 3b utiilzes a varying matcrial index as
a function of radius to compensatc the transit times for varyine ray paths
(and lengths). A central ray, shown in Fig. 3b, propagates at a lower
velocity uver a shorter path length than a ray propagating in outer reglons
of the core regiorn. Fibers with a graded-index profile werc proposcd in
Mlller's patent of 1969.13 Important contributions toward understanding the
index gradient which optimizes the pulse distortion have been made by
several groups including Gloge and Marcatcllil at Bell Labs, % and Keck!S
and Olshansky at Corning. These contributions have deall with dctermina-
tion of the exponont a for an index profile varying with a power law
dependonco on radius. The value of a which minimizes the pulse width i1s a
funotion of fiber composition and wavelength. Fig. 4 from Rof. 15
domonstrates such caleculations. For a wavelongth near 800 nm and an a noar
2.3, pulsne diarersion well bolow 100 ps/km is caloulatod.

Craded index fibers arc now avallanble from sevoeral commercial sourcos.
The highost bandwlduh speciflied an a standard product is now 1500 MHz-km

from Corning. Tho ourrent publishaed rooord for graded-indox bandwildth 1is
now acvt at 3.0 GHz-km.

Fiber fabricution must involve a Lechnique that minimizes thae impuri-
tios and allows prooise control of an index profile (or alternativoly, n
dopant proflle tc produce a variation in indox). Moot low loas fibors made
in the US today use some form of a CVD (Chemioal Vapor Deposition) proveuss
to fabricale a preform--a groatly enlarged varslon of the final fibor. Tho
proform in mubnequently hented and drawn into a thin fiber.
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Fig. 5 shows one type of CVD process. A tubc of fiber cladaing materi-
al 1s rotated and heated by a high-temperature fiame. Various dopant
materials, SiCl,, and oxygen are introduced jinto the tube. In the presence
of the high temperature, the matcrials react to leave i¢én oxide soot on the
inside of the tube. By varying the dopznt/3iCl, ratio the soot composition
can vary from pure Si0O, to the desired woping level. Many layers of soot
can be built up. The ﬁollow tube is subsequently collapsed to form a solid
ro! of varying composition. In modern fiber drawing operations, precise
control of temperature and draw speed is coupled with complex monitors in a
closed loop system to obtain fiber with tight dimensional tolerances.

TII. The Advantages of Fiber Optics

Each partinlpant in this confcrence probably recognizes at least one
notential advantage of fiber optics in their ovwn specialty. The examples
used below represent those recognized by the Lot Alamos weapon testing
program and surely are not an all-inc¢lusive list. Since the fiter lengths
in weapon testing involve distances =~ ., km, cne very critical advantage,
increased repeater spacing, is uot of importance in this application.

ITI.A. Baudwidth

Coaxial cables are quitc limited in bandwidth performance. Very
special cables are required to realizc even a few tens of MHz over
kilometer distances. Depending on the type o1 fiber used, much greater
baniwidth with fibers can be achieved. Table I colleets bandwidth data for
several types of high-performance coax cabie and various fiber -ablea. Any
long-distance application that involves transfer of large quantities of
data should consider the larger bandwidth potential of fiber systems.

I1II1.8. Cost

The costs of fiber optlics have becen greatly reduced over the last five
ycars as R&D laboratory or pilot plant operations were replaced by
full-ncale manufacturing operations. For example, Table II records fiber
cost per meter for two grades of Corning fiber as a function of time.
Costs have dropped dramatically while attcnuation has imprcoved with time.

Tha cost of fiber opties 1n a specific application is a strong func:tion
of the environmental and physical re?uirements of the final ciuble. For
aprlicitions at the Nevada Test Site 7 the cable is enplaced in a vertical
hole, uvp to 2000 feet deep, and ctubjected to backfill material (sand,
gravel, and epnxy) dropped into the holc from the tcp. The cable musL be
gas-tight to prevent migration of radioactive gag into the atmospherec and
extensive test #nd dooumentation proocedures must be completed by the vendor
to guarnntee thils performance. A partial list of cable specifications is
given in Table III. The most recent bid c¢n this cable was about $1.75 per
fiber-meter (fiber bandwidth was 200 MHz-km ut two wavelengths). From
Table II it is evident that no coax can be considered as a dire:zt
replacement , however in the absence: of fiber ecable, the 0.88 inch coax
would be usaed. The last order of this cablc was priced at about $I per
meter,
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TABLE I

