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PROJECTS IN FIBER OPTICS

PREFACE

Projocts in Fiber Optics (Newport Model “VX7) s
et of laderatoey eqaipment conlanng the hardware needed
o compbetie 4 peries of peogecty which will provide staderon.
mgneen asd soeisty wih an eteoduction w0 the bandsos
expenence peoded o reasler The baske concepts and bbers
tory tochougpan of optical fiber tochaclogy. The projects
cover A wide range of sppications in both comerassications
and senons and cover the eae of both madtimode and sngle-
mode Bbers. Necasse 1his s 4 new and rapidly expanding
e hsbogy. e education of mont engineen does not include
Courses s s optics. Projects in Fider Optics har beea
developed by the technical Y of Newport Corporation in
wrder W beidge the gap Between current codlege cosree clber-
g sond lodiy's rupidly expasdieg sechaclogy

This companton sppications hasdbook begirs with 4
ey i Fider Optics which oothnes, al an chemealary
fevel, the physicn and optics Backgrousd required o under-
stand the Deld of Shey optics. The handdook then ghves a
Complete description of each of the progects which are 1o be
periormed with e equipent in Prejects in Fiber Optics.
(A Compiete Rt of Dhe projects is given ia Table L) At the
end of Dhe bandbook s & et of reberences which may be
Cossdered for dasseoom wse. This handbook will serve as &
wppbrmeat % the mwieral Covered in & Conprehersve
hamroom or ndependent study of der optics

Fach progect description containg a statement of por-
pone outhving what is 30 be accompladed in that progect, 3
section reviewitgd [he selated bachground and Theory, sug
groted rederesces, and 2 comgiete sieg by step mstruction set
wiich will gaide the experienerter heough the labosstory
exxrche. The muteraal cortaned ks cach propect description
will sow the waders %o loces on “what's happening™ in each
Lboratory exenchwe.

These progects can be seed Ia sruciering a coune at
et O sophomare or upper-dvidon bevel bor eagloeering
o phayacal whiesce madects A knowledge of ray aptics from
Nogh s hocd plvysics o0 Som & college fresteran plyscs cosre
1ot roguiting Calouhas) willl De & stlichent hackgrramd fov a
soptemmore coune usitg Projects in Fiber Optics A srgh-
Do dewcription of e propagalint of modes at e beved of
lhh.-‘ = Piber Optics maay be used in Projecs £, 84
and 0

Foar a3 upper<Grinos coune be engmeerisg asd plask
ool schence madors sl & Sour-year schookd, Lhe ntrocioe may
want to give 4 moee cormplete theoretical develogenent of the
progagation of elecomagrenc waves bz optical ther wave-
gaides. The backgroond for much a coune might ciude &
knondedge of Maocrwell's egassons, wive aguations, propags-
) o eeCTOmAE o waved I8 dadectric Twedla sad
WOodection o waveRiddes Mowever " inatranion may
CBoose 10 I hede an Irodecton 1o sofme of this maderial In
e 1ot Oplics (ourse itsel

Boprupracup-




ARDRoegh many of e stadents 0 Ihese counes will be
clecrical engneering o eleciiona ted hriciae staderes, the
atent of 1he pDrodexs it To CoORcentrate on the properties of the
oprical Shers and opiacal cotepunents beieg stodied and o
keep 1he amount of clectrical equpenent wed and the
ansoust of wirieg deoe in the lboratery bo a munimumn. The
prodbenn of desigring and bothding trarasstters and recetoen
Sor optical fiber systeres s best bekt %0 another coures.

These Projects in Fiber Optics will gronide & well
Prounded introduction 1o fiber optic Sechaciogy. The techos-

cal stall of Newpert Corpoeation bs avallabie %o provide
techeical sdvice i implemesting these projects
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PRIMER IN FIBER OPTICS

0.1 HISTORY OF FIBER OPTICS

The concept of vptical commsnications goes L back
s hatory The sendiag of ssesages by Sghvt i certalzly as
o i (e st sigraald fres or amcke wigaals. 334 has coatia-
Uedd, in more secmal history: (n e wee of signal banps for
ComrmurTe ation Between whips af sea However, the first pat-
nin or s optical Commancations system were Slod in 1350
Al that teme, Alexander (aaham Bedl cbeained patents on the
photophone and demoramated (OO M0 o6 4 bearm of
Bt ot & Gezansce of 200 meters. The photophone. shown in
Fig 8.0 wnnd & phtinessilive selerdurs cell 1 detedt vara-
Teoms i the intenmalty of a bears of bghe However, all of thess
methods retrined bere depernd on the atrmophiers as the
Watsrieton odarn. ad atyooe who has ever drven on 8
gy day haosws Dow enrctiable that ta

A wiveguide made of 8 noo-<conducting materid which Ligm
Srmsmenaty hght (o diclectric), sach as ghass or plassic, would @M

provide s moch more seladle trammusuon Trediam ., ded aose
& by not subyect 1o the vartations of the smospdere The guid-
g of Mgt by & Guelectric mednam b also 208 3 e bdea I
1370, Jutn ahsowred That Bght coudd be paided within a
strears of water Tyadalls experiment s Sustrated in Fig 0.2
By 1900, Honsdroa and Detwe 2ad devedoped & Theory of
Selectric wavepubdes

The Broakthirough whach 2as meade e opmcal Ber
waveguide e lratdig covtersier as [he 1tamerisabon
wedram of hoboe boe currerd and bature cormrrueyications m »
Sysleres wak trigered by two events. The fiewt wan the

demontration of The Arst operaling laser n 15980, The second |
wis & calcudation, i 1966, by a pair of schentiats, (harkes Kao Gueded Lighe Ray

ol Grorge A Hockham, specelating that epeical ey

wavngeides could compete with the existiag coaial cabiies Figure 0.2, Tyadall's experiment showing that & stream
uned for comemaasications f fibers could be made that woskd of water will guide & beam of light,
crasami I % of the Sgha I them over a @atance of | Kiometey
Cem ) & b mnpartant 10 sote That a1 that tine 1he hght energy
which was transmitied woulkd e down 10 1% of Rs kxtial " —
vl aler ooly 20 eeters in the best existng fbers and that
0 e s et wan on recoed predxcting fhal he
repared togh«qaadty brasaruston coukd be actiever!

Masry research groegs began 10 sctively pursee Dhis Z %
g

possidliny, howrever In 1970, Cormng Glns Weeks evests
Saied Nghalics ghioses bor Sbers and was he S % report &
IralEssion groates thas 1% over a distance of | kn Ths
Proup later increased the Uemmesokon to gresler Shan 40%
over | km Today trasaesbabon b= the range of 95-96°% over 18
1 km are Being achieved. For comparison, if ocean waler Sad
an optical trasserniasion of ~ 7% throogh each km of depth,
one cockd see 10 the botom of the workd's despest oceans
with the naked eye. The progress in Mghtnanemisdons fiden a1
B irsced m Fig 0.3
The achievement of krw-bost transimbssbon. sborg wih
the addtional advantages of bege inbormatihon carrying
CApACIty. immanity from cleciromagnetic iesierence, and
wmall dire e weight. has created & new techaclogy. Opticst 01

1908 " R " n -

Figure 0 3 Progress s optical fiber transmission. The
last two dals poists represest resslts aear the thearets-
cal Hendts ot 055 and 155 .
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Sy b becrme the mediam of s Ko COMTPARIcaion
applicationn. For example, the TATS (Trars- Afaotie Tele-
phone #5) system, schediuded ke completion in 1385, Wil

Be 2 6500-5m o) ter link wivch will being traoes Allastic bed-
ephone Capacity 10 the exparvadent of 20,000 vokce chanoein
Compare this with TAF L compieted in 1955 which carried
50 volce channels over cosiad cable. Also, Pacific Bell has
annousced plans 0 corvert all of £ cables o optical Aber
They phas 1o bave all boog-Sistacce calls carried by Aber by
2005 anvd phan Vo have hally converted 4o an all-Stey system
by 2025 Optical fider i abo betng wed extensively is Local
Asva Networks (LANL which aee used for voloe or data comy
rousicatiom within or betweea buddiage Many new taidd
gt are sow being bulk with fSter ndalied o their
frammework Sor futuse LAN wse.

Optical Bber i also waed In sensor applcataons, where
the Hgh seaskivity, bow Joms, and electromagnetic everber.
ence kneranity of e ety can be explotted. Optical Sbery
are versatile and sensors can be desggned 1o detect mary
PUrysacal parameters, s h as derrpesalere, presore, srain
and edecnrical anvd magnetic Bekds, using cilher (he power
1rafeisisdon properties of aralisscde Sbers or the phaoe sea-
siive propenies of slaghe-mmode den. Anotber application of
vptical Sber s beam defivery for maadhcal saes. Lasery are sow
being rveatigated for e I wargery and Sagnostion and opth-
cal Sber it bevog weed to debver bearon 4o mies withis the
lezruxs bhody

0.2 GEOMETRICAL OPTICS AND
FIBER OPTICS

To undentand whial is cocurrng i these projects in
Thwer aptics. B bs sexessary 10 widentand sorme basic con-
Copts of opticy and pheysics. Thib section & Indended o intro-
foce these ideas loe those who maay oot Save suded the
b 20d 10 review Diese Meas for Dhine whe hawe. The
Hudeol experimenter s wgod % sorck adddtisal informasion
i the refervncrs ot the end of this hascbhook.

0.2.1 LIGHT AS AN ELECTROMAGNETIC FIELD

The light by witich we see the workd around o b & part
of The range., of spectrum, of electsomagnetic warves that
extends [rors radi Ireguencics 1o gk power garuma radis-
thon (Fig0.4) These waven, a comblzation of electric and
magnetic Belds, wiich can propagete through a vaceum,
Aave as Their most daticguabng fratures ther wavebmagth
and froqueccy of oacifation. The cange of wavelengrhs e
viatble liggt i from about 400 sanoseters () to about 200
. (A nanccaeter is one 2loath of & meter ) In most of the
work dooe is the fedd of ber optics, the most waefid sowrces
of electromragnetic dlason ot jus! cunside the visiie n
I"-mmnththWyd“U
N0 oo
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B can e SN 1o Jlosr wiat lappemn I an optical
fider systers | the progeess of Ight thevugh the syviem
Aepucied in Sermas of 1he wave momkon of the bght For the -
plent canen i s caaber 1o Think of Bgi trrveliog as 2 series of
ra propagating Burough space. The caperience of seeing the
wan's rayy atrvarsing Shrough the chouds o0 & partully Coudy
day provides a Lazular example of lght s & coliection of

In & wpowers, St travels ol approocemately Sx 10
eters v pecond. In materisl media. sack a1 ale or waker of
ot he spend Is reduced. For alr, the reducton i very
senall bor water, W redaction is abost 29%; in glan, the
seduction can vary Irom Yo% 1o nearty S0

0.2.2 LIGHT INMATERIALS

1o msost Canes, The pesalts of The [nteraction of an efec-
truezagnetc wave with 4 malerial medesn can de ecpresed
0 termma of & slaghe amber, The lodes of redaction of the
modiers. The refractive index s the ratio of the speed of
Sttt I & vacuam, o b0 The speed of gt is the medium, v,

n=ts [ ]]

Since the spood of Sght n & medam o always s
than # k io a vacusrn, Lhe relzactive index is abwiys Preater
than one. T alr the valar le very clowe %o coe; in waler, §
abosst 473 40 = 1330 in glassen, 1 varies from about 1.44 0
abowt 1.9,

There ave some qualicatons 30 the drple plctuse pro-
serted here. Firvl. the refractive indes varies with the wave-
bength of the light. Thin s called wavelength dapersion
which will be Gacuoed in Project #8 Second, not andy can
the meciuam dow Soven e byt Dt it can alvo absarh some
of the Baht as it passes (hrough

In 2 homeogeneocs mediurz, that is, coe is which ihe
relyacive mdes w coratan! Is space, B travels n o steog™
ke Ouly when the Sght meets & variation or & discostineity
i the refractive ndex will the Sgiv rays e best from thelr
inimal Groctsn.

15 the case of 3 variation in the sedeactive ladex within 3
mterial, The bebacior of the Bght is gowernod by The way in
wivch the index changes In space. For exacrple, |he oy just
showe & 20ad heated by the sen will be lesa deroe than the av
Sariher froen The rosd. Since the peleactive index iscreases
with dessty. the refractive mdes ol the ar incrrases with
Swight. Thin s called & refractive index gradient and s =
this came. exqatvalert % havieg an extesded prmm above e
road with # vertex potsting dowrrwards jsee Fig 0.5) Light
coming from an object dows the road willl sot osly travel
Arectly 3o the cbmerver's eye., bet sorme of the gt from the




Figure 0.8, Geometry of reflection and refraction

QOO0

©

AN

Pigure 0.7, Geometry of total Internal reflection. Ray #1
Is 2t Jous than the critical saghe. Ray #2 s ot the oritical

angle. Kay #3 is totally insernally refiected.

object that would normally be almorbed by the road is berd
toward the cbmerver. The resalt b that sormecne looking dows
e road will see a refiection, called & celeage, of & dintacyl
object oo the road, & i & were seliecied in a pool of water,
Thia gracual beoding of bght by a refractive index gradiont
s saed I fDer optics 45 Increase the indormation carryag
capacity of Sbers and 1o provide & wery compact beas bor
Aler opth svxerim

I the change W refractive indes s pof gracdasd, as n the
case of 1he refractive index gradherd, bt b iesdend, an adngn
cAange Bhe that betwoes glass and ale the Sesecton of Bght s
governed by 1he Laws of Goometrical Optica If the angle of
ncdence, B, of & my is angle Detwoen an lnckdent ray and 2
Aoe perpendicuier 1o the interiace af the point where Lhe
Sght ray seriives the nteriace (Fig. O.6) thenr

L. The angle of rellection, £, abo messured with
respect 15 the wrme perpeadicular, b ogual % the asgle of
lackdence:

-0 0
2. The angle of e tracsursitod Sght 1 gives by the
relatve
nsa0) = a un @) oy
The Brxt of these neflationn b known s the Law of
Reflection: the second as 1he Law of Refractios or
Sonlls Law
1t bs eyl 42 refer %0 & muterial whone refractive index
B pester 1an ancther s being opeicaly deaser and coe
witose sebiactive index bs less as bedag moer. Thus, Sght sond.
S5 ) an optic ity denser medhers wooldd be bt boward
The Dot wivde [ight endering an ogticaly rarer medim
would be Deat awary from the normad. Is Fig 0.7, » sevies of
11y In & dense modian are nckden oo an deriace a1 Gifer.
enl anghe of incidence. Ray #1 is seleacted al the eteriace
& rarer rmediumn sccoeding 1o Seells Law Ray #2 bs incidenst o)
an saghe such that the refraciod sagie b 20°. Ray #3 5 o
dert 2t an even larger angde.  the angle of inckdence of Ray
3 0 bserted 30 Soells Law, 1he sine of the angle of trans.
munaion will be foend 4o be greater than one’ Thia caa not
happes. Inatead. ol of the Sght ks reflected dack into the lnci-
dert mediam There s 50 Bght tracamitied (340 the second
medium The Lght s said 15 be totally lateraally reflected
For a3 anges of lnckdence greaser thaa a oriical angle. toeal
iernal reflection will oooue This erfthoal anghe ocours o
the anghe of Incidence ot whneh 1he transenined ray &
relracied alory 1he setface of the inderface (1he case ey
Laded by Ray #2) Setting the angle of trassrndsoson expaal
07, the criicnl angle. 8, i found from Eq. 0-3 %0 be:

Enil) = na/n 04

b (O O R (O (O 1 O O 4 (] £ 0 R (O (WO (1 O 4 O (0 4 O 1 L O T T




= W ray plct, the concept of total indernad refinc-
Soa makes (he nteriace ook 1o & peviect surser ¥ this proc-
wus i exarnined 8 bermes of wrve progagation, theory predicts
and experiment cosfvima a2 weak electiaragnets fiekd
SR8 I The raver B begt it Gecays fapbdly with Gstarce
from the nderiace and 10 bghe esergy s transonioied % the
rarer medum The held s caled 20 evanescent Neld How
ever, i ancthes optcally dere material were bcatied very
hone o 1he mnaierial i wihich (he dial infersal refiection
were ooourring dwithin 4 wirvelength or sof soete of the Egin
ennrgy cockd be coupled out of the first medien acrom the
wnall g annd tndo e second derae mediurs. This process iy
called frustrated total intornal reflection soce The usasd
pefloction s Srastrated by the location of the malerial sext %o
e interface. Prustraded total (nternal reflection i respossible
b the aperation of a componeat in Sber optic systea Called
# bdpectooal coupler This componest is stadied in Project
07 and wnd 18 sabsequae(f projects

G233 LIGHT INOFTICAL FIRERS

Once you undentand weal internal refiection, you
wndentand the Dammnatet svean sdow in Fig 0.2 «f Sec:
thon 0.1 Lighe surveling Mrough the water s reflected off of
the srtace of the walerakr isterface and trapped itaide the
Mream. The sarne Thing will happen %0 & glass rod or theead.
Optical ey are 2 Mide moee commpiicated than This. boarever.

¥ ooe were th wse 4 fer conslatizg of ondy & dogle
strand of glaws o plastic, kg coudd be boat at any podnt
wiwrs the Sbar souched & sarface lor mpport. Thus, e
sononent of Rghs 1hat coulid e tranneimed wonkd bte degen
dent on the methods used foe hobding the Sher. The output of
the fber would also be affeciod by any movement of 1he fidey
during s ase. To clissinale these probleom, the central light
careying portion of the Sber, called the core, & sarounded by
& cyindeical reggon, called (he cladding (Flg 0.8 The clad-
ding e then covernd with & prosective plastic jacket. Soce the
redractive index Allerence between the core and the cladding
I Sos thas i 1he case of & cone In alr, She critical angle
mach bigper lor the clad er The ndex of the daddng. a..
b ot s han Bhe badex of the core, N Becaase total inter-
sl refiection will oocwr sndy whes o__>n, Losking at 2
ross section of the fder 0 Fig 0.8 one sees 1t the cose of
s 1hat will De accepied by 1he Sber b Octerminad by 1he
diiervace between the redractive indices of 1he core and clad
dng The fractional refractive index difference s grven by

l'@.'lyﬂ- M
Becaase the refractive index ol the cote bs & comlant

wad e index changes abruptly af the core-claddiag lnter-
face, 1he type of Sher i Fig. 0.8 bs calied & step-lndex fiber.

= —— N

Figure 0.5 Stcp indes fider. The refractive lndes profile
s sharwn al the right. The geometry for derivation of the

sumerical apertere is ghen,




Figure 0.9 The geometry for derfvation of the differen.
tial delay of & siep index Piber.

The defnition of the critical angle can be vsed to Snd
e size of the cone of lght Wt will be accepied by an optical
Aler with 2 fractional index &ilference. A InFig. 08 arar s
draws Hhat it incident oo the corecladdng imterface ¥ he
critical angle. ¥ She cooe angie s £, then by Seellls Law,
asnf e n_ sl =0 s 0N
-n ool

-/ 1)
MuN.~~ - nle,. w0

sent e/ nlt-as e

The mamerical sperture. NA. & 2 measare of bow
mwch Sghe can be collected by an optical wyslem, whether £
an optical ey or & mcroscops sbjectve leon or 3 photo-
Eraphic fern. & s the product of the refiactive index of the
oxden! mekurn asd The sine of the maxinum rey saghe

NA = nsa i) ©-3)

I moet cases, 1he gttt s Incident brom ar and o= 1 In
1his cane. the ramerical aperture of & siepindex fer w from
Ega 05 and 0.7,

NA = .l' A =) N
When AC<L, Eg 08 can be approcinmated by
XA =/ I ¢ Ad -

- Badm.dien. /28

§

L T R £ O 0 O O T

The condition In which << 1 & refermed 1o 2 the
weakhy guiding approsimation The NA of o ther wil be
meaneed in Project #1,

In FRg 0.9, two rays are showen. One. the axial vy,
traweds aloeg the axi of the fiber; (he otber, The marginal
ray, travels aloag & path near the critical angde o the core-
cladding interface and is the highest angle ray wisich will be
propagaied by the Sber. Al the point wheee Lhe muargioal rey
hits the interface the ray has trawwled 2 datance L, while ihe
wxdal ray has traweded 3 datance L. From the geometry, it can
be seen That

010y

ol e nda - L,

The bength L, b a Sactor n/n larger thea L in the
case showm i 1he Sgure. For anry leogth of Bber |, e adds-
tosal Gatance tareeled by & marginal ray »

& = (o, - n)l/n, o)




Eq 011 can be smpiiSed 1o 8. = LA The addtional
tene 11 Lakes Nght 1o traved along this maepaal ray b
&=y elia e 12

Therediee, a palse with a length t sepreseating ooe tit
o irhrmaton will be leeggheted 101 ¢ & Tl differvatial
thrme between axial and reangined rys will casse & puve %
e and theoeby lendl the taamiber of pulses per second that
could e seat thoough 3 Bber and destenpeished al the Lw end
In sech & case, the systern may be Renidod oot by hew Last the
soerce can be burned on and off or by the spoed of respotse
of Dhe detecion, St by the dferetial tene delay of the et
This sinearing of palses can be remsediod thoough the use of
P aded ndex or single-made then

EarBer. it was noded that bghtt rays cas be deflected by
A ot 1 The refractive ndex of a mwediaam as well as by
encountering an abeupd interface between two indcrs There
wre » murnber of methods of creating controlled lndex grad-
eats. Soere arwalve introducing engurites 138 thin Lyyen of
oo aa they are lakd down 06 & sustrate. This s aot & contia-
Soun process slace the relactive indes withinn each layer
nearly cosetant. The resaling varistion of seleactive index is
2 (er osecnbios thal of & sories of Conoehiric tree Fngs
rather than a smecth change |2 the indox. Other docheiques
Invodve the removal of material froen the base glasa by soene
type of Chemical method Fen whose cooes have swch an
1n0ex g aders are Calied graded-dadex fibors. |6 oor doces
won. we will oot make a Sstincion betwees thear processes,
Lot brslcad atsume (et The graded-unden prolies are smocth
and cxactly conborm % thewry [n real graded-index opecal
fibers thin may oot be correct and sach departones from the
Menl gradierst willl adfoct Lheir performance.

Once the pobactive index gradierntt can be controled
Drough manetacteriag processes, £ i op 0 e designes of
optical tivers 1 determune the mod uwelel refractive index
profiles. ol the variatios of Index with radial datance s
The cove This ssaally fits & poser law profie given by

M) =)l - 28l w1y
where o, 1he index of releaction ol Lhe coster of Lhe cove.
and & & the Iractional index ddicrence defised catler in
Eq. 08, but with n now sebetitutisg for o The pasamseten,
*. i B expooent of the power law and determines the
Wage of e aded-andex profiie. When ¢ « 0o, the profle it
et o & sepindex Tiber For ¢ » 2, the poolile s parsbolic
g 0. 100 This s the prodile bound bs most Lelecommanics-
Dois graded index [, becaose this prolie elimvinates the
Olberential time Gelay Detween anial and margral ravve The
trametical aperture of & graded adex Fher is 1he saone a8
thatl of & sdeplnnden (ider only foe reys coteriog on The fiber
axin. For rays enfering al other polats on the core, the Jocsl
mamerical sperture b bews becasse the iocal ladex, nlr ). musl
b sned iz Bg 05 La the case of the parabolic graded iadex
er, e total ammount of Sght which can be collected is ooe
Bal of that which can be collected by & step-index Sber with
e s A

= o= g

N

A

]

e .

Pigure 0.10. Graded dndex fiker, The refractive lndex

profile s shown sl the right. Diverging rays are rede-
cused at a polnt farther down the fiber,




Figure 011 Graded index (GIIN) benn. (2) 0.25 pitch lens.
™) 029 plich hena

Without plangag Mo Dhe it hematcs scedad 4
prove that gradedinden (e with a parabaode profle reesove
dfterential Gelay. 1t is possabde 10 gt & qualiative Soed of wity
the smeariag of Sghe pudses 1 sach a Sher would be seduced
Tostead of the peys bowncing ofl of the corecladding interface
# |8 fepindes fbers, rays follow & geatly path ks
wadedndex Sbers In thise with 2 pasabolc this path
Is shaemoidal That is, the path cas be describsed as & sne o
then i space. B would sonzs that Rght pathe widch have 2
large radial amplitede are vl Jooger han the pach down the
axm of the fber But Because of the sefractive index gradient,
the welocity of the Sght ot the cemter of Dhe fer is snalier
thue the velocity of the Sght sear the edge of the core.
Althoagh the lght that trreels peae the odge of the Sber has
10 @0 farther It travels faster and arrives af the end of the
s &2 the same time a8 1he g travellog donen Mhe center
of the e If the Jeagih of the Sber s L and the speed of lght
Ooran The Center of e Iiber is v = /1, 1hen Lhe Sene ke &
P 30 Lraved 1o the end of the fiber 1= Live g L. For
bt Uaveling a simusoedal path, the kength traveied wil be
L* arsd the tine % travel 1o the e of the ey is t w airsl "/
¢ The product of the goometrical path and (he refractive
Index b caled the optical path keagth. I the eptical path
Jongth odrd, Is the same for af pasha, there will be no diller-
ential delay in the time the rays tice 1o travel theough » Bber
For all optcal path beagthe 3o be egual, the profile st be
panbolc e = )

0.2.4 GRADED-INDEX LENSES

Qe Ihvng 1o node In Figt 0,10 is 1hat a las of rays
geciod M a poundt in & graded mdex ey specads oot ad
1hen secrosaes the axin ol & common poled jeat as ray from 2
sezall object ave relezaged by & Jone The datance £ tabes ke &
ray 0 Sraverso one S diw path i calied the pitch of the Sber
The leagth of the pisch bs determained by A the ractonal
index difterence.

1 » paradaldic graded-ndex Swr s O 9 8 leogn of 00w
quarter of the pisch of the fier, & Can serve s an extremely
COMPACT bens (sometines Calied 2 GRIN bens, for GRaded
BNden) bot Sher appdications (Fig.0.01) By posiscorsing the
Outpast of & Bher a1 (he Lace of the short fder ek, byt
froms the Serms will be collemated, pust s diverging lght of ihe
Socal povient of & lern bs collimated. Bocause it properties are
set by ity Jergt b, this gradied-iadex bems & referred 4o a0 &
quarier-pltch or 0.25 plich loan.
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b somse casen, It be ot collmation of Bghe which
regared, St focuming of e IBer outpet 0cto A urall detec
lor or Soculng of the ustpot ol & sosrce 0pto e core of A
fiber The castent waxy of accomplabing this i 30 increase the
bength of the GRIN leas sightly 10 0.2% of a pitcd (Fig8.11)
This emabies the ther opta: systen desigaer ¥ (ove Dhe
soarce hack bom the bess and have the tramsited Sght sebo-
OO ol somme poie? Deyaasd (he derrs. Thes s paerticudarty usedul
Sor coupling sources 3 fibers and Sber 1o detecion Both
0.2% 20 0 79 piach GRIN deirses willl be used in Projects #3,
T.A L and 20

0.3 WAVE OPTICS AND MODES IN
OPFTICAL FIBERS

Although The ray phoare of Gght propagation through a
$har i eany o Sepdct it does nat reveal some of The inderess
g peaperties of Tghtt I opacal Shers, partioudarty i those
Ehem where The Cove e it 0 the order of The wavelength
ol g

3.1 WAVE FIELDS IN A FIBER

The ws governing the progagaticn of Rght ia optical
Bery arw Maxwells eguations, the same laws that describe
O propagation of Bght in & vacwerm or sny medum Whea
hrmation Aot the meaterial (onstants, s 2s The refrac.
Tve ndices, and the boundary condithern fer The cyfiadrical
Povmetry of cove anvd Cladding is i oe porsted kb0 Lhe ogus-
ons, they may be combined 20 prodece & wave equaton that
a0 b sidved v those eleciromagnets Scbd distributionm
at will propageie theough 1he Gher. These aldowed distt e
Toens of the e romnagnetc fiekd acroe the ther are rederred
% a8 Uhe modes of the iber. They are simdlar to the modes
fnd 0 exkcoowave cavitien and Laser cavities. When the
susnber of allowed modes becoar Llarge, as s the case with
large dunener core 1bem, the ray phcture we have yoed gl
an adeguate description of Sght propagason is fders

The deacription of the modes 1hat progagate in & et
» fosnd by solviag the wave squathon in Cyndnical comed.
maten Sor thee whectric ekd of the Sghe in the Ster. The cytin.
drical cooedinate yystent Noe a ider s Bhastrated in Fig 812
The sodusoom, whicch are found 1o be Darmoak: (Covmisteg of
W sl cosine b o) in space asd Srne. are of 1he foem

Eir®.a) = W) oo (e 4 v) con jg@) L]

where w o the boguency of Nght o sadians e (0 « 2wy,
whers » b e looar frequency In Herte, cyclensec) f o the
propegation constant, cxpeewed i radiarm per uak dis-
et y s & phase comstant %o provide |he cormect ammpiitede
ottt = B and posttion 3 « 0, and q s an nteger. The

~

Figure 012, Coortinate system for modes in an optical
fiber.




Figure 0.13. Low ecder modos of an optical fiber, Plot of
the propagation constant in a Biber () s & fanction of
V-aumber of & ther. Lach V-aumber represents a differ.

ent fver configuration or a Affereat wanvlength of Bght

meatale of Optical Fiber Communicatica, 2ad Editicn,
M. K. Barnoshl, ed. see references, Copyrign ©
Academbe Press, 1981]

parasreter, B is impoetant e specilying Do Sghe propagaes
I & e In the riy opiics description, £ s 1he projecthon of
the propagalion vector on the 2 axis, wiere the magnitude of
the propagation vector b k= Jensi_ A being the waveleagth
of light (0 vaceurn 11 is ienportant 1o make the datincton
Detwoen the magaiude of the peipagation vocioe, k. snd the
propagation coestant, 1. whesch o the rcomponent of the
wq-mmhuhb“wm
foe B, W) and q are obtained by ndntibating
Eg. 0 14 izio the wave oguation. The solution will depend
on the particelar iber gooreetry and lndex profile, iackading
hoth the core and e cladding, under comsideration. The
wep-index profle i one of the few relnactve index peobies Sor
which exact sobetions may Be obtaned. For this case the sole-
thotes bor ) are Bessed functhons. Marry peogie are uslamlia
with Bessel Sanctuons, since most racely get beyond trigoac
et P mons o, perhaps, Syperbolc hunctions. While trig
fontoon are Lamdine fromn begh scbood mathematios it i
hard 10 Seed & sine warve 0 everyday lide. The mation of a p
Lar striegg i laiely sieanscidal best hard W soe because of the
b reguency of vibestion. However, Bessel hanctions are
eaody found AN that is reguired s & surface Ihal can e
froely mnd a cyindrical boendary %0 that serfece. Aayones
morning cup of cobtiee will selfice. Just tap the shde of the cop
and waich the diraudar weves geserated on the sarface: Bes
sl Bactionw')
An important guaraity in detertrining which modes of
a0 clecromagretic Beld will be scpported by a Sber s a
pasameter calied the characteristic waveguide parumetor
o the nermaled wavesumber, oc drply, the Venember
of the (her & s weithen as
V= karNA, e
where K s the free space wavenssrer 204, & a
the rafan of the core, and NA & the aomerical apertare of
the fibet
When the progagation coastanms (1) of e lider mode
are photied as a hanthon of the Voumder (remeader cach
Norarstuy represerds & DATULAr wanve rmide f < ore dusime-
1er-NA prodact), R 6 casy W deter muine the oamder of modes
Uhat can propagatie in & particuber Sber ls Fig. 013 secha
plot s grven foe some of the owest arder modes. The mambey
of propaggating modes is determined by the sumber of Curves
that coesa & vertical boe drawn ot Lhe Vasenber of 1he fider.
Note 1hat Sor Sber with VG2 405, only & shagle mode wil
propegate In the fiber. Thin ks Lhe singlo mode segion. The
warveleogth at which V « 2,405 s calied the cut-olf wave-
length. dencted by i, bocause, Sor & partiouler peoduct of
core Sameter and XA, an the wavelength of radiation
Increased, This bs e warvelengsh ot which all higher order
renndes ave Cut off and only a visgle modde will gropagase n
the thwer A Sy widcd propagates snly the ME,, mode i wid
10 e & shaglemede fer For exampie, the Newport FSY
fier bas 4 core dameter of 4 00 sl an NA of 01, Accard-
log % Eq 14, this ther has & Vioumier of 2.19 %0 633

B, petting it well laside the sugiemode regon A exper)
roery! with this fier will be done in Projoct #3.
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n the wealdy guiding spproccrration (AC< L the exact
sobutions of waveguide theory, NI can be seplaced by & wt
of meodes which are Raearty polartoed, called the LI modes
(The detads i podartzation of wves in Stery will e dacused
0 Serson 0.2 ) These LI modes are combiaations of the
ey Sound oo the exact theory of the waveguide These
lacartypodarined modes rray be ¢ pcterized by b ssbs
sorigts, o anvd 0 The et abscrigl, m, gives the pamier of
arimat bl or anguilar, podes (2eroes) that oCoer i Hhe electric
Bkt atridamion of the mode. e second sebacrpt. n, gives
e pamsber of radhal nodes that occur. They can be iderilied
By patiern ia the cufput of the liber o it Sarzinaies a screen
The patterns are wmmnetric abood e center of the bearn and
ahow Dl regdonn separated by dark regions (1he aodes that
determiae the vrder nersbers m aad n) Some of theswr aow
ahom i Fig. 014 N s ssssrned That the 2ero Seld af the
outer adge of the Beld Sutridation i cosrned s & node, a0
22 1 For the artmathal nodes, o 2 0 The lowest ardey ME,
Mo comsiats of ten LIP, modes with polarirations at right
wngies w0 oo anotder Fig 0,13 shows 1he prvigagiion <o
stantn of these tnodes a0 & Maction of Vasrbers [Compare
e Dgure wih the exact sobsons in Fig. 013 )

When the V puriher s grester than 2 405 (e valve 2
whie i the fiest pero of the peroorder Bessel function occuml
he nea! early polsrued mode, LP,, can be sapporiod by
e Bher so Bt both the LP, and LP,, ssodes willl propagate.
For a iber with o Vaurnber of 1 K32 foorresponding jo the
Sret pevo of the fintorder Bensed functon | two move bncarty-
polarised modes can propagate: the LI, and the LI, modes
By changing the postion and aoghe of the lngast bearn nch-
Sert on 3 bow V' teamber mpalimeode ther, Iadvideal lowearty-
polarized modes can be Luached in the Sber and cbwerved o
The cutpat The propagsnon of lndwiausd meodes in sach
By willl be oservnd in Project M4, This will help ovescome
wrve of thve SENONIes of the concept of medes in optical (e,
whah b undertanding what they ace ared bara hey differ
troem one anclber.

03.2 MODES INMLLNIMODE FIRERS

The szalirnode them ued So telecommsnications
may Sen 4w 25 00 208 NA « 020 0r 8 = 50w anvd
NA w030, s that ke 63 rem Sghet. the Vonumber will be
shout 50 or 150, sespectivedy. This meann that 3 Large nember
of modes will be apported by the fber The amount of light
caried By each mode will be determbned by e lngunt. on
L h. conditions. For example. i 1he anguiar speead of The
oy baee the soice is greater Lhas the argaler specad that
Can e accegied by the Sher fhe NA of the npot radiation b
greates Dhan the XA of the et ) and the radhas of the npet
D I grester 1han 1he cooe radhes of the fbex, then the
Fbser s said to be overfilled Fig 0.06 (adi. That i soeme of
the Bght which e source will be potting into the fiSer cannot
b propagated by e (ber Comrvenely. when the gt beam
NA 5 dewa fhan the fiber XA and the lapet bears raden s lem

-2,
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Figere 014 lrradiance patterns for seene low ordes lin
carly polariced modes
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Flgere .05 Low order

Tinearty avades ol an
optical Nber. Compare with Figwe @13




Figure 016, Lausching conditions s a multimode optl-
ol fiver. fa) Overfilled. (b) Underfilled.

Figwre 017 Mode scrmmbler for eptical fiers. The

beadds tend b couple cul higher-ardes and redistien
modes mad 1o distridute the lght lnto & Satrilrtion
of wades thal will remain stabie over loag distances.

.ot!
A

Figure 0,15, Components of an cloctromagactic field.