Ui Lins

LINE LENGTH VS BANDWIDTH

RG223/55
RG214/9b
RG218/17

1/2 in. Foam Heliax/
Gas Blocked

7/8 in. Foam Heliax/
Gas Blocked

Corning 1053
Corning 1054
Corning 5021

Corning 5101

100
21
42

113

113

191
4,000
2,000
2,000

10,000

MHz

m

m

200 MHz

15
29
76

76

127
2,000
1,000
1,000

5,000

ii

1000 MHz
5.5 m
10 m

24 m
2T m

46 ro
400 m
200 m
200 m

1,000 m
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v
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Prices:

N.A.:

Date
1975%
5/76

6/77
9/78

3/79

3/80

TABLE 11
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COST HISTORY OF OPTICAL FILBERS

200 MHz
Attenuation

10
10

6
10
i0 AB/Km
5 dB/Km
8 dB/Km

5 dB/Km

100 Km < L < 500 Km

Corning Glass Work Price Lists

Not Available as standard product

$/m
~2.50
1.50
2.25
.90
.50
.90
.35

.50

800 MHz

Attenuation /m

N.A.

N.A. /

8 dB/Km 1.00
!l 1.90
6 .75
4 1.25

Extrapolated from Corning graphs--not publlshed price

-10-
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TAELE III

NIS FIBER OFTIC CAELE SFECIFICATION

Fiber Nunber:
Cable Dismster:

Temperature Kanze:

Gas Block Fressur

Bendinz Test:

Tension Test:

Impact Tezt:

Construction:

Jacket:

€ - &

< 20 mm

-40° C te o Shipring/Sterage
-29° € te 85°% C Oreralicn’Inztallaticn
125 psig -~ 24 lHours

kadius < 25 cm

56 Bends

250 Founds

400 Impacts - 1ft”1b

Hammer Diamster 2.5 c¢m
Hon-Hetrallic

Abrasion Resistent
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TII1.C. Weight And Size

The fiber cable construction completely dominates the weight and size
of the finished product. Agnin, the exanple of the NTS cable m~v be used.
The fiber cable weighs 12 kg per channcl-km while 0.88 inch coay weighs 650
kg per km. The ¢ »ax cablc is 2.7 em in outer diameter while the NTS fiber
cable is 1.0 e~ _.n outer diameter for the eight channel cable. The fiber
cable requires 60 times less cross-sectional area per data channel. Labor
costs easily double the cost of coaxial cable in the NTS environment, while
the fiber cable is far simpler to handle. This statement is tempercd by
our present situation where both coax and fibnr cable are used on the same
test--the heavy bulky coax and the massive equipment required tov handle it
can, and has, damaged fiber cable.

I11.C. K c f.onstruction And qulaﬁlgn

The fiber is completely nonmetallic and potentially frce of any EMI
effects. The NTS cable is specified to be nonmetalllc to maintain the EMI
advantage. For other special applications, metallic strenglh members,

povwer lines., or data ~“annel: way ¢t added to the total cable
package--thereby compromising the EMI bencfits

The electrical isolation allows complete freedom from ground loops.
Furthermore, an electrical line can radiate some information (depending on
details of its shielding), whereas a flber cable should nol radiate any
data to the outside environment. Seccurity implications are obvious.

Channel-to-channel crosscalk can be negligible with well-designed cables.

Fiber cahles also lend themselves to several more complicated
intrusion-proof scenarios--for those applications where cable integrity
could be compromised.

In some applications, the fact that a cable 1s prescnt must be
protected from discovery by remote techniquesz. ‘The nonmetallic cable
cannot be detected. In other applications, the presence of a metallic
memberr can compromlse measurcmenbt accuracy.

IV. The Disadvantagea of Fiber Qpties

Fiber-optizs technology is rapidly evolving and it is not surprising
that some penalities may be expeated in a transition Lo the new tcohnoloegy.
Some potential, or real, disadvantages of fiber sysiems may be lisced.

IV.A. Fiber and Cable Avallabllity

The tremendous potentlal of the opticanl telecommunications induotry han
driven enough vendors into the market. While mtatec-of-the~art tcchnology
i3 required in fiber and cable production, almost any requirement ean be

met with todays commercinl capabilities. No more thun three ycars ago this
wa3 n rcal problen.

-17-
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IV.B. Fiber Components

Many components (connectors, splices, terminators, test instrumenta-
tion, couplers, etc.) required invention within the last few years. All
component needs are now addressed somewherc in the industry, 2lthough some
items (like wavelength selective couplers) are still rescarch tools, not
yet available commercially. '

Fiber connectors are a particularly critical component. Many different
techniques have been adopted to satisfy th. preciae alignment tolerances of
the small fiber cores. Table 1V lists several of the general categorles of
fiber connectors commercially available today. These different connectors
differ radically in case and simplicity of installation. In the Los Alamos
N1S programs, several connecturs have been used extensively (ITT and Hughes
precision ferrule connectors and the Deutsch index-matchcd/self-centering
connectors). For example on a recent test 32 Deutsch connections were made
under trying field conditions with an average loss of 0.9 dB. Average time
per connector was well below five minutes, including all fiber prepara-

tions. The 1list of Table IV will probably be reduced as Lhe best designs
are determined.

Several splice systems are in commcrcial use now. The present systems
use either a fiber-to-fiber weld or a V-groove alignment. Reports of
anligce loss below 0.25 4B arc not uncommon.

tcnt instrumentation (fzult localors or time domain reflectometers,
systew Jess monitors, etc.) is now available commercially from several

sources. Only two-thrce years apo, each laboralory was forced Lo construct
all its own instrumentation.

1v.C. Radiation Fffcoty

Fibers suffer from both radlation-induced absorptlon and luminescence.
This conference may represent the mout extensive survey of radiation ef-
feets to date. The reader is referrod to the conference sensions organized
by G. Sigel for an in-dcpth Lreatment of thls concern.

IV.D. Recelvers and Trausmitteri

In most applications the fiber is not the limiting clement in syatem
performance. © Great progroess has raecently been made in both recelver andg
transmitter performance, but syastom dynamie range approaching 10 dB ia very
difficult to obtain. The phenomenon of laser modal noise!® has only re-
cently been identified as a major concern in injection lascr diode systems
and several papers In thls conference will present state-of-the-art sys-
tems. System bandwidths approaching 1 GHz have been reported.

1V.E. Matarial Dispersion

In some upplications, the light source iy not monochromatie and materl-
al dispersion becomes a major contributor to syatem bandwldth. Material
dispersion data on several fiber types js collected in Ref. 19. A plot of
material dispernion for pure Si0, and 13.5% 6009/86.51 510, in glven in

:'.\ ! T . I
13- RV A T L ii.atj i



TABLE 1V

COMMERCTAL FIBER CONNECTORS

TYPE VENDOK

Precislon Ferrule Merot
ITT
Harrls
Hughea

Seicor:

Bell Northern

Infoptic
Elastic/Self Ceulering Thomas & Betls
AMP
Radiall
Becentrlco Upto-Mleron
Multi-pin AYignmen!. Amphcnol

Thoman & Netin

Index-Matehed/Sel f-Centering  Deulach

Lena~Coubled Nippon Flectrio
V-Groove Bell Laba
Plessey

-
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Fig. 6. A solulion to this concern is discussed elsewhere in this
conference, ?!
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V. Dircctions in Fiber Technglogy

Many commercial marketing surveys have attempted to chart the futuce
courae of the fiber opticn murket, Details of the surveys may disagree,
bul all concur on the tremendous prowth propacets of the industry., J. D,
Montlponery 71 forecants a worldwide dollar valuc of $119 x 10% in 1980 for
fiber syctems, versus $4.%5 x 10¢ in 1976. In 1990 he forecaste a $1.58 x
109 worldwide market.. ¥For the US alone, the production of fiber systems in
shown in Fig. 7. While commercin) communications accounted for only 163 of
the 1976 dollar value, the figure should change to 11% in 1990,

This growth in the overall industry will benefit the more limited )
market rcpresented by the present confercnce attendees. Fiber costns will
drop, parametera will be standardizod. and better components and
instrumentation will be available.

Tvo arcas of particulor emphanis in the next few ycara will involve:
1) development of fibers aud systems optimized for use at wavelengths near
1.3 wm ‘where material dispersion vanishen, ef. Flg. 6); and ?) development

of wuvclength multiipliexers for almul tancous system operation at several
wavelenglha,

As this confercence will demonstrate, fiber oplles han already i1npaoted
many applications in the nuclear cenvironnent. The tuture is belght for

bhoth the fClber sysleone Industry as n whole and for inercased ubilizatlon of
fibers in nueleiy environmenis.
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