Thaey 1t of the Sy, the Sher i wnderfilled (Fig 9,16 S
and vy brworder odes fome anggie says in The say phctare)
will be cxcited in the Aber These bwe datriastions will yiekd
Alicren! measared aferrastioes, with (he overfilod case hav
g o higher boss than (he aoderilied case. In (e ray phctare,
e bigher-onder rays will spend mare of the Bese near the
corocladding isterface and will have mare of thelr evanes
ovent Seld extending loto Se Der cladding, resslting I
Ngher atteraation. Al i the Bhwy undergom beading, the
rayy at high angios 10 the Eber axn may 20 Jonger satisly the
crincal angle conditaon and ot be %2ally interaaly refiecied
Sace power from these oodes will radale into 1he claddiag
and IBcreass he Mteraston, they ae rederred 10 a3 radia-
thon medes. There o anorber dass of modes calied beaky
modes These (oodes have o] of thee clectromagnetic
ooy Gatrbaston nsbde 1he Cove atnd part of theie etergy
Soalribation & Lhe cadding, bt nooe of ther energy dalribe-
e is achuadly of The covecladding inferiace. The eacrgy @
The core “dealis” into the cladding by 4 peocess known, from
Quacrtans mechasion. o hurirelng. Leaky modes are taof iroe
pubded modon, Dut may st De fully sltesusted wrtdl (he gt
bz travwded booyd Salarcen

Ay bgha bas been Lyanc bed bnte & Sher and hao prop-
apaind a cormadersble Satance Dwbich may be several kilome-
forxd, & Aatritasion of power within the core of thw Sber
Grvviopa that by suseaitally dependert of lrther propags-
ton datance. This b calied a stadle mode dlatribetion T
QEORVa0e A0 AppeoRinascn of & stable maode datritoson that
will net e senmitae 0 smal] bends and twists in the Sher o
erdation even wilh andy & short length of Sher, & techaigue
Called mesde filering s used Mode e ing oy be accom
ploded trvugh the wse of mede scrambling Mode scram
My b doowe by hendiag O her i sevies of Corrugatons,
6 shorwn i Pl 7. The effect of (hese bonds & 1o couple
oot The Bt in e radiation asd eaky modes and a portion
of the bgit i the higherorder allowed modes and datnibute
the pemakung lgrht among the puided mode of e e peo-
Suciog an approccmation of the stable mode datridastion.
Sl sCTAMIING (e TR repreanaliie, aCCUrale wrasarerTe Tt
of (e ¥2evvantins 1o be made in 10 Lidoratory. even with
Aot lerghe of B 11 widl b ased ) severdd of The poogets
e marad

033 POLARIZATION OF WAVES

The clectromagnetic Bekd s a vector quastity. Bhath the
wloctric and magretc Deld components are vextons al rgt
saghes 10 each ofher and Both are, in peost canes, atuaily
perpendicular 3o the propagation vector of the Fght. o shows
0 Fig. OLIN Owce the proda@atinn versm whse r<ompo-
oend s 1 and whone Grecton sloog he Bghe ray bs koown,
Informason about the ebectric Bedd b all st s reguired to
Dudly define thhe ledd 0 The mediam e muggactic Svdd can
thea bee Grtermismi brorn i isdormationl The dinection ol
the ehextre fiedd deteririoes he polariration of the wave
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By matry bt souroes, The podaration of The Gght vae.
bt U0 & Drndons amacy ansd ese srarces ace said B Le
randonly polacised Onher sources, soch s The output of
anry bosers, are becarly polaticed When light o llecarty
polartecd. the clectyic beld vedtor maktiain a corstan! or>
cofalion 21 space. s depacied in Fiyg. @.19a. Since 1he light
fedel I & vecior, 2 can be rescived oo B3 cormposends along
two perpendhosiar axes ¥ there i 2 Lime lag betwees the two
componetds, which can be trasslated into 2 phase delay, 1hen
other formm of polarizaton are created. For example, il (e
thrwe Aflerence betwren o orthogonal polariaatons s 14
of a cpcie D bich corvespoads to 1/ 4 of & wavelngi ha, 1he
P Eierecc e Detween The Pws Compoterid 1 307 The
whectri Beld vecsar of the wave is the resalant of the two
COmMPODerin a0d the clectra Sekd Ve Maies ot an cligne
o spece (Fig. 01900 For 1his reasorn it is called cifiptically
polarieed Izt As 2 special case, il e e Two components
e ogual and ot of phase by 2W0° e wave would be clec-
lnrly polacised as sbown 21 Fig. 0.19¢. In the case of optcal
(s the podaruation of Sgie Searmarstted ecegh them may
B preserved ur it may be scrambied o yield nodonily polar-
lnod gt degending (n e My that w weed.

Whan Sght wteracts with a material, the chectrom o
e mateyial are set s mosaoe. Wikde most of the Lght b trans
matted by the medium, » smad portion of the gt e scamernd
By the edectrons and by Geferts in the mediam I randomly
podariond batv. the B b scamered b ol Srections. When
Ve g i the rredhanm & bearly podariaed, howeved these s
Wt S scalered abovyd the drex tion of 10w pedarization
wertie Moot of the hgh s soatiered 1 o pear The plane per
penbouiat 10 1he polaritation Ssechon. as shows in
Fig. 020 This crveans that i we setnd Srwearly polasioed lgh
hrough a tsediare Nat ¢ hanges he puodartealion droction,
Sut does ot scxamble I, we can kalloar the arlestation of the
polartzation throegh the medium (Fig. 0.21) This is oo 2
part of Praject 44

In & pevdectly yymmetric, clroslar Sber, the two polar-
oed components of the L. mode (the L', modes with
wrthogonad polarizatioon | traved ot the ame velocity, drce
They have ideatin Al progugateon cormtaats I the Sher b not
perfectly svmmetin thes the [hes wil te Mrefringess
wace e T pedatizaton Comprers harve Siffererst proga.
Pl comslaots For examphe. iders with cliptaal cores wik
cronte a Direfringesce (n whnch the shorw and fas? anes are
oty the mudor andd mbver anes of the elipae, respectvely
This elfpticity can b cther accidertal. doe b0 erron in man
slactore, or ¥entional. & part of the fiber deign 1 e Sive-
fringeoce W 1o Be cortoled, I b mosd ofien covaded by
busdding storas regionn inde the lher as shown (2 the
“Bowite™ Eibow Bhastrated in Fig. 0.22. Here
the sbow axic is paraliel to the Mgh stross axh of the bow the
aralied 10 the tarw the | and The fan? axis s perpesdosla to
the bigh stress avis

W e b Mumne e with o Srerar Composend along eah
of Dhe optcal anes the Blierence it propagafion (otetanls
Conzees Hhve resulant vecsr of the two polarrathoos bo vary

18

b

)

Figare 0190 Formes of polarization of Bgha. () Linear
poarioation. (b Elliptical polarization. (¢} Circwlar
polariatieon
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Higeoe 0.20. Scattering of Bght by a liscarty polarined
theld (dipade). Light ls scamered stroagly ot right angles
1o the dipole direction, bet is not scattered ot all adong
the direction of the electriec field vector,
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tance. W represents weak scatiering shace the ohaerve:
umuu—.mmms
WNMM.UW“
the polarication directios.

Figeee 0.22 Cross section of a polarisstion-preserving
fiheor, Strons reghons sutsido the core provide as asym
actry that causes biretriageoce o the fibor core. Ellip-
Uead fiers will also have the samme effect.

periodically with dstance alocg (he Ster. When Ehe o corm-
Tight propagates and (he Compeemts #0 (4 of phase, [he
state goes from Hrwas o clliprical and Seck W In
car at 4 phase dierence of 180°, When the twe polerization
are made equal n arspitude by aunc bisg s
mmmué'nheﬂdmlhm
mmmm.bew.b
eligticat, and bk 59 Tnear in & plans thal is 3t an aaghe of
wnmmammmw Thia

retocusidg by 3 ”m’”“l”m
a bisedringent fher catses & beat lergthh ) The Deat leagth b
redated 16 the brcirisgence, 0 =3 0. by

Mﬂl.mm\-shﬂ-mdmmﬂ“'
Leatiom. Howeves, ol poits wheee (he polarization i lvear
the scamered bght 1 wealber Or sisoeget Mepending on the
Srection of ohserestion) Than at the circular polarizatien
mumuwmhm
*mmuwdnohmbw
This wilh be done an part of Project #4.

Whea linearty gobarinnd bght o leanchod with the
mwm»muucwmd-
”WMWWM"‘.“
Snmarly polarined despite thw bending This “polerizatios-

nmmm;um
1l effexts For cther laerch conditionn, Sowever, Yhis wifl not
e true. lostead, the Sber will act t change (he polariration
of the St The actusd efect on the input polariied Sght wi
umwm—omuwmu

irea whereves the o The tracmarndTind Lt st
e stabée and well definnd These inchade fiber
iedesfercenetra senson (wadked in Progect # 10 Rbwer gyve
m““mmm




034 COHERENCE OF WAVES

The catpet of muary Mosers i bighly mosodhrosatic.
Sdewily. Uhe Bghtt Soen the laser in & sngle color; in actaality it
comsbaty of Ight within 3 snadl band of wewebmgtha, AL There
a0 & narsber of ways of Sencribing the degree of monoch-
Sty = addtion % the wavelngth hasdwideh, AL It can
Be characteriand aa & egquency Sandwidth, &v. The twe are
retated by

v o BAc/¥ on B w SeciV nIn

The snader the bundwih e muone OO SITENMN
e bt sorce

Anceder way of Sescriding the moeod heomaticity of
U wonirce i oo i coberence length |2 sowrce were
Wotally meoood homnwie, The outpet woukd consist of an clec
tromageetic Lebd of constant ampdiinde That oscilades for an
nfiately bong time with a singie outped frequency asd weve.
Iea@h Aby SesvinBon | the anpdiinde oo shorternrgd of the
lengh of cocllaiion resalls n an ocrome (n the basOwrls of
e sonprew Or, aleraatively a Secresse In the coberence
g of Ihe taddatim. Ovre mmay think of this deacription s
ks of warves wisee leagtin repeesent (he mosoc bromats
Oy of 1he source. The relation between the coberence lengeh
and thw barxtwidth o

Lowc/ls = 70 018

035 INTERFERENCY OF WAVES

When two clextiromagnetic liedés ace preseot in the
samer place al the sacae Beae, thelr resclt may be added
woctorially, since the Sedds sve vectoes I two telchs e
Sncurly polarised in the same direction, the Selds may be
sdded potat oy-polat s wcalars. ¥ two electric fekds with e
s amplitiade wre s phase the summ will be Twice as large. i
they ave [N oum of phase, the Sedds will canced point by
Potat wad resadiant Bl bs 2ero. s shown s Mg 023 The
phwnoesetsn of Te) o eee el frormagretic ek susrrrg
o0 e & rensdlant w caller] interference. Whm the felds o
W e 1 s Called comstrective inderference, and when the
Bedds are 11 out of phuase, 1t Is calied dostructive lnserfer
ener by marry optics arTangeae s the path leagtha alterma
Svely vary through constrctive and destructive terker.
mor. producing a series of dark and Rght Sioges. From the
Iriege patterna anad their changes as plipsical conditions s
e interforag paths are Canged 1 poastide 0) Ieasure
cxtreawdy wnall changes i Aetances annd refractive wndioes.
0 Al of THS we have The saree podarieation direction I the
fredds Dawe prdariaasions sl Pty argdes 10 cach other the
pesitart would De the vector addition of the two Belds tas
e ComMfuctive or destructive interforence would oocur and
00 Irieges would bo vinitde. A bller explanation of exderier-
rrie and interference irtages s sexfable o & rusder of

clemweniary optics texis.
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Figure 023, Mustrations of he lsterference of two
wares
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source i colimated by deos L and the collinated Sbearn
dreaded by Deamgiines B3, A beameplitter s & composem
hat transmits a Saction of the kght incident o0 & snd reliects
The cosl, assuming that there i no sbeorption by I I most
caen, the 1ali) of transenbedon 1o oellection s 50050, The spit
tearra are Ben sedisectad by mirron M and M, to be recom-
baed ot 2 second beamepitier BS,. Thek interference i seen
o0 the screen S I there Is any change in optical patk leng™
Istrodeced into edber path, of arvs, of the isterirroeneter, The
Iriege pattern will chasge in & manner that will, in most
Cases. esable an chwerver 1o messere a1 change b
Projoct #1502 Sher cptics versbon of 1he Mach-Zehnder
intertercamenes will be comatracted and examised In this
device, 1he mirmrs wikl be replaced by optical Sters and
Deassspliey BS, will be replaced with a component calied »
Badrextionad Cougier

0.4 TRANSMITTING POWER THROUGH
OPTICAL FIBERS

04,1 LOSSES IN FIBERS

i b of the sbove dscussion, it has beeo asssrmed Tht
the Bght taveds dowr the fiber without asy hosaes beyoesd
1ot from radatioo asd leaky racdes and some hugher order
oades That are coupled out inlo the cladflag

When Ught o trarmrsdted Do) an abmorting
medium. D iradance s expooretisily wih the dstasce
of tyansssission This relation. calied Beer's Law, can be

expeened o
) = WO i) 0%

where K2} b the mvadiance o 4 Gatance 7 o a polel x = 0,
Al T the alteaustion ceeffichest e xprrmed in soats
reciprocal to the usits of 2 In some felds of plyywics and
chemimry wheee atmorpticn by a material Bas Seen canvhaly
measured, D amoant of abeorplion ol a partiouar wave-
Sength for & speciic path bength, sach as | om. can be waed
% measare e cooceneston of the aluorisng material 0
& sobston.

Athoegh the abscrption confficlent can be expressed
12 umits of Pecipeocsl leng for exponential decay. bn The feid
of Ster optica, s well as in most of the commmasicatios fild,
1he absorption u expeessed i s of dB ko (48 sand b
Gecitely, Soettn of & kogarithmi wnit) In this case, cxpoten-
tial i expremed asing the base 10 natead of the base ¢
(=2 T

Re) = W lO ==, P-20)




where £ b b klometen and ' ~ s now exposssnd i decibels
per kilometer (88 kond. Then, a Sber of cne iidometer lenged
with an sbscrption cosicient of 10 &0 ks permits Kr) W)
10 " 0 0,10 or 2% of 1he lnput power 10 be transmitied
(troagh the Sber Praject #2 rvolves the meassement of
the ateasation i an optical er

The knses 1 [Ders ave wavelength depeaders That n,
gt of Gtherent wavelesgths indroduced e (he same fder
will saller dilicrent arnonasts of boss. Fig 0.25 shows he
alemualion 0 48k of & typecal optical Sber as a fonction of

other soarces of Sawes lo Bbers. Optical tranminion Jases s
Shsers are Sun %0 several mechaniuss. Fint, optical fbens aee
kraived ja the short wewebmngth regiom Noward the vadbde acd
witzevioiet) by abscrption bands of the malerial and by scat-
tering Som ishomogeneitien in e refractive ladex of the
e These ihomogeoeition are due % thermal Sactsations
when the fder b i the molien @ate. A4 the Hhwy cobdiles,
Thene Bactustions camme refractive index ariations o a wale
wmalber than the parabndc variation st b imposed upon
mmmudmmu

25 Raybeigh scamtering aod is proportional e d
Mlbthwdmmﬂhmm
soom Is respomaible for 1he color of the sky. The stronger
scallering of b af sherter wavelergtis gives the shy s
bhwe coloe )

I the long rogun, srdrared abworplon
hacsd of the materiad Dant 1he Joog waveleagth end of the
radiation spoctium 4o about 1600 sen. These Iwo mechasianm
are the ultinade Realt Sor Sber Jonen. The ghest guality
fers are sometane characterioed by how closcly they
approach the Maybelgh scatioring bl which s aboet 0.17
R em at 1550 pen

Al oo tizse metal lota werr the major source of
abncrption by Emperition ta optical Iber. & was the elimns-
Son of these lors that prodeced low dos optical fbers. Today,
e oaly rgerity of cotsequence i opthoal Shers I wader in
e form of the hydroxy? ben (OH ), whase sbscrption Sands
M50, 1250, and | 350 nem docndnate the excess hoss In oday s
:;‘t;qummhmmmmu

.42 LIGHT SOURCES FOR OFTICAL FIBERS

Albouggh light of masy wavelongtha and dogroes of
coberence may be trammsstted by an optical Sber, there aov &
asrnber of sources (hat s lakrly convenent and siicient in
coupling g 340 a Sber.

0
Q7T @8 0F 10 ¢ 12 13 14 15 6

Wanierg? ,r)
Figure 025 Attessuathon of an optical fideer as a Tunction
of wavelength




Daode Sase

Figere 0.26. Comstruction of a shmple scobcomductor
diode. Light enitting diodes and injection laser dicdes
Save a similar bask coastruction, althoegh the actual
stracture of e laser device I conslderabdy more

coanglicated.

The senall sod nBontor Aghts that we soe bn soke
Grtecoms ad eectrues parel Lghis are light emitting
diodes (LED'N. The name is quite descriptive, since These
Gevicen aoe rotthing rmoee than special seascondecior dedes
that emnz light They are made of sembcondhacton, such as gal
Jamy arvenvide. to wic senal] ameants of 2008TK raguariies
harve been added 1o raise 1he conductivity. The carrwr of dec
trical Current b either an electron o & Dade 3¢ atwence of an
electron) The material ke which efectrons are the major car
rwe of CurTert 3 caled ntype malerial and the materal in
which hodes aoe the mape carrier is calied poype. A diode is
created when phecm of ntype and plype maerisl ae (50
structed sent 0 oo ancther, &1 in Figg. .26 The interface

appised acroms the @ode Junction wo (hat the Gode condacta,
£ emits bt wiich i radation resclnng from (e recosibiag-
tion of electyons and holes. Tha rackation i called, appropet-
atrly. recombination radiation The arncus! of Bght ostpes
s proportimal 9 the pamder of ehectroa-Sobe puirs That
recoomidne k2 the dhode and tThis b proportional 1o the Gade
currest. Therefore, the aptioad power-carrent curve of an LED
will b & straight See The wavelmgth of the emlled radis
ton 1 an LED depersds 00 the Gllerences betwroen the ener
mdwmulhmmﬂummn
prtype rmaterial The bandwidth of the radiation Is broad com.
pared 50 that of laser sources

Athough Phe coentrnction of curvest injection laser
@odes PLIVN s mvach mose eladorste han LEDs the bwo are
shown i Fig. 0.26 as Seing senilee. Both in the sirgplent flas-
rathon and in the basic principbes of opevation, thess two
Oevices aow dmbar Currergt o kajecied o the diode by
applying & voitage acrom the duode. However, The Ourrent
densites are consderabiy greater in ae ILD) thaa thoe in an
LED tastead of electon-bole pars recomlining spostane-
onaly &8 b8 a0 LED, 10 an 1LD B encernous curvest Bow stim-
wlaten the pairs 1o emil coberently. creating a meore poserhsl
outpol with & sasrower bandwidth This process b calied
atimvadated emnisslon. The optical powerurrent curve of
e ILD i llerent from that of the 11D i that the cusrest
mvest svack & Chreatiold vadue bedone laniag can occur. The o

crywial that serve as partially cellecting mirmoes to redinect
part of the laser cutpat Sack indo the jarction segios. These
paleyoes alvo caune The et of The ILD 10 be parsally coll-
ratrd. although Atraction of the gt by the edes of the
mmmum»umuab
shaped beamn with a Ewergence which s typically abost 15*
by 30°. The larger divergence angie i in the deection per-
peadioake 10 e futxtion plane. st shows o Fig. 0.26.
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b comtrant %o the wlid state semicondactor medium of
the ILIL the Lasing e of the heduim neon HelNe ) ases s
@ rdarare of Ml and neon gases which is excited by an
whectncal carment Creanng 2 @M enditing dod hacge sreiar
35 thome sees In Deon wgrn. The Gililerence between 1he noon
Hgn and the MeNer Liser o the propaortions of the gas subctare,
& narvise Gox harge path 0 (e ghios date, and reflecting end
miesory, as shown e Fig. 0.27. The cutpuat wavelergth of the
HelNe luser i msually in the red af 653 aen, although outpets
o1 vy wavehergths in (he vaibie and infrared can be
eldnined by wirg Gileront sorts of mirmors with higher
relinctivities af the allowed wavebengihe The ostjes 4 more
Sighly collimmated has the cutpet of e ILN For » typacal
HeNe laser, the Sears dvergence I abowt | millradan imead)
w0

The polarization of radation in a fer optics system
depends on the type of sowrce 1531 i ised. Somme HeNe lasers
poeess 3 bgh degree of lnear godarization. others are ray-
doraly polaraed Their pdanizathon i usaaly deteririened by
B detally of e Laser conmtraction. The outpes of an LED is
andomsdy potarived, witie that of an ILD b poderieed pasalel
20 the plane of e po oo The podartzation of 4 soerce
000 be Oheched by cdmervieg the varisthon ks power ot a
detechor as & polarier b rotaled i froeft of the sousce. A ln-
warly polanized source will show largr varation b the tram-
lied power 21 the polaricer 3 rotaled, widle randoealy
polarized or crcularly polarived ghe will show Ktde o no
variathon. Separating clroularty trooe rasdomly polarined
M recguioes he e of an cptical component kaown & &
wiavrplate

There sov cther sources that mighe Se consbdered foo
e In Shwr opsos itere: the s usgden Lamgs, Daores
cordt Rghe seom Lamps, electric ancs, o0 Mowever most of
e soorces are exteaded sources. That is, They have & large
CTURON Aed (o pared 1o the soirces Aready Gscwaed To
ErOdece Beght from these sousscet indo a Iiber reguices thal
sotne optical wysiem be cosslirectad 1o redocus [he source codo
the et end. The larger and maore Svergert the socrce, 1he
e GSCull 1 i \o couple Bghtt inko the wystern

0.4.3 COUPLING SOURCES TO NIBERS

Oue objective m any Sher optics xystem & % lnsert s
macS porweer 1080 the systern with as Jethe Joss as possibie. This
allown the use of kower power sources in a system, seducing
e oot and eaduncng the refability. sinee the sounce does
ot Bave 10 be perated Dear 9 IMAGOM Taled power
Amention padd %0 coupling & source 10 & Bher or & fider %0
ather Componeats will be repaid in a more relabie and
Cheager systern. (Losses which ocour i Sber do-Sher coupling
aod sphcing wil be discmssed and reasared in Project #6 |

Bore  Catode
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Figure 027 Construction of & Hellum Neon laser tulbse
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Pigure 0.28. Cadculation of the NA of as extesded
soarce.

The Gorecton of the rackatins a1 it emnitted fruen &
woarce s be consderad ta the fiekd of fiber option, Moce
that 1adiataon has 10 be collected asd $xxused 0080 2 ther
rod. Sources (an mage Sor otropkc (eruiing s all dvec-
tsoen) % colimaled (emiting 0 caly soe Seecion) In
gezeral, (e angular dacrduatin of the source (a0 be
exprosed o

B = 1 foon 09, 008 ™22
where 0, & the maximm anghe troes the normal af which
muuu-mcu-wuumam
source. B m e ) in Eg 022, the source i calied &
Lambertian source. Mary nos-daser soorces chosely appeox-
imate Lambertisn soerces. Foe a collimated source, i s very
h'e.hm:nuummhw
10 be 4 partialy collnated sousce The anguier doatnbesion of
at LED and and 1LD will be meassed in Project #5.

Thm.hl-lDWMmhcm
serieed by its NA, We can describe 1he sange of anghes oo
wisich & source emits by & similar NA. The definition of the
saaxiesern anghe of the source s ool a cesily determined s
the muchenem anghe of a Sber with is iical angle, uace the
*mhmﬂm-“d*lmh
ot have & precisely defioed oot off

In scer cases, Lhe lght from the source bs so Gverpest
and the socrce & 30 bege that The sownce mrast be reimaged
00 the Shar et lace by & short focal beagth bens For such
wrarce, The beoa b overtlien asd 1he muawginal rayy, thooe of
I edige of the cone of hght. are determined by the wae of the
lens Dt is weed. B that cane, e NA of the source bs gven by

NA . =nsnd NI
whese © = tan - vAd, with r = radius of the Jens and d = Emage
dotasce. ot shows in Pig. 0.28.

For collimuted lawer sources, The lets s ussally soder-
ided i # i placed chose %0 the sounce. The Sght comes 20 &
Socus o the focal poindt of the ks The boan then has & diver-
m““bmwulhmul
the Sears walet radies bedore e lena, r_ 1o the focal leagth of
the Jere. Thian, e NA of the Deam s given by

NA = nga(r/N 036

There sce bour paraneters which alfect the effichency of
sowrce-thwe coupling, (e NA's of (he sowrce and the fider and
e Banensions of the sousce and the by core. I s possible
w0 show Thal the prodect of the source dameter and the NA of
the source Is 4 constant o mater what the focal gtk of the
mumu.mmuumumm
ol 1hve Fiwey core dameter times the fiver NA, 2 s posaisic %
Aetermine whetter & leva may be chumen 1N Can srage (e




Sorow 0enio 1he Sbee core withouat overfilling the Sher, Over-
TRng b mared by & sowrce NA which s larger than the Eber
NA I the @ameter NA prodoct of 1he soerce is Inger thas
1hat of e ey coumterpant, seduciag a somece NA 30 10 3 Mer
NA will mot locrease the couplding dnce Dhat action ealages
the Samter of Dhe sowrce insage o De [Der face Than &
caredul coridetaton of The Gameter NA products will heeps
wmeotye broes irying (o do (e impomdic This sare
approach can be appbied also % coupliag Detween bers of
Glierent wtes and NAS Farther detaihs of cospling will be din
comed aad hotrated in Project #5.

0.5 APPLICATIONS

Most of 1he apphcations of ey optics sysdenm (al lnto
ome of Vhree caleporien. compmunn al ons, sensovs, and gosser
ditr et I this section, each will be describved beiefly

By far the most extormive wse of Bber optics bs in the
Seld of commuanicationn. R encompianses short Baks betwoes
computen and Selecormemumication devices, the so<alled
el ares setworks (LAN G sad loager distasce conections
Bt lnckade those Betwren the metopollan arca of Ihe
Nottheastorn United Stales and 1hose betweea Azverica and
e Faropess continent. A Ster optics comemmnication bnk
will be cormrpcied (n Project #8

When mbwrmnation is sent through o fiber optacs system.
¥ s encoded 00 the Mgt wave by Changing the lght irrads-
ance ot & functon of these. This peacess of varying the kghn
Jeved wih tene o Calied modulation. There ase two types of
modudation anslog and dgial Ansiig Bsoeduation Cosslsty
ol chusgiag the Igth! beved 10 & Cotfipumes suannoee, w hile
with digtal modalation, the lalormation b encoded theough &
sorsen of palees separated by spaces, &4 shown in Pig. 0.29
The abwenco or presence of & palse M sene polet 08 the
streaen of puises represenitt one rlement, or bit, of
Bbrmation

The perbormrance of a systern usiag asalog mosdelyton
s deterrmined by how ladt ully 1 reprodeces the sgnal and
by {1t arsaliond shgnal |hat cas be Uarmesited which is i
Ned by randon of exitatecas obe i Mhe system. Part of 1his
I S0 % The type of detector thal is used 1o cotrver? Lhe mody
Sated Rght signal back ol an eloctricad signal and part b due
0 the aystern itaell. The ratio of the detectod sigaal 1o the
wmmalient signal which can be datngahibed boc the nose b
called the ratho SN Thin will be ducumed
s part of Praject 8K [n e case of dgital systermn, the Luth-
24l reprodecton of sigaal kevel I 0ot reguired, which makes
sch pysterrs superion i the preseace of aotee sources. AS
That Is pequired (s That pakses Be transmezed with saflacient
poner for The detectionr and edactrondcs 10 determalae the pres-
ence or nence of 1he palie. Perfoemance in Segtal systems
W gven in dermes of [he bt ervor rate (BER), 1he fraction of
ts senl 1hat are determined 1o be In errow when corspaned
wilh the origingd digital inlormsation BER'S of less than 10°*
are gescrally requaired for a Bber optic degital commarniCation
Erdk 1o be conmidered & Mgh-quality vysten

Figure 0.29 Two types of signal modelation (x) analeg
M) diginal



Ascther appiicason lavolves Dhe use of optical et
seroen ko mesrsre plyucal parameters Becaese of 1 heir
srnall duwrwener, seriaons made of optcal Thers can be B iste
TR grIenetren wheTe Convertionad sease wosdd be oo
large. Ao, bocasse the Uher mediam s nososedscting.
Aber wernoes can De used i Sangesres (rcumlasoes, wch aa
explosive Mreonpheres Seasors can be wsed 3 messare plys
al parameters wxch as dorperalure and presare and eag-
Neering doemation sech o bgukd levels aad distasces Voo
Alterrat types of maltenode 2drnaty seroon wil be
explosed in Project #9 aad in Project #10 & siaghe mode
Interferometrs sessor wil be conatracied.

Perscns who have aot stadbed Mher optics teed % 1hink
of em as optical water hoses Basl 23 wr have scen the
laanc bing conditinns, the ey NAL the mode datribation n
the Stey, and the fider abworption asd scatiering losses Al can
contribane %) redecng the ssefidness of a bber 2 a conductor
of optcal pores There are, hineever, certats Bekds where
1he transmission of optical power by optical Sters han
proved anefud

3 the field of medicine, the abéity to nsert optica
(Bvery wside sl holow tabes that aow putteed theough ssall
Incisions i the body huns provided a ssendeer of ssccessiil ser
Bcal procedues that do oot call for massive Cutting of linsoes
and yet sbll provide treatmnat for Sseased paets of the body
Iroen the cutpet of the optical fitwer Paralled 20 1he power car-
ryling eptical Sber there s ussally 3 second tlbe with marny
straesds of optical Sher arranged 1 2 peecise manner at con-
Suxt iBarinatiog Aght 5 the Jcathon of (he reatmest and
carry an srage of the treatment she dack 10 the sargeon.
Mazy of the seatments are il in The experimersal phaw
O of the peost sought alier prodacts b an optical Bber thas
would Carty bege ansants of breg wevebmagth infraced rada
Bon brom a carbos dionide liser. The locesed cutpat of thie
laser makies an el sungical scalpel. but (2 e eae term
ihere are 50 Sbers of sufiicient Bexiliny, bow cost, and S
aborptoon at e CO), laser wavelength that s oecilic appds
Calhon will bocome widesprond

Therr are a mamsber of agpications 0 1he Sebd of mate-
nal procestsg wiere the delivery of Maer power 1 8 location
worahd bee an sdoal method ol operatan b dasly and dificuit
COVHOLEOTEL U9 repiacersent of maadt e et Dased optics

porewr delvery vywtestn with (s Sased sysierro b usehsl
m—dumumummm
aly, She dvergent (unput of the (der mrant be refocused by &
beas 80 prodece the reguired Fradiance to heat treat. owit, or
Vaporire an area of the material being processed. Depending
o0 e wirvelength of The radiation betag used and the type of
Shey ernploved, (here are maxivraes valors of power Bhat can
e delivered by such syaleman

_!
i
2
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1.0 PROJECT #1:
HANDLING FIBERS,
NUMERICAL APERTURE

I thes Bt progect. you will Jears Sow 40 prepare fiSer
ereds for ue b3 the LWboratory. Yoo witl Se able to observe the
oty of & Ter 408 you will mease Lhe 2ammeral apey-
tare (NA) o & tebecommnic stons-grade Shey.

Thee method which s preserned bor determmining the NA
of & Bhev s especially astrative of wiial i 10 be learoad.
Ancther technbgue Soo meesering & IBer’s NAL which i one
ohen weed I andand poactce, will he ined in Projeet #3.

L1 FIBER GEOMETRY

A optical e bs Bastrated in Fig. 1.0 1 conmiats of &
core, with sebiacuve indes . of CoaBarty-yTImmetr Cross
ctiom of tachen . and Sameter 25, and A cadiing. with
relractive bnlen . which sarmonds the core and has an
ey ameter od £ Tipacal cove Rameterns nege bom &5 n
(3 pm o | mbcromneter = 30 ) bor siagle toode fiders 2 50
100 m bt mairscde thery ined e Cormrmunicalion to 200
10O mn bt barge core Llwes tnsed in guosewr rameisicn
MPPSOatonn See Sextion 0.5 bor a discomam of These appds
Calioma | Commmatic afns grade Story will have d i the
rarsge of 125140 o, with soene siaghe-roode (Den a0 wnall o
B0 g I e quatity conmmnasications ibers, both the core
ated the claddbeng are munde of slica glas, with wrsall anoonts
of ieapurties addied % the core to shghefly salae the bdex of
refraction. There sor alio hovwer qualty Shors avadabie which
Pave & ghams core sarrounded by a plastic cladding. ac well
wimw all-plastic Shere The Liter have very Sagh attenunion
coeflicwats Secthon 0.4.1) and are used anly in appdec atiors
Tecparing oot lenggtha of Lbwee

Soroundiag the (er will generaly be & protetive
pochoet This ket iy be made from o plastic and have as
insade Aamrrter of 500 1000 un However, The jaciort may
#har e & very VU brver of varrisd o acrylele taterial

1.2 FIBER MECHANICAL PROPERTIES

Betore measurng the NA of & fiser. it will be neceuary
o pevpare the ends of the Aber w0 that gt can Yo eMiciently
ooupied 0 and ook of the Sbey. This s donse by using » scride
and-beeak tec hevsgoe Vo cleave The Sher. A cardide or e
mond blade W weed 10 start & small ok I the Tber, 28
Sostrated n Fig. 1.2 Evendy appliad siress, appiiad by pal)
g the Tver. Canmes the crack b propagade Theough The fiber
and cheave i acrons & Tt croms section of the Sber perpendic.
har o the Sher asis.

In Theory the breaking drength of glaos Shers can be
very bege, up b0 abost 725 kpel (where | kpos = |000 pouads/
w) et or 5 0P (where | Paw | Sewion sg. saeter annd |
P = 1r Pad. However, because of iInSormogeneities asd
Hlarws, fbvens do not exiulst strengthn arywhere near that

— Jaoaex

Com

Figure L1 Geometry of an optical fliber, showing core,
cladding. and packet
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Figure | 2. Scrvibe-and-tavak technique of fiber choay-
Ing. A carbide blade makes & small scride, or nick, in
the fibey. The fiber i pulied to propagate the scribe

thrsmgh Dhe libser,




Figure L3 Straln of & bent fider,

&1 Orecton

Figure 1.4 Geometry of o plane wanve basnch of » baser
beeamn fnlo an optical fiber.

vaban Bebure beng wound o0 2 spocd, 4 lder s stretc hed
over & padr of palleyn, which appdy & foed arncuat of strals
Iatretchiag per unit beagihd This process o called prood-tent-
g Typecal commercial fers may be prool-tested 1 abowt
50 kpad (345 VIPaL which is exquivadent % about & one pound
hoad 00 & 1254 OD Bber. When & crack s bntroduced, B b
reduced even frther i the seighborhood of the crack. Frac
Bare oocun when (e stress ol the tp of B crack equals the
Dheoreticnl breaking strengeh, even while the sverage sivess
0 the Bodly of tae Bbor be stlll wery bow ' The crack cmases
sequentivl fractering of the alorsic bonds only & the tip of 1he
orack. Thes bs the reascm (hat o sieaighe onack witl yield o M,
Ceaved, Bber face.

Opeical Sters are roguired &) heve bagh sicength wide
martalning Sexitdlity Fiber (rectere ususlly occun at posits
Of Digh strnin when the Sber s bent. For a bber of sadies /2,
bt 10 & radbes of curvatare K s ahown 0 Fig. 1.3, the sar-
face weain 00 the Sher b the clongation of (he Sher narface,
(R« & D8R8, dvided by the dngth of the aor, RS The strais
i Then d/ZR AXhough sbca fibery bave beea pregared
WhiCh Can withatand steains of several percent, 40 upper
Mradn Seakt of & fraction of 1'% has been Sund % be
%2 guarastee Bber sorvival in 3 cable Installed in the fiedd ' M
strade Neat of 0.5°% Is waed a0 3 reasosaldy conservaive
vadue a 125um Aameter fiber will be abde 10 sarvive 3 bend
radbas of 125 ¢

1.3 MEASURING NUMERICAL APERTURE

A detalied devivation of the expression for the NA of 4
Aber wan gven in Section 0.2.3. Recallng Fag. 049, the NA of
& L, in the weally puidiag aperoninwion, was Sxand % be

Men. 31

where o = the releactive index of the cove of & Sep-indes
ey or W refractive ladex 31 1he conter of The cove of &
Eradedindex fiber, aad 4 s the tractional isdex dblerence,
Aninn)e .

Ar an roergbe, A typacal It etode comTrardcataons
e mmuy hawve 35001 in wii h cane the weakiy-guiding
spproximaton, whisch sssumes 41, b cortaindy pavilied
For siica based fbers, 1, will be spproadimately | 46 Using
g 1, thewe valwes of & and 1 give XA « 0.2, This gives 2
wakor of 115% for 1he munimmam locidest saghe
Fig. 0.8 and 2 total oo angle of 237, Vadues of XA range
froms abuoat 0] bor singhe-coode (e 80 € 2.0 3 kv madlenode
comimanscations Aber wp %o abot 0.5 for Laegecore ibens,

The wary in which Bght is Leanched indo the fber in the
mcthod wsed berw %) measare the flwer NA b shesen in
FIg 1.4 The bgin boacs the Liser segersents & wanve bosd peop-
agating o the a-drection. The width of The laser boamn. ~ | s,
e mrmach larger than he Saoneter of the fiber core, 100 4w In
this cane ba the peighiorhood of the Bbey core, the wave
roest of the Lases lght taloos cex the sacre vadoe a1 Al podats
fontog the same 2. v we say Thal we have 3 plase wave proge

|
é
g
%
g
§




agatng pocaliel 1 the paxis When 3 place wave s incident
on The v0d face of & Fiber, 1wt we can e sure that al of the
MV bancted 30 the Sber has [he sarse incident angle. 8 in
Fig.t A

I the Stwr end face i then sotated abuwt the poiat O is
Fig. LA, we can then measure the ansoust of gt accepeed
Lay Whe fiber s & function of the incident sagle. 6.

Fig. 1.5 shirws 1he light accepled by & Newport FMLD
et &0 8 haoctim of accepRance angie g The mrethod lest
Gescribed The peist where the accepted ndlatun b laben
to 3 wpechied vaber (s The i atend 33 Gefirw the mataram B0
dent anghe Yor the acceptance cone The Electromic baduriries
Amociation ases Uhe atghe sl which the accopted power has
Wdben 1o 5% of 1he peak accepted gower as 1he delinition of
1he experimentally determened NA ' The % latenmty polats
are (hosen as & compromne 1o el ¢ FOPemeats o0 1he
mmmubhmmm
e '

Note that in Fig. 1.3 the radation levels wese e
wared e boh posiive 2ad aegative rotatioos of the s sod
e NA was deterrnined ssing one toll of the ol sagle
between 1he bwo 590 istensly podats. This elirinades atry
arsal erroes ressling o not perdectly abigaiag 8 = 010 the
plane wave Janer beam The NA cbtaloed i s devt case was
0 7 whech commpares well with the maratactunes s specifas
o XA =00
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1.5, Plot of the data taken ln the measuroment of
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LS PARTS LIST

Deacription

Qy
100/ 140 MM Bber, 55 meters 1
202 Peeathoand 1
| mrw HelNe laser 1
Laser rearnt |
Clarp |
|
1
|
1
|
1
|
1
1
|
|
2

£

kR

Short rod
Nber cleaver
Palldrtwer act

- -
-——
5

20 Screw kat

A0 Screw
Rotatom stage

Mu rorseries hokder
M roseries (s

ST

g (Mer ende You may also wish 30 woe the FBIC2 fber
beealier ko place of the FOLE Mber cheaver

1.6 INSTRUCTION SET
1.6.1 PREPARING FIBER ENDS

1. Remowe = 1.1/ lnchves of Sher jaciont Som & ~2
mrter segment of FMLD Sber, by Gipping the Sber end ln
mirthybee chiotide and ketling # soak ke ~ 3 mistes Some
poopie peeder 1o ase a sitgle odge raroe blade hedd at & Jow
anghe 1o do the rippung of the fiber jacket. This requines
soamw peactice, bat goos mech bater cace you are used o 1 )




2 Use 1he FOL) Flber Cleaver 1o cleae e slripped
eod of the Sbwr. The clerver shoudd be placed on the op of
1he tabde with the blade poloting v Draw e fiber over the
blade with 2 gt motion. Be sare 1hat the fiber by normal %o
the blade. You shouid oot aemmpt 80 cut the fler with the
chraver. You mre only starting » smad nick which will peope-
goie thromgh the Bher wiien you pul it, Gently, tat Brmily, pal!
the Biber 2 Cheave 2.

X Chwck the quabty of the cleave by examining it
windet & Nghgones boroscope Carefidly examine the ead
face of the By The end face shonshd appein it and shoukd
b free of defiects, 25 i Fig, L8a. However, chips or cracis
which appese node the periphery of Lhe Bber are scceptabile o
They do ol externd isdo the central region of Bhe (Der. Some
poonly cleaved Bber ends aoe eatrated 2 Fig. 1.8b aed ©
The prabdems ssociated with the pooe Clewres are discumsed
o Nep d

4 M the supection of the Sber eod face 1 Step I dom
At abow 10t 1w end bace Sas Soen property cleaved, you
ahondd comider the loliowing comenon sowrces of evror:

There are bwo pracipal reascen lor oldalziag a bad
ceave, 1) a posr scribe and 2) a sonuntioem pull of the Iher

A scribe which & 100 deep may casse an irnegalar
clonwr and mary Caswe Teeltiple cracka 10 propagate through
e Bher NI 168 A scribe wiich b 200 shualiow will be the
sarme o 0o sy at all azd the Sber will beeak raadomdy.

U e pull winch propimgaies the crack theoegh the Sler
ot erlormn. a0d enpecially i & inclodes tedving of the
ey, rvegbarities may show up 0n the Ty end face e a lp
may be formed on 1he ead of the Sher, as in Fig. 1 &,

I the Steer e in cheaved af a0 angle, the Sher wan
profaddy soribed al an angle other Than %07 across The Sber
axks, ahhough (his, boo, can be cansed by & nonusiborn pul
of the Bbver. (This willl sed be a problens i Sou have chosen Yo
w0 1he FEX2 Fiber Bonaber, but will have to be considered #
you are unkag the FACOLY Fiber Claaver. Sov the note alber
Seps)

5 Ower yous have 3 ther segraett with two well cleaved
ey, you may leok st the geccoetry of the Iher aa & waa
Gescribed o the Introdecnon. View a fder ead s you dd in
Sep 3 Use an incandescest lamp %0 Shamvinate the L end of
the Bber. You will be able 10 sewe the bght shirsng theough 1he
Central portion of 1he fiber. Thin i the By core. The reglon
MTOUEag the core B the Sher cladding. You will oot be
abde 10 see the Twer Jaciuet. Decasse you hrve Mrgped tha
awary broen the end of e fider

(3]

Figure L& Cleaved fider enda. ja) good cleane. ()
cracked Niber. (o) Side view of & lip oo the end of & Nber.




Figure | 7. Laburalory sct-up for determination of Nibver
NA.

NOTE: The F-OLI Fiber Qoaver is meach mare depess
et o operatior sl 1han i the F-BIC2 which you may
choone tu wse 20 A option is place of the F-CLL In that cane,
Solow the direction that s inchaded with the F-HK2 Fiber
Heeaker and cleave the ends of 1he Bber (You will il need 10
wa the FOLT bn Project 84, 00 you may want 50 gals some
experince with £ this time

163 MEASURING NUMERICAL AFERTURE

1. Bolt the Model 857 Laser Mot 4o the Model 300
Clamp, asing §/4-20 bolts boet the SK-235 Sorew K2 Place the
J9C Clarrp o6 1he Mode! 41 Short Rod. Mounat this on the
L522 Breadboard Place the Sodel LL1300F HeNe Laser nto
the 50T Mosre. Tighten the set screw. Do st overtightes o
en will dariage the Luer Thig the liser posver supply itdo a
1DV wall cutiet. Mog D cond from Dhe Laser head inde the
power wpply Note that The phug tvaes the laser bead % ity
power sepply caa only be inserted one way The laser b
turned on &2 the Sey pwitch on the frost of the power scpply.
The combination of the 307 Mouest and the J40C Clarp witl
abgn the Raser el 10 & R of bolt holen 0o the abie £ the
Mo 41 Shart B b peoperly sxounted on (e tadle Check
the Raser aligament with the line of bok boles and adiust (he
Madel 41 Shoet Kod, i nocemsary

2 Moust the RSX-2 Rotation Stage 10 the breadhond s
[hal the beamn dom the HelNe Laser passes over the cener
bolde of the rotation dage. The RSX-Z Rotation Stage will have
%0 bo placed st an anghe o the Bae of Bolt hodes In cnder 10
Dot E avia place ss nstructed, as shown ie Fig 1.7 Moust the
MIPH- 1 Micro-Sevies Post Molder on e rotation stage. Use as
A-352 acrew %o moast the MPH. 1 The 1/4.20 threaded bole
in the bottom of e MPH. | i used omly an 2 ooy hode
Flace the MSP§ Miceo-Serbes Post ks the M- 1, s shown
nFig. LT

3. Prepase o Sber seggent, ~ 2 meters loag. with »
pood deave af cach eod face. The FPIES Fiber Molder commes
4 part of the FIVL Pibr Poskiooer lneert one end of e et
Indo scx FPHS Fiber Molder (you will need 10 have stripped ot
bt 37 of the jacket Srom the Bber in ondier 30 do this and the
Solicneing sep) and place tis hodder 1040 its FP | Fiber Posi

T AT A AT L OO0 (T, T, S O W ST SO SO L T T S | S L T ST TTRRT T ] (T B

d I 21 10 A

% T




thaner witich han ben post toounted o the RSX.2 roteson
Sage. g the MIM series post hodder and the MSP seriea

pomt

& Extendd the 1 of the ther snd orient the FP.) Pos
Boner so that the Sher 1 b a2 e center of rotation of the
slage. This s & critical sep ¥ an acowrate vadue for the Shey
NA s 10 be obtained.

S.Wlhmde'p
tern By meaking sore that the tip of the ey remains A the
mdhh“ulh“bﬁ“ﬁnw
&“Ml-(l-ulb-ldmbu

6 Moust the lar end of the Sber & an FPH-S Piter
Huoider palven from an 110 ) Fibey Puostioner) asd the FP |
Fiwr Patncer You can et & guack agprucITAte Ieassre of
mmum.wmm.mumym—
e laser 1 & darkesed r0om, a3 shown i Pig, 1.8 Mowsere
e wadh, w om the card of the spot oot of the fiber and the
atence, L from the Sher 10 the card. The NA of the fiber b
spprmimately s Vv L) This s a guick method which
s when cnly an appruionate measrement of a (bee's NA
b needed

T Moct the detector head of the Moded 815 Power
Metier 50 1hat the corpeat beaen bsocs the Tder Is incident on
e detrcior head. as shown b Fig 1.7 Make & hood of als-
bt Kol t beep stray rocen Bght off of the detectve. You
will bt 1128 % bee fevessary. Decaame the power levels
obaiomd |5 plane wave lassc bing are bosw Ficek the laser
bearn and sote the rwer mwascred by the powet meter This
ctermines the stray Sght soen by the meter You will need 1o
substract Ui arscnet from all of your data

K Measore the power acoepted by the Sber as 4 fene
Bon of the incident angie of the plase wive Laser boam Use
mmummmum
for any remaising error ia laser (der algrement

9 Plot the poneer received by the detectionr as & fusciion
of Whe sinwe of the acceptance angle. Semb-dog pages |s recom-
mumuudumumm
where the rocetond powes is ol 5% of the maxioswm Fneanty
m“hat&Mhmmm
nned narserical apertuse of e [ Comrpace your ressdts
with the resuls of Step 6and g 1 5

ﬁ 4

le— L

Mllm--'dhﬂud-h.




2.0 PROJECT #2:
FIBER ATTENUATION

Iy Thin exercise. you will recasare ooe of the most
iengrwtant they parsenetens, the siesuaicn per uak lefgen,
of & seelimode commenications-grade optical fider The
mwm-nuw'm
method” and s genenally wsed for Gis meAssIEROnE.

Vise will aleo be letrodeced 16 the wiy That the cond-
thona wnder which Mght is launched inkn the Sbey caz allect
mw.umm-&md
how o geserale & deairable distribetion of light |a the bt

2.1 MEASUREMENT OF OPTICAL FIBER
ATTENUATION

Kah = WY 1040 @

The kengh of e fber. 2, I ghven i Kiometors, and
ihe aeruedion coeicent. T, s given in dechel per ke
mwder (48 W)

Becagse the dowggsers of fiber optic systerma aeed to
krow herw maach Bghvt will remaln in & Bber ater propw-
m.mm.mau-uwﬂ
rmduw&rbﬁmm 2 pray
a.u.u-oumhumdanm
surerrwats 1o make. The method which i generally used s
calied The “cutback method™ Al Bt i rguired s 0
Jsech power By & wowrce into & boang Sengih of fder.
reeasare the power o1 e lar end of the Ber uling & detiec-
fur with & linear response, aod Shen. after Ostiing off A
n‘dlh.&m&cwwwu
shirtes beagth. The season for beaviag & short lergth o
Sher o Dhe Inpust ead of the sywtem o ¥ make wre (bt
the hoss That is reamsred is due solely 10 the Sous of the
fier and ook 10 loas whih occen when (he Bght socrce s
mnue.-vﬂ‘&ldumamw
of the measpenert yystemn (The made scrambler shimn
e Lgrare was Siscemed (n Section 0.3.2.)

The iransisission throagh the Ko i wrilen a

‘.'I"c M

wheee we have sebetituted P, feitial power) and 7', (sl
D loss i dochels G, s grven by

L W = 10 g PV @

mmwmmmmuws-
ol ve aeaTder This albyws loanes 0 e usrened and Ben

P . e (WYY TR MMMMMIW‘MQ.“ k.




sbiracted trom an Bial poser when it n also expoessed
ogprtvoically. (In working with ey optics, you will ofies
Sonl powers expressed in dlim, which meam “dH with
pespedt 10 | W of optical poser” Thas, o g, 0 éBm =
1 oW 3 4B ~ 2 oW and ~90 @ies = 100 W Note thal
whes bases ia (B are seltracted trom powen in ¢iia, the
resalt b a @Bee. For example. an ntial power of + ) B
sakves & bows of 3 dB reselts in & fnal power of O i, The
2 shorthund way of seving “An iial power of 2 W
with o 50°% bowa reandis i & fisal poweer of 1| W)

The stterpaation cocffichest, I, in 68 hm s found by
Avidiag the lom, L by Be leagth of Be fbee, 2 The atten-
wation coeficierd is thes gven by

FHe kend = (172) 110 hog PPN 24

The total dternaation can thes be fousd by ot
phyng B attensation corfioent by Dhe Bber leagth. giviag
& gartherc romlt. in docibels (EL Sor the Bber bom

22 PRACTICAL PROBLEMS

The cuthack owthod woeks well b bigh boss Shers,
with " on the onder of 10 to 100 8 k. However, mwan
g meacermieats oa baw-ns (e are mote Gicult
The highest qualty fers witl have losses which are o0 e
coder of | B %m or less, 50 that cutting a fell | k= boen
e Sher will vesilt in & trapsmited power deconase of bem
thas 200 pating greatey Sevmands (0 the moasarersent
peslern’s resclulion and acCunacy

There e also an uncersaingy due 3 The fact Biat e
meanured b will depetad 90 the chancerisios of the way
i wivch Dt i bsesched info the Sher The Basach coods-
Sons wiich remd) b2 an overflied of inderfiled Mer weer
duoumed b Secthon 0.3.2 When a Sber s overfilled. macry
Mghorder and madiation modes are lanxched These roodes
are more Nagaly atsnsated thaa are bow <tder modes
Whew & Bher s umdertilied, montly loworder modes are
Lt 400 bower s ooou

The sobdation 1o 1his probiem W 50 ASermgd B geserale
what & koown as the sable mode Setribetion (ebe G
et (8 Section 0.3.2) an guickly s posstbie after esch
g Fig. 3.2 compuoes the trammmisdon characieratics of
e siulde disdetion with thoee of the cwerfiled and
uaderSilled Lapoch coadtons. The wabie mode dits el ion
ey be achieved. even i & ot leng® of e by oeng
mode wrarbiing (Section .3.2) W Indoce coupling be-
twern (he modes shortly alter the De Fght s Laxhed

Modie scrambling geacrales M appeonimvaon of &
stabde ditrisgtion immedintely ales Laarch and albrwy
sepeatable meanswmwots, winch spprovienate those tha
windd by found (n ihe Seld to be muade I8 The laboeanwry
g, 2.2 comguens the optical power o A Sler as & fantion
of propagation datance Jor the Sirce [ypes of Basch cond-
s overfiied, undorfliod, and slable diatridotion. The
sope of the curve ot barge Gatances i ogual % The alicfius

i




thon cosffichent. I in the lact that the mode scrasbling
Penerates & vabie datribaton mmenediately aler the source
that allews & short oettack leagth %0 be wead B he cuthack
et of measering Mterraston
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i
i
5
#
:
(L T IO PO L T T T T

£
i
e b o o o S weiow Y

o6 Fiber coupler (wo lern)

L 20X Obgective lena

FCL) Vet < wanver

aLX TSdrawe st

KIS N30 Sorew Wt

V2 Post hodder

b Posa

Pl Fiter posithoner

M- Moxde sramdver -

F AL 106140 MM Slwer . S0 meters
Addtional Aloride

W T Y N T T T T T T LT T

|




P oY

2.5 INSTRUCTION SET

1. Prepase both ends of the 500 meter Sber spoad
which has been provided. as you Jeaened %0 G0 In Projec
1 (Section 1A ), Steps 1-3) Thes Fher i the Newpont
FMNLDS0OO fiber with & 100 core and a 193pm 00 You
oy have 50 use somne care in ooy the ead of the Sbey
which was e start of the winding cale the spool (This
end will bo relerred %o aa the far end of the fber. )

2. Mace B cheaved b end of B 1her Ia an FIHS
hobder which has bowen rersoved from an F141 Fiber e
thotvey and nvert thin a0 Be post mosnded FIML Also, post
ot the detector head of the Model N15 power meter.
ARgn the detecsr head with e Ty end a0 that you will
be able %0 scassre The ouipet power The laboradory setup
for This peosect i shown i Fig. 2.3

3. The une of the F3E Fider Coupler %0 couple hgivt
Fom @ HeNe laser 900 2 (et s [satrated o Fig. 3.4
Algn Be cocpler and the HelNe laser 30 thal Bhe basey
Bvars simes ooy Be axia of Be FI16 Fiber Conpler
Mourt & 20X microscope objective in the FSE Place the
cheaved froat eod of e fber inlo the Sher chhack Irom the
P96 and et thin svho 1he coupler. Caoedully aliggn the
Sy %0 maxirsiee e Sgint laoached (nto the Bber, ssieg
e power moeter %0 montiar the lauached power. e »
microscope shde cover glam In the path of the Jeoer bearn
8 ook 8 the Fresnel reflection trom the Sber end lacre.
Focus the Fresael reliected beam By adjustiag the 7 com-
ponest of the Sber position, as defined n Fig. 2.4; 2l
B Gooe by twning the 2 adostment koo oa the Aber
posibones. When (s sellection is locused, e fber end
Ince = in We bocal plane of The coupler’s microscope objec-
Lrve Jevns

A Pisison the FML Node Sorumbler af & comvenient
place near e lasech end of e Hber, 28 Shanen in
Fig. 23

5 Rotate the kaoh of e PV conmter chochwioe %
fully separate the two corrugated suriscen. The FM- 1 Mode
Scrambier i Bstrated in Nig. 2.5 Place the Bber Setween
e Two corrpgated serdaces of B Mode Scramdier Leave
the Sher Jacket o %o protect the Sagle glam Sber. Rotale
the bl Cockwise uatd the cormugated smeisces just con
et the s Examine the L field dmtridetion of the oot-
pt of the Miber Rotate 1he knob Aarther clockwise and
potice the changes i3 the dearbtion as Be amous! of
benddog ol Be her b changed Snce 2 narrow, collerated
HeNe e s Dedng esed 10 beanch Ught indo the Stwr, the
origiaal euncdhed dadrbation will be underfiled When the
dearetion of the sotpest jut Sis the NA of the Ehey, an
appromation of he viabie dalrfatam has deen ahieved
Do not add sty more beadiog Than i 0o0Eary 1 Aow
pialy this, slace that will rescll &5 excess boss. This beanch-
g and mode scranblrg sel ap sHhoudd nt be changed

24, of HeNe laser Bght nte o Mber

the F916 Coupler.




again during the remalader of the exercine.

& Measare the poser out of the e cad of the Sbwe
Note the exact kength of the Sber. B will be part of Be
Izlormation oo the Tabed of the spool.

7. Break off the fver ~2 metens afler the mode
scramiier (see Fig, 2.1) froen the launching wt-cp. (B sere
15 note o6 the spool how mech Bbher you Save remsovad, %0
that other people using the satne spoct B the futuse will be
able 10 obdaln acourate ressits ) Coave the Brokoen end
of the ey and measare the outpet froem the outhack

8 Calcudate the tber ateoustion, usieg £ 24, and
oeapare this with the atasation wrilies in the Sber spect-
Scation on the ol Your vabse bs probubly scormew bat
higher than the specification. Wiy (MINT: Go back asd
ook at 11g. 0.35 Rernerrder. the HelNe baser operates o1 3
weveleagih of 633 s )

1IP i1 1] _nl..lln-l.l T L I I L LT T T T I T T T T T T T e —



3.0 PROJECT #3:
SINGLE-MODE FIBERS |

12 this poapect yrm will Dot The et of Twir enrtOies
which comsider the modal propertios of liders and e prop-
vt of saglemode fibers. You will bearn 5o comsple boer
gt ixto & $om Qurmwter core dngdo-mode liber. Yoo will
e taramare the lae-lickd power dodrfition of the Sber
M 4 erxction of saghe and dedermaioe how well £ Bt 2 the-
owvtical moded whkeh will be described o1 e Solhrnng
TR EET

3.1 SINGLEMODE FIBERS

In the fret bwe projects, some of the properties of
wlirnode fbers were explored. The propertes of meali-
mode Wvers ave caslly described in Sermas of the patta of
SO rays propagating down the Sber. Tha tay picture of
SN propa@ation 8 adequste kv deacribing large <ore-
Bameter fibers with many propagatiog modes, boe it luds
for snallcorediameter hen with ooty a few modes or
with oaly & sagle mode. For Tbers of this type, # b neces-
sy 1o Ooscribe The allrwed modes of propagation of Skt
2 the fders

A detalied description of the propagaton characteris-
ties of an optical iy can be obtained by selving Maxwelly
oqaations lor e cyindeical ver waveguide. This leads %

ol Be aliowed rodes whikch may propagate n
the Sber. When the namber of aboved modes s very lrge,
the mathematics becornes very complex. s B whes the
ray pictore bn uaed to describe the waveguide peagerties.
The sodation of Maxwell's eguation bor the allowed modes
of & Sber was outhned i Section 031

I that section, it was found uat an importas! guan-
By I charactering a fiber wavegeide i 2 guantty which
i called the Vaumber of The Mer Recalling Ig. 015 &
wias wrilles e

Vs oaNA N

where k s the beeapace waveramber, 208 (3 I the
wavelength of Bhe It i boe spacel, 4 s the radies of the
core, and XA & the mumerical aperiure of Be fbee The
Vommber can be used 1o characterar which puided modes
are allowed to peopagate i & particular wevegulde srec
tare. When V < 2,003, ooly & singfe mode, the HE,, made,
W rogagate o the wavegudde. Thin it (he kngicoade
regine. The wavelength ot which V i oqual 10 2405 b
calied e “cut-off wavelength” |dencted by ) ) becaese
that s the wavelesgth ot which the next higherorder mode
s O off and 1 Monger propagates.

The Newpart FSV Tber han 2 core dameter of 4 s
and an XA of D11 Therelore, accordiag to By 31 this
Sber Sas & Voarmber of 207 bor 50 sen Nght, putting 2
wrll within De sitglemode regime. This b the fder whiks
you will Be ssing 0 Wl progect

3.2 GAUSSIAN APPROXIMATION
In waveguides in which the dusreter of Be core s
extresely oge compared 1o the wavebmgth of the Sghs




Figere 3.1 lrradiance of a2 Gausslan beam.
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Figure 1.2 Comparisca of the exact mode field bntes
sity and its Gaosslan spproximation near the caloff
waveheagth (V= 2.4)

Y=1

1
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hot example. the MeNe Llaer tube described i Section
0.4.2 anvd Fig, 0.27). the lowent order mode has a0 mad-
ance pattern which is Gausslam. Thal b, the roadiance M
» Amction of Gstance from the beam axin has Bhe b

N) = W) exp f2 /1), on

where J0) bs the irradiance ot Dhe center of the boarn sod
v, I & measare of the sadies of the Seam, The racds of
whikh e bradiance is 1 /¢’ of !t at the center of The
bearn. Pig. 3.1 shows the irsndiance of » Gasmlas beamn

The HE,, mode of & Bber Is very cdose 39 & Gassalen
mode whes the Ught i near e cot ol wivelengsh.' Fig.
3.2 shows Me shage of the hodamertad HE,, mode near
the cutoll of the sext-digherorder rsode Ohat ls. with V'
oaly sghtly less Dhan 2 4051 as & function of 1/a, where ¢
s the redial poslion and & s the core radies. While the red
liae t» (he Agure represerns the actual detridetion of the
mode, The back Boe s 4 Gassdan. The two curves ae
*-ﬂ-dﬁemm“umdm
wummup.mumcud
2 paraholc profide fider wirh an infiale core diaecier, the
Gavsslan henction is the exact scdation lor the handasrental
ke

Fig. 3.3 shows the exact modsl datribaton aloag
with De Causlan spprocimation b a longer wavclergth,
furter from cutolt It can be seen Thal The Gasssstan apprux-
lesation I not as good as one pets seay from e cutoll
winveengih Hosever, e qualfaive shage of the exact
scbation cerve s stll not Yoo lar from Gasssan

In this peoject, you wil be expluring T Gaceiss
appruninarinn b 3 dnglemode Hiver

3.3 COUPLING TO A SINGLE-MODE FIBER

Couglng gt into a maltimode Tber is relatvely
mtm.u-mthm.h'now
Ier bs toach mare Giicslt In addithon B0 very peecise
aligament of the Shay % e lacormiag bean, it s secemary
to mutch e osden! elctromagaetic Sedd dstridetion to
that of e mode which will Se propagated by the Sher.
The mode pealie of The ME,, mode of a sepindex singhe
mode et can be appravinased by 3 Gamsiey Galridetion
with & 1767 spatisl haltbwidih gven by*

W= ADESSLEIB VI 428V e

where a s the Sber core radios. For esample, whm

Vw2 405, the Gaessian spot sire is appeoaimately WS
Larger Dhan the core Gamseter Therefore, i this case, the
Incident lght shoskd be focesad %0 & spot slre which

1.3 thmes the fiber cove dismter ot the By end bace.
Fig. 3.4 s & phot of the normalized sadies of the (amwan
Siatribetion &s 4 dnction of the Vaember & can be soen
Hat, kor 2 ey of gven racion, s V Secosses smalier (as A
becormes lager) the spot dae ncreases. As The wavelength

e eiiehadanioan ion oo
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Incresses, the electomagnenc Bedd of the mode is ks wel 33
confond wilhim the wavegaide For thin reasos, sngie- 5
mhnm»mummb

102 300 far Hoem the wavelergth of the Kt knteaded for 51

wse with Dhe fer Typically, A\ will be about S0.50% of the 44

wavehength ot whih the Sber i dosigaed 10 be used. 254
-
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3.5 PARTS LIST Figure 3.4, Mode field radies as & function of
FSv. G125 SM Rber. 20 meters |

X 2 Breadbosed i

U1 1 tow HelNe laser |

7 Laser mount 1

0 Clacp 1

41 Short rod I

s Fower mwtey |

796 Pibew compbes (w0 bersa ) |

M »nx X Otgentive v |

FL{L) Pitwey Chearver |

RaLx Paltaderees set 1

K25 20 Screw kx i

K™ B30 Screw kn i

X2 Rodation atage |

MY Microacres hodder ]

Lo Micro-aeries post i

mi Fier ponitanes I

Addtonal equpeers reqeired  Razce Slades and
tape o conatruct the st munk for the poswer meter detrcdor
mmumumumm
mercial pakt srippers coctaln methylene chloride and
waork well bor this purpose. Metiylene chloride s toade and
can be aburded thooogh Be din Avy metbylese chioride
Mwnmum&waM)
I.umtm“m*-hmmm
of Be ey In the F9%04 Fiber Coupler

RN TSN R,



3.6 INSTRUCTION SET

361 OPTIMIZING SINGLEMODE COUPLING
L Using £ 3.1, conlirm that Vel 19 & & waee
Mdmnhumum-nmwuu
% End the spot sze of the Mher mode for il Vepumbes
Ot dlameter = 2w, = 12 x 2a)
l%—mwunow.-.m
mwm.mmmnmsb
Colbenalod beasn o & bater 10 3 enad spot The dameter,
d,.dhwmalbmd.thmndl-'h..tu
F’:x:r::ti b determminesd trom the focal bength, 1« A3 ren, of the
TRCrumcope abjective b and e deneter. d, of the laser
h-uthnuhedﬂ-odlhmmw
h&lhﬂdmh‘b. o, Ahlmd (of iy b Somnd from the Gvergence of the baser.
single-mode ey kb s 1.3 sl and the distance lrom the Maer 36 the
ol tive UNEg 35 evpeation rors Caunslan optics,
ded ie(n <o this equation. d, = the diaeter of the
Lty tamaerw o s of the laser. O K3 irwn S e lasey
whach yout are calng. 7 i Whe laser-bo-lens distance, and 0 &
Ehe Dewnt divergence of | 2 aead or D013 0 the oquation )
5 W your caloulations in Steps 1 and 2 show that
d, = 2w, Ben aptimiced coupling thould de cdrainmd whes
mmhm-mmdutb.wm-&wmh
!‘ﬂ.ld,ihr,mu!b*dd,-hm
wmmmmum«wu
the laser. For example. moving the laser farthor boe the
cbpectve lers causes e bapat Deam Gameter ¢ 1 bevome
beger dae 16 the beam dvergence of the laser Thie I
S cammes 4 10 Decome wnadier
4 MthundleMch.
mammm»ummmbm
bl 00 Ehe bems i and strihes the Jens af Be conter a3 &
Bestrated in Fig. 3.3 Be wre 10 place the Jens Tider.
mwxwmundmmu
1hat the sear local plaoe of the microscope cbiective lems
Senclly over the pivor of the Bt plasiorn. sear focal
e of the M-20X obdective dems s /3" in of the
letn, & sbown o Fig, 3.6
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5. Cut 2 segment of 15V ey of about two meters In
heage® and cleave both endt as you G in Progect #1] (Ses
theo 161, Stepe 1-3) (Chemical strigpiag i meethpicoe
chloride b recommended You will ot be abde 30 S0 This
Sher with & reaor bade. if you harve been msing that
method | Mount one end of e (er in 1he Nber bolder
from the FA16 coupler and iner! i oo the F 206 Uwe the
macroscope shde Cover glam 10 monlice the Fresoel reliec-
Son Irote the et end lace, as yoo did 11 Pacject 12 (Sec-
ton 2.5, Step 3). and bring the end of the Iiber o the
focal plane of the abjective lera by sotating the coarnw
adpntment ook on the 1] poditoner of the F916 coupr
bor. Thin willl sumare that the x<componest of the Bher A0gn
meeat bs approocerately corvect and will assure that the laser
Beam s ar ont wrikiog the Sder end Lace, i 002 The core

£ Adurt the x aad ¥y compononts of the Bber sige-
meat, wuiag the Roe aduatiment knods o0 the IR age of
e VN6 Fwr Compler 10 achieve D¢ maxiioum coupbng
ol e baey beam i0t0 e Thee You may wish 1o neder
azam % e FIG lomractiom sheet 30 anderstand e pon
ciple of speraiion of Bie tht age abwtiment. Moatir 1he
et powet eng the Mosded 815 Poer Meter Foe soree
ot whi Bhas oever Qone soghe ode coupling befire o
0ot boss (Iroen baser outpent to Biber outpat) of 3 0B (50
oo, see Secthon 2.1) would be combdered (o be 4 goaxd
sesdl, Dutl with eaperience voe should be able b0 oo
eally achieve hooses of less Bhan 2 4B ( < 3TN o)

382 GALSSIAN APPRONXIMATION

1. Mogrt the G ead of the Sber on the BSX-2 rots
o sage o exactly the same way that the dost end of the
Matr was mosrted in Project #1 (Section 16,2, Steps 3,
) The sxperimenssl setap is shown i Fig 3.7 This time,
borwrver, vou will scnunly be measiring the L Iedd Bty
buthons of Whe By outpatt (The Lo Bedd of & Sber s usally
bl 1o Wart ot & diiesce £~ (2aF /A Iruen e el of e
Bher The lar Beodd e, elfertively, e cogaom where the fact
thal the cone dameter B 200200 plays 30 role in the
energy Gatribagion )

2 Nk e detector head, s sbown in Pig. 38, sad
postenoust & on the talde o few inctes sway rom the Sber
end o Two racoe Blades taped tSogeiber with & pacing of
shosgl D8 Between B blade odpes makes & good mask
e e St the tapw that s weed b 0ot Sansparent o the
baver lght

1 When you rotate the op of the Sber By taming He
roeation sage. you wilk be scanning the L fedd power
Gatritasion of e fier across the detecton Measure the
porerr received by the detector as a funcion of De angube
Posinon of e et Use Doth positve and segative angalar

Flgure 3.7, Laboralory set-up for examiniag the
Gaumias spproaimatioa for a single-mode fiber

Detecor Ment
of Mods 15

\ Powes Wetar

)

e

:W

~5 \
Rasr O 000" o e

a0

Figere 385 Masking of the detextor with a slit madde
from two raser blades
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Figure 39, Plet of experimental data taken s
Newport's laborstery, XU) and 5, Sound from this dete
arv indicated

Sevialions by comperate ke ary angshe mbakgyeest

4. P30t e tar feld ditribation of the fiber & 3 oo
ton of angle Fig 19 chown & piot of dats takies I New-
port'y lalxwatery Find the maxamum recorded outjes power
from your data Call this value M) Now Sod the points
wheee Bhe oufipal poser s ¥ ' Measare (he full width
Between These two poiats s shown i Figg. 3.9 Tale dall
ol at ol widhy and ol 0 4, Mot & Gamastan curve o0
Be sene graph with yoor experimentsd data. Use Eg 12,
subntiutiog @ for ¢ and 8, for 1, Compare the two plots aod
sssens the valdity of 1he Gaussias appeoxicnation jor (e
Liwer 3t this warnvclergdh (Moad srgiie-made fden have 2
step-andex profie. b that case, e e firkd ditr fratam
canning as & fenction of positin across the end lace of
e Biker) and e LarHekd dotrivelins Ianang s & fance
thotr of angle far away Soos the fiber end Lace) will have
Uve same form, with r/x and siaf /'NA wistituting for each
othver 4 Dhe waling variabdes. We are then able % exanine
Itve Gaessian apgroximation by hookisg of the Gar-deld datr
Iaetion of the fider outpet, sace £ will simbec De datride-
Bon as & henxthon of postton within the Shwer )
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4.0 PROJECT #4:
SINGLE-MODE FIBERS 1l

I Project # you had an introdection o sngle-code
Shers In Project #4, you will contiaee 10 look ot propags-
Bon 0 Sbers which bave & small Vioumiber. Thia i you
will sart withh & Bber which hoo & Vioumiber which s
sbghvly greater 1han 1835 Soch 3 [Ber s & mulimode
Sher, Dot The oursbey of alioreed modes b anall escugh v

Mnrymh_mmmw.umd adl = A,

O Ber b cxammaned. Following Dal. you will ok at

Mghly Mrriringent ssgdeamode (et the podarizaion
proservieg fiber, aod moasere i beat lergeh

4.1 FIBERS WITH V > 2,405

In Section .31, i was scen that # the Vaunber of
& Wher Is bess than 2405, then ooy & siagle mode oy
propagate 2 the Sber waveide This sngle made & e
HE, mode, o s the Hsearly polarized mode Theory bor
weaklyguatng wavegude (dw discassed Is Secthen
03,15 the LI, Saveriy-polarand mode

When V' > 2405, other modes thay peopagate in the
fber waveguide, as whown in Fig 4.1 Owhich is & repest of
Fig. 0.15) The fret such Rncarly-polariaed ovode, which
Comes I at V=2 805, s the L, mode, the nextdowes!
order mede In the wealdy-guidiag approvrnalbon

When V & Just alightly greater thas 2405, enly the
LP,, and the LV, modes muay propagate. However, when
Vel K2 two mre neartypolarised modes are now
alosend 5 propagate. These are the L, moade and he
P, mode.

The cectromagaetic fiekd Satridationn of thewr moder

e shosen in Fig 4.2 0which bs » repeat of Pig. 0,14 I
we hive & Sber with the proper Vammbey, Shese modes
can be selectively bunchad ts varying the postton and
arggie st which a tghtlydocused beam of the poager wave-
length s projectod ento the Tbey core. When thia s dooe
the meardedd of (he Sber oulput Can be inspected and the
fedd datr Bratioes of Be advidual modes can be ieatlind

Newport's 555 tber s desigaed 0 Be & sagemade
Wher a8 & waoebength of 1300 ren N Sas e NA of 011 amd
& cooe eadias of 4 s Al the 1300 sen wirselerngth, & has 4
Vaumber of .13 Hoswever, &t a wavelength of £33 s 0
has & Vaurmber of 439 These Vasrebens can be verifed
by sbwtioutiog & = 4 pm, NA = 010 and A = £33 oen ot
Fg O35 By exambation of Fig. 4.0, i can be seen thal
his T shoeld allow the L L% LI, and LP,,
Stmarty gudanaed inodes 10 propagace & the 633 nm Hele
Aoy waveleng.

In theis peogect, you will e Mo Jacer hghit %0 sebec-
tively lacrch @iffeyent Somarty-foiarard modes 0 a lengs
of Newpoet FSS fber

Figure 4.1, Low order modes of an

linearty polariced
opticel Bver. Compare with Fig. 013, (This Is & repeat

of Fig. 0.15)

© %

Flgure 4.2, Irradiance patiern of some low order
Noesely polarised modes. (This s & repeat of Fig. 0.14)




4.2 POLARIZATION.PRESERVING FIBERS
NMMmham.n
the fusdurmentad MF, tmode, s aToslly & dogenesate comté-
mdmmmho
MM.MMMWM
u&m%"tlﬂyh“‘m

mdlbw‘mhdlbnnhm
Mc-uumm-mmmunu-n
mmmmmumum
1 Secthon 033
l\hwdmm Males coor-
u—mummauhmmk
mM&MMNum
15 knowrn ax the Seal kevgth of the Sbwy. This is redated 50
the birefringence by (rpeating Eq. &16)

Iy = 2e/ig 1)
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4.3 PARTS LIST

Catw Dascriptson Qry
s\ 22 Pevadboand |
Umr | pow HieNe Laner i
! Lasey pocsant |
3 Clamp |
1M St revd |
role Piser coupler (w0 et ) 1
S0 X Obgective et |
FCL Piber cheaver |
maux Naidriver set I
KI5 H-20 Screw W |
VIRl . Poet holder :
w2 Powt 3
4 Fiter positiocsr )
F&S-20 N125 SM ther, 20 mmeters i
FSFV10 Podat presery Aber 10 i
AUSTILY S0 Ol tive bovm | ]
L Opthon hudider 1
o Puodariver sheet 1

Addional equipeneat seeded: Milimeter scale hoe
medmerercers: of Deat gtk Metirylene chiorkde bor Chemé-
ool stripping of Sders (Maxy commercial paintt strippern
Conlain mediyiens chloride and work well foe s parpose
Methylene chioride s toxic and cas be abmorbed [heough
e sdn. Any metiydene chloride witich gets on your skin
shouk] be wandhed off immediately |

4.4 INSTRUCTION SET

44,1 OBSERVING FIBER MODES

L Prepare both eads of a segroent of FSS tber
appeoximately 2 ooeters & dength as you O in Progect #]
(Sextion LA 1, Stepa 1-3)

2 Cougie the HelNe laser boan o Dhe fiber sing
the F305 conpler as described in Project #£3 (Section 3.5.7)
QAmirang Me coupling etfcieacy

3. Wuert the far ead of the Sber into & post-msousied
FI\| Sher positioner. Insert the 40X sucroscope obgeciive
oo the VIH-ZPM Optics Molder and post mourd This sasens
Biy. The labowsiory set-p Sor this part of the progect b
aboren in Fig4 3

4. Use the microscoge obiective 1o irsage the oot
ead of the Sher on & comvenient neasdy wall. The farther
the inaging datance, B lwger the mage will be. Three
meien b A Comvenient workiag datarnce.

Pigure 4.3. Laborstory setap for observing low order
modes i » avsltiroode fibser with brw Vooamber.




Figure 4.4 Ladorsiory set-up for colenting the
pedariAiionn aves of Ihe polariratica fiber with the
gn.n-uumn—u-nlcm

5. Examow O prowection of the nearfield distrive
Uon of e Bber Chasge the 1y adiastment of Bhe et
Position & the FO1A This haa the offect of chasging the
position and saghe of S bourch of the looused laser benrn
ido the Sler. Notice how this casmes the peojection of the
teasfiekd ditribution of the Sher outpet 10 Change.

£ Soetch e neae- Dol Images which you are able to
obrain. Compare them with the LP, mode distrdetions
wown 0 Fig. 4.2 Meatlly Dhe patterms which appear 4 be
poe LV modes and thase which are combinatons of two
or more LI, modes.

442 BEAT LENGTH OF A IREFRINGENT FIBER

L Oeave both enuds of & =~ 1-7 meter segment of
FSIV Aber, This Ster reguires chemical sripping I methy
e cidoride

2. B sure of e ortersation of Yee podareation of
the HolNe laser Sears. Use the FICIOL Sheet Polaricer
check ®e Luer's podarzation avs A mehod foe determin
Iog the polarizaton axis of the sboet polaricer s ghves 1o
Sectlon 6.2, Step | Raidale the polarirer n bott of the
Lawey Deam. Whea the poswer through the polartres o &
ety e plane of polaruation of the laaer s paradiel
Vo that of e shert polarioe

1 Sstinate an FIHS chack froen an FP Py
Positioney o 1he F 08 Fiber Coupler. Cosple the MeNe
baser [t rie 1he polarirationgemerving thwr aang S
FAIG coupler, a0 you & 10 Peciect #3 (Section 1.6.1)

4 lroer! the fur end of the e wgment te the
otiginal chach from e FHE Locsen 1he et sorew 1w the
Anob of e FIMS and ovient the chack s 1hat the e
and meoor aors of the slghely eflptical outpet spod sre
et with the 0° and %97 marks oo the chack. Tighten
B et wooewe The reasont bw Going Do bs w0 sl yom a0
aose place tha end of Be Ther back oo Be FAG coupler
with the Rber anes M & Koown crenlaton with respect 1
the polarizaton of the laser b The arsangorment of
yonr evpeipesect souid e Bhe that shown in Fig. 4.4,

3 Flace Bhe et end whikh you hawe just orerted
W the ek Doty e FAIS coupler back oo e P14
Obemt e By M 45" wilh respent bo the plaoe of polartes
thoty of e laset in the F916 coupler

& Algn Be fber s Uhe Jaser boam o you @M in
Progect 73 Section 3.6.1) Macknioe the coupled josem

L. Chemucally strip » secticn of the midde of the
It Lse a sagralying lern 0 3 Surkened moin 1o (feerve
[her Boats in the Aber. You will Be abie 10 soe Aernating
it and dark sections of the Slwr. Moasre the boeut
bagth The Doatt Jenngth of this Bley o ~7 o

K Calouiste the Seebrpernce, AV, Calculate the
eivactive index llorrscr betwern the bafl and show axes,
a0 2e)

9 Watch whiat Sagpems il you chasge the onerntallon
o the (et anes 10 the plane of podarszation of the laser
beamn (ive & qualiative dencrption of the resalta

b T (TR AT T L (Tt T (R (P g (OO OO T 1 T T O S s O O, (T | O O T I (ORI IR IO (T




5.0 PROJECT #5:
COUPLING FIBERS TO
SEMICONDUCTOR SOURCES

In thin project, you will kearn 50 couple scrniontdachor
sosroes, Lo, Indection Masr dodes SLINY) andd Sght-emating
Soden LIV, 10 optical Sbers. L0 aad LED s are the

determine Do electrical and optical characteristics of hese
soarces ad learmn He dlireace tetween them

The conpling will be achieved waing a 0 Zhpisch
padedindes [GRIN) rod bevn. GRINrod beniwes Aawr become
widely accepied by e i Sber optic applcations Decaaw
of ther sall size, comvenient foca eagths and warking
datances, sod igh qually images wildh bw datortons

The soutces which you wilk be usiag are infrared
devcen. with the (LD emitting of appesainately 780
28 the LED contered & aboot K30 nm. Soce these devices
ot avisdble sadilation, proper saleguands taunt e wsed ¥
eamoe Bal the possibédty of injary o clmisated. Never
ook deectly i0d0 & laser boarn or B reflection

5.1 TYPES OF SOURCES

Two types of sembconductor Sght soarces are wned
Sheer opthc sxwierrn. These are gt enrtting Gocdes L1170
and irgection laser Godes (ILD'SL The theony of semcoo-
Suctor devices was outhoed in Section 0.4.2 and s detailed
chewhrre. 7 In tha project, we will be concerned with the
coupling of these devices 10 optical Bhers.

A Bght sosrce miy be characierioed by (he divtsive
than of power emnitted brom s sarface amory ol of 1he
possible tay Spoctions. Sources are penienally divided lefto
w0 types. Gepeadiag 0o the radiation distridbetion. These
fwo types e Lamsbertian sources and colllmuied sources
A Lambertian sowerce is one which emits Ight in all divec-
thotn bom each ditenrntial soarce element. A surface-
emitting LED closely appeaximates a LamBertian sosrce. A
source which emits Iight ooy Into & very narros range of
anghes aboust the toemal %0 &3 sirface produces 3 colimated
beam. The outpet of & HeNe Loer approionates & collh-
mated bears

12 peoersl the angular Gatribestion of the soarce
Brightoess can be expoonsed as pecaling Eq. 0-22)

BN =B kit &)

whese 8, & e macenum angle brom the sormal of which
S0 s evnitied and s determnised by Do geosmetry of the
soarce, For 2 AW source, m= |, A collmated source,
m b bege. For intermadiate cases, the source may be calied
& purtaly collmated source. The ILD & & spocial case. The
Lar k] GevtrDration of the nadason e an LD Gverges
4 baadhuped pattern with anghes which are hyplcaly on
the onder of 15° x 20", This s becasne e snall smitance
aren of Uhese Gevices fon the arder of 1 m on & side)
cames 1he colbrsation of the L fiedd darBvtion of the

o



Figure 5.1. Polar plot of radiation patierns from
typicad ILD and LEX) sowrces.

o w o » » B 83 22 8 8

a «© 03 o4 25 06
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Flgure 5.2, Plot of coupling loss as a fnction
of Miber NA for various values of m, saing

Equation 5.2,

radhation 1o be limsted by dithoction at the surpat Fig. 3.1
ey the et fa@laten Charadteresics, i polar coonds
ales, for Two sousces, o with m = | Rypicel of an LEDY)
and ooe with =« 20 (rypical of an ILDY

There are other propertios w bk dotioguih light.
craifing Sodes o laser Bodes. These lachode the optcal
power current curves which are characierhitic of the devices
and 1he polarization of the cutpat boarn. These properties
were dacemed In Section 0.4 2,

5.2 COUPLING EFFICIENCY

The amownt of gt energy which can be coupled
k8o & Sber b dependent oo the NA of the Sber. Since »
fiber will accept onsly those Lght rays which are costalaed
within a oot Sefied by the Sber's NA and core dameter,
coupling lom will ocoer for sowrces which have a3 aaplar
emmbulon cone larger thaa the acceplance cone of the
fber's NA

In scamee Caves the Bber will be bt Conpled 1 the
wsrce. Bemt coupling is definnd as coupling by placing the
st Sber etxd diroctly against the sonrce, without the sbd of
any beos oystemn. Bott couplng caroot be achieved when
1he source i mousied in a package with & covering wis
dow ghasa, I the hber s directly buti-coupled % the ight
source, the ratie of the power accoptod by e fiber % the
power ernitied by the source can be thown o be'

PP w050+ 1o« @/2)] NA', 5

where o i The index peotie of e Mher (o Section 023
£ wias stated Dt o parabadic graded index woukd accept
ooy oot ball as mrach Sghe & & epindex Sher. The factr
a'a+ 2 s malbematioal expressaon of This fact ) The coup
Ay efSciency 1o ether & graded iadex fo = 2) or & dep
bdex fa » ) [Ber In proportional to the square of the
rumnerical apertore asd incresses with increasing directios-
alty Oacreasing o) of the source. The coupling dom in &8
will e - 10 40g, (/1) Fig 3.2 shows the theosstical
coupliag o a0 & functon of Aber NA Lo some valoes
“n

Fiv optonum cospding eficiency, ane seeds 1o masch
the source dhameter NA peoduct 1o The ey core danseter.
NA prockact. This was Sicumed i detall in Section 0.4 3,

5.3 LENS COUPLING USING A
GRIN-ROD LENS

This progect enes & graded-adex KRINy0d lorn
1o faciiume sounce to-Sher coupling Mot aptical devices
e in Bhey Cpie sysiems ephoy Soases. and lor most
of these devices, CRIN 00 lermes Jave advaviages over
ootrventamal benses
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— The GRINod leas, which v deacribed in Section
024, s s rod, 1 09 20 mem i dameter, with a

— radualy degendent index of sebaction Thia ndex of retrac
L) 1 2 POAraam 00 The axis of De rod bens, and can be

~— eapreased as

— o) = (L-Ar/, ES]]

where 518 the iadex of refraction o 1he lern axis and VA

2 sederred 1o 4 the quadratic gradient comstantt. (This s

really A vestatemsect of B 013 wh A w240 )

—_— By far the most popelar choice of GRIN-rod less
leng s ooo-guarter piich T is bocacse & bears travels

—— exacy ote quarter of a sisusoidal period in that datance
Therebore, & colimated bean incikdent cn oow end of the

— Jevs will be focuned 10 » poindt o0 1he opposite nd of the
S Conversely, any podat source a2 e sarface of &

S— Qoarter GACh lere willl Secorne a colimased beam at the L
end. m win soen e Fig. 0.0 1a. The quarser pitch dern will

— be wed in Projects #7, 88, ad #10

Also widely used is the 0 290000 bens fwhic b was

Shastrated in Fig, 0.1 18, which i provided bor use o this

project. This bens is ased to couple 2 laser Shode 10 2 fer

or & [er 10 & detecior. THhe less wiich you will be ming

— hao o, = 1599 and VA w 0332 ey Since the Jength of
1hia lerw be gty more thas ooe guarier piich, the ighn

e froem a polet socece will be cooverted fo & coovengny
beamn, rather thas a colltmuaded bean

— Tahle $-1 gives exampbes of 1he relatiooabipn be- TABLE 5.1 ‘
tween the working divtances, | and |, and the Sears mag-

- silcation, M, Sor the D29 pieh beres ot & waveleagth of 053 WORKING IISTANCES AND

#m |8 1he working datance o the socrce 1o the leaa, OF THE 0.29-FTTCH GRIN-ROD LENS
Ly while L s the working Sistance from the lers 1o the recet- = -

11 ey The tabie mury b osed 45 (tarine Laser a5 Sher : 4 (maa)

worlory dalances. For exanple, a typecal baser Sode outpet 0s0 i 196
— muy have a boaen divergence cone with hall angse of st | a0 208 B

15 ot the hali power potats in the direction perpendiouler 1.% o 038
- 20 the diode jaaction. Therelore, the ¢ powes Dol lor the 200 104 0

Gaswian cutpet boarn will be af dn © ~ 0 & Siace the -
— merical apertare of a typical meoftenode communicalions
Sher s ~ 02, 2 magniication of abost 2 will optivdae the
b Ser Sber cospling. H the phyvical demenslons of the device
permit, L and | can now be acuated %0 IR the rogubed
— magnilcation Note that the magnifcation in O tabie s
1he imsage sive magrifcation; the beam dvergence will be !
reduced by the same lactor. The laser dhode provided koo |
et o Lhis prodect has a Goxde bor window deance of ap-
proginately 2 0 svm. Bocouse of s, you will not be able
— 1o achieve & magnification of 2.0 The resull s 1hat the
coupling ko witl be about 4 0B when the laser Sber coupr
— g s optirnioed uning the 029 pch GREIN-rod Jerm

49
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5.6 INSTRUCTION SET

CAUTION; READ THESE WARNINGS BIJORE PRO-
CEEDING WITH THSS PROJECT

The LED sad LD devices provided foe woe In this
peoject are infrared devices which enlt radation which o
damage 1he hurran eye even Though it b inrvinibde. Proper
precastions zved be takon 1o emsure that the beazm cannct
onder the eye. This meaas knowiag exacsly wial the beam
Pt e ot 4l tines, Including the posibiity of specolar
reflections. The aser cutpet s carment Brnited to et Claos
LUS Federal Laser Sadety Roquirements. The cotpet s
Bendted so st ot more 1han )5 yw ol optical posrer witl
pass hrough 4 7w Gameter apertore al a distance of 20 e
from the source. Removal of the calleanon ladels on the
FRORV ériver cirout will lnvadidate the Class | certification.

CALTION: Use of coatrols or addesirments or performance

of procodares ofher than thowr pecind bevein mury reafl

N Bagardogs radiation expossre

CALTION: The use of optical lestrumments with S prodect
will locTease eye Dhazard

The FKAD dode should be wed cady wilh 1he FK
DRY deiver with the same serisl nersber. They are ot
be interchanged with other drtlar modales. LUse of any
other Griver could dntroy O laser aad coadid canse harard
o ndation 10 o emitted. Use of axy other Sriver will
avaldate the Clam | cortificanon

Ao, it b ngortant % rempernber (hat semicooducion
tvared soerces are bighly sermitive devioms. When goung
hrough |Be UrMEon swt, heck and Soudie-check to be
sare 1hat all conpections have been properls made. and
carefully follow Al dsections for device operation. A wieng
CONBECTOn Can Canse the Catastrophic Widare of eftder the
ILD or the LED. Boltor cack we visoally snpedt the laser
dode in B PALD asemmidly 50 check lor damage o
the dlode

SERVICE: Do oot attemspd 1o replace lhe diode s the
FRALD ssemitdy. Thi will iovalidade She Clams | certifes.
thon. Anry repailr 10 either Be FXCILD or FELORV muast be
periormed st Se lactwry by Newport Corporatios.

560 INJECTION LASER DIODE

1 The FXALD Laser Dhode Assenbdy is mounted in &
Wircaded plate. lasert This plate 000 an MM IZPM Optios
Hedder Pomt ot this asseraldy uneng Two SP2 Pusts and
the CA ] Universal Clamp. Mounst Dis on & B] Base. Secwe
Wr base 3 B eble svirgg two o 20 Braredbucrens om
Se B505 Tharsbacrew Kit. The proper selop can Be seen
nPig. 53

Figure 33, Laborstory set-op for coupling semd
conductor sources to optical Mbers.
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A

2 ) o
Laser Daode ZUO h:'
v ey et

Figure 3.4. Laser Diode LED Driver, Model FK-DRV.

2 Make the folliwing connectisas caly when the
diede posewr sepply s off The driver which you wil be
using 4o power the B0 and LED s Shatrated in Fig. SA.
Conpect 1he (LD 10 Bhe driver Growt, Attach a vollsseler
wcross the ooty meitor Pl of the circeit, & sbivem in
Fig. 5.4 The voltage measured af (his point muy be wsed
50 monitor the current Brough the BD. The montior voll-
age W bser current calibeaton i 70 mV per A The cor
rest in the diode should mever exceed 100 mA. Typacal

cavers s 45 mA, with a typical hrewhold cursest
of 50 mA I b very easy b blow sut an ILD by exceed:
Ing current spex Tications

1. Place the detocior head of the KI5 power meter
drectly 0 boct of the Loer window. Increaw the dude
currest 1o the operating currer listed lor the device. Mook
toe (he cunput poaeer as e cerrent i moveased. Make note
of Bye porwes cbzained whes (he sled opaum operating
currerd! s reached

4 Redece the cuerent thovegh the Luser o sess. Now,
sonly increase B carmeal, secordieg the cospled outpet
powes a8 & Action of Gode current Take data betwoen
curreal = 2ero and the Bated operaliog current.

5 Piot e rewalts. Derw & Fine alosg the rhe v
power above D¢ ot of lasing Extend this Gne down
thesegh e Corvent axin. Compare The Owrrest af this pourdt
with (he lisded resdodd currest. This s The technique ased
w0 determine the laser's threshodd current

6. The FRCT IR Mospior Cand muy be 1ned 10 View
B Luser owtpet. Mace the phospbor card ia the path of the
Searn M A Corrernient Viewing ditance Measare the widths
of the beam panlied and perpeadioulir 4o the width of the
Bode juntion Using tis and fe datance from De Grvice,
cakcudate the divergence of the bears. The mamacturer
@ecfies & Gvergeace of about 13° x 30" foe This ey

7. Place a polariring sheet with & knewn polarizaton
A%l 0 D Laser Dears and determrire the plase of puolaraa-
ton of He Luer outped.

£ Mace the 0 29p0ch GRIN-rod Jons indo the groove
of De FA2S couplier, s shown i Fig. 5.5 The lesa shoubd
extersd out of the coupler ~ | mm toward B ILD. loser! 4
cheaved segment of FMLD Ster 10 the FIVL of the cospler
g e FPIS hodder and couple he laser sotpst /o the
et heough Be CHINcod heas

9 Optimiae the coupling atxd determiae the couplng
loms, asing the poser coppled (ndo the Sler and the power
ot of the ILD which you messsred in Step 1. You will get
e bt coupling with the laser window a4 (hne 1o the
ons aa possibie. With the Sharp LTURUMC Laser Sode,
whikch & used here, and the FMLD Sber. & coupling los of
abcust 4 48 abould be obtained,

e e i A ke a B e i e bt e e and b S s s oL anh s A s i o il LGRS LA A et R b iR A T




e 100 Reduce the laser current 1o sere. [Naconmect
the Sode from the circeit before tursing off sy other
Bt port of the clrcuit

362 LGHTEMITTING INODE

1. Post mount the FXAED Lighe Emitting Diode As
sembdy s the same way i which you mossted the ILD. -
See Fig 53

L Cosoect the LED o the driver clrcait. Consedt 4
wollitctey acsoss The LED mosttar pim. The moniior vollage
W LED currest calbeation » 50 Y per A Tarn She cor-
et wp %0 N0 mA s recond the power out of the devicr.

The LED drwer crcudt huo & cursesd lendier af 130 mA.

5 Redece the LED current 3 seen. NBecond 1he power
oxt of the coupled LEID a3 hunction of current from peve
0 appronimusely 130 mA (1S over the optanum ourment)

The s shocid provide 3 good B 1o & weaight bee, 2
cRaracteriatic typcal of LEIYs

4. Place the FIRC] IR Phosphor Card i the path of
The LED output. The LED bas o micrelens over 1he semi
conductoe chig: all of the sutpu poreer will not be acceped
Ay the lena, and he oufipat will appens 10 be betler colli-
sded Lhas might be expocied from the discasion of Sec- <
thon 5.1, However, you will w2l see & marked corfieat 1o the
outpes of the ILD.

3 Mace the polariner ssed previcady In the LID
outpest bears. Conlem that the LED octput s snpolerioed

6 Couple the LED 15 the Sher using the FO25 GRIN
Jonns Coupley as You & In Sieps 8 and 7 ol Qe previaoan
section. Caloskane e coupiing loss wsing 1he power coughed
0 e TDet and 1he power ot of The LED whikh you
mewsaeed 1 Sep 2

il




e St Y Goow

NT Waioe
&&gm may also be

S

6.0 PROJECT #6:
CONNECTORS AND SPLICES

In addition 10 Se need bor coupling LID aad LD
souces 10 fDers, as was exploned (3 the previows peppect,
we also need 10 look ¥ the probilem of coanecting Mers
Aters Both mateadiedemmestile coneion and perma
e phoes will b stodied In this project.

You will begin s project by exploring the effecss of
aalgnonenns 00 the coupling of twe fibers. This will give
you an understanbng of the boss mecharnrem swen 0 o
peches and spiices. You will thens 20 on %0 couple fibers
Sagriher wsing both commecion md spicoes

6.1 FIBER COUPLING COMPONENTS

Both permancat spihces and connectons wiikch can be
repealeds coupled and uncoupled are wsedd bv conpling
Shers 30 Shers. Each has ity ovn area of applacations. The
Comnecioe Sy appdcation i The consection of ber cables
0 Yassriler and receiver modales, eod s the compection
0 devices i eptical Comermsicationn syslemas Fermanent
splices aoe roguired for Jolrsng soctions of Bber in long
dislance comeuricalions Baks as well as for e coratruc
Non of anegeated ther sermsor sywiem

Coonecton e alkgnmest which Sl oo
two genesal categories,’ which are shown In Nig. 6.0,
Lenwed wystoms (Fig. €. 1) image the core of one Sher
oato the cooe of the secoad Bber. Other tochabgues U
Butt coupling of Sbems 10 achiew Bie conaection. T
coupled connecton can be hrther dvided (sto sb-
Catepwien. I ane. precicen graoves ase ssad % algn the
Bhers 30 sach othey (Fig. 6.1b) I» cthens, nciuding e
CONDECIons weexd i Dis peosect, shugd (rting Dues are used)
0 Ahgn precishon mmachinad lerrules with respect % eacd
ofer (Fig. 6 1) Typical insertion kmses ot conpections
between mutimode Shers are Jess than 10 €8,

Fiber sphiciag i 1he permanest jolaing of Two Shers
0 each olher. The Lot pesudts are obtained lroen therrsal
funion of the twe [Den. The fben are dligned. cither mane
ally with pracsion sages uoder & micooscope or with De
s of micropeocesor coneol. The fibers soe Bhen heated
sod hesod together as shows 12 Fig. 6.2 This fuson o
typecally done with & carefudly segiated electric arc of
Wil & microtorch. Skiled opersion can achiewe kaues of
e Ban 0.1 dE The second awthod of spliciag s & peech
soo aligned groowe Sechinique which will be ssed n B
poodect. The bbhens are imeried in & groowve lormed by an

arrangemwent of Joor g rods whk® have bees hawed

together as shown in Nig. 6.3, lndex-matching epoxy
Weed to fix the splce in place. Ustrained operatons can
rotinely achikeve splice losses on 1he onder of 010 &0
When £ s necessary 10 keep splice Josses 88 Jow a8 possd-
bile, 1he thermal Asion splice IochndQue s the best chowe,
bt e epony sphoes are easier and o be made with

the practice.




Permuaneot spbces genenally have bower lomes than
costections siace they 3o it Beed 10 be designed dor re-
peated couplieg and Gecouphng Also, CONBecion regelne
matng bardware altached %0 Te [Der. making them more
corapicated Both splices and connecons must te able Yo
be dose ia Lhe fiekd by persornel who may st be Bighly
traboed This dictales a design roquitiag & mindesann of ey
handiing. The rmsling jorts st be mechaioaly ragped.
errvaomrsertally muerndive, asd long Sved

6.2 ALIGNMENT LOSSES

The priecipal souece of Joss in both consecion sad
apbces 1 et 2o liver end Iace misaligsrment Theve ane
three types of svsaligniment Joss which may ooowr ndivde-
ally or in comfrinaton. These are Ltesal mvsalignment.
aninl weparshon, and angula: misalgdament These mésaligs-
swats are IBostzaded 51 Flig. 4 The dexige probiem s w0
Tunerine e losses while malking the devices. as far o
pombie witalygung

The Nest of these Joss mectarumee, lateral mdsalign-
erd, = te larest contrieton 1o the dotal oss in & Sher
roomecton. Lateral sysakgrenent is 1he hdwre of the o
pectioon of the two fiber cores 1o perdectly owerlap
(g, G.6a) Thin muy be dee % Wderanoes on Be Shey
dameter, ocomtricily of Bhe Bber outshde dlameter or of the
core with respect to the fer adis, or machine Yoleranies
the constnaction of the connechon

Axiad separation conriates 1o the cosnection lom
when e el serfaces of the two Bhers do not come %o
cootact with each other Iig. 6.4b) In conmecton, & dight
separalion will geaerally be desgned indo the device
that Ne Sery are ot darraged By batlisg against eacd
ofher. This type of Jos dependd aspon The americal aper-
bate of the Ihens, sbace 2 lrpe dvergeace will resalt In
bowt of Do bwarn from G el her Leing accepted by
®e woond

The third loms mecharom. angelar risabignment (Fig.
S Ak geoevally does not cordrinte signilcantly Jo consec
Tom owses, oty because marudacdorng Solerasces virtusly
chminste Dol misalgnmest Is conaecton and wpliors and
because the ey (oanection deell b more tolerant of asgy-
v mealgrarente

Theoeetical Mms Curves for these thewe sunslgrenesis
whens gradedanden e are coupled together are ows
s Fig 65 66 and 67 In the cane of wop-iadex Ehen,
e loss broen oftset misalignment can Be foand by disply
calouiating the averlg ares of the coses because the bmads
ance b comsast over The [ace of & sepindex Gder. In e
cane of graded-ndex e shown here (Fig. 6.3}, the calce
lation b tech moore complicated becaase the irmadbace
varkos & & lerction of position within !e ey core. The
ome roen the separation of twe fiber ends (Fig, 6.8 b bard

the area of the receiving Sber with 1he avea
of e bears trom the Ent Sber of & dotance 2 bom Iy end
face. The Jous from sagudar misaligarsendt (Fig. 6.7) has the
same formn s the offaet bosn, with sin FUNA seplacing 270
a the soallng lactox

=

b

(ad Coxts Setten
Enarged)
Figere 63. Precislon groove splice used in this
progect.
I
a
b 2
R
Figure 6.4, of fiber cores

i
fiberfiber Laseral offset. b) Axial
qm&a. 2
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Figure 67 Angular misalignment loss for graded-

Index fikers. Note that the anglo has been normalined
the fider NAL

As an caargie of e Yolezances whick are allowabie
1 sakiag & fderto-fiber consection, consider 3 Mepmdex
Sber with core damater = 50 wm and NA = 020 Losss
of 9.1 4B ocour lor approcmately 1w Satersl offeet, 4 4
axial separstion, or (L5° angeler misalignment. The prod-
Jem s mach more Aificult when dngle-mode Sbers are
wsed. Il & daghe-mode Ther with core Slameter = § um
and NA = 000 s wend, them 0.1 68 losses coour hx 0.1 ame
Gateral olteet, 017 pan axial separation, and 0.2 sagular
unigrmers In each case, these are oaly the misaligs.
meat bosses Fresned reflaction osses will contrilase about
02 d loss per Sber lace s dry comections. Inperfections
In Aber end preparation aay also Contriete 1o the loss.

The Josses which dave been described dere are ke
the butt <oupling Trpes of coanecion. Conseclon which
se bens sysleres W0 menireive Bhe cormecton o ace ameful
0 elisnaciog lateral ofbset and avial separation josses, dat
are very Nghty sessidive % anguiar sosalgronent

6.3 REFERENCE

LMK Barnoskd, in Fasdomentols of Opaiced Fiber
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demic Press New York), 1981, 177

6.4 PARTS LIST

Cate Descrigton Qey.
FMLDSO 100140 MM Sber, 50 mawters |
XS\ D2 Breadboard |
e 1 mvw HelNe laser |
L Laner pacean )
C Clarrp )
" Short rod )
s Power meter )
rale Fier coupler (w o lern) |
N-20X FOX Otwpetive lens ]
FCL) Fivey Cheaver |
X Haddriver st |
W 20 Sorew ot |
LU 52 Sorew 2 !
RSw2 Fotatie stage i
ML Mucro-scrion bolder 1
S| Muroserion post |
WH2 Poat Solder I
sr2 Post I
mi P poaiones 3
™ Modke wambier |
e Commex tor hadves (FAILLDY) 10
1A W b adagner 5
LTXIE N plgs rpoxy 1
XL 14 Lapgteg sheets 1
oLl Podaheryg tatuee 1
FSC Spdue fivvare 1
FKs 10 P! Lightfinher moduies 1

Bt det 283 Ba kw2t aibeiilineads
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Addtonal equiprment reguired Sheet of plate glass
oo s (0 podshiing conpectors. Metiybeoe chionde foe
srippeeg jacket bom ey Marry commercial palee strig
Pers cootan metiyiese (Nonide and work well bor thes
perpose Methyiene (horide s toe and may be sbmorbed
Broudh the skin. Any methyfene chloride wihich gets on
pour shin Whondd e washed of] premediadedy |

6.5 INSTRUCTION SET

65,0 FIRER ALIGNMENT LOSSES

| Prepase two segmeris of FALD Noer. each about
13 etens s Jeagthe a8 you O In Proiect 71 (Section
LA L Stepn 1.3 Cougle Nght troen ihe HeNe laser ot
ot of the Bhers oirgg e FA16 Fiber Couplier o you did
0 Prosect 72 Section 2.6 Step 31 lesert the vther end of
this fber tnl & postsnousded FIVL. Meanor (e outpet
poswr o thin Mder segmert

2 loser! e end of the seconed ey sogneat 140 an
FPH-S Solder and place his in an FP. Fiber Mosituoner
which Bas boes posl-onosnted on the BSX-2 rotation stage,
o you &d 1 Projects 71 and 73 (The laboratory setep
bor s pooect s howa i3 Flg. 6K ) Mace B Lar end of
his ey 2 another post-mounied 1151 s Bhal the power
coupied theoogh B two Sbwey can be meassured with the
K5 Power Meter

3 Extend Se Mher encde 00 that the Bhery can b
tuttcospled over e conter of Be rotation wage . Centeving
of the ISers on the stage can be checked by rotating the
Mage and aqusting the Theny wal De ends o 2t une
relative to each other as the sage b torned. Adiost The
%42 of De Thery 10 achieve Paxinom hrooghpan in the
bt conplang

4 Measure the power trassniiied (hrough the second
et sepment. Caloulate the Joms of the butt couplieg of the
ey, esing Hhe power out of the fest Sher meanred 0
Siep | and the power coapled sl Lhe second Sber
meamre bn (his ep. A doms of less San 025 dB u excellen)
for s dry compection. A medssromnend i Newport s b
Guring he develiopement of (s peodect yiekded a homs of
0

5 Measure e exoess boss as & Anoton of baersd
mhsal@nment as Sddows Measare 1he power coapded b
thee socomd Bler and Caloulate the 00 coupling loss as &
Peexction of position. Aher findiag this ol cocpling losa
et e loss measiered 1 Siep 4 froen 1, There b 80
Grect calibration or measuring the olfsct from Be FEL w0
il & Bl to callleate from: the rotation of B addasting
srews, These are 30 throad/ ach scrows, witich mweass that
voe tarn of e screw will ve 025 e or 02075 e
of offset. B¢ mare 1o move In ose drection ondy 0 & %
climisate backlah i the movement. ¥ you wish % 20 i»

|
65, Laborwtory set-up for swasuring fber ‘
f brases l

Excem Loss /)

0 4 & 12 10 29
Laerl Ortaet (i

69, Experimental and theoretical Matoral
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Corrector Wat
::-c.n. Inserting the fiber into the connector

the bt s Aanction of ofiset expresaed ia core radi. Pt
the excess oo which you Rave obdaised & & herction of
bderal offset. Flig. 6.9 shows the ha. obfained in the
Newport lab usiag the FMLD Sher, plotted agaiast the
curwe shown in Fig. 6.3, The devistion trom the Seorctica)
curve & due 1o the fact that e baer&ber cospling snder-
s the Bber. s was dicuswed ia Section 0.3.2. This caunes
moer of e gt % concentzaded Sowards the center of Be
fBer core, reducing e misligament los.

A Roalign e [Ber ends and measure the exoms low
™ 4 baction of loogitodnad wpanstion. The wcrew ot Be
back of Se T which confrol This eepantion i alo an
NO-pich sorens, which gves 00125 lnch or 0075 e per
turs. Normadine the sepacaton 3 the lider cove s and
phot the ressdts. The results dound in the Newport b are
Wown s Fig. 610 They are plotied with the 1heoeetonl
cwrve of Fig. 6.6 The deviation has the same crighe as
dacumed in the previoes step.

the athey direction. reset e yysiem and star! over again )
Nowmalae the offset 20 De [Der Core radon bty dvidiag the
Offset by We Tbey core redins. This will allos you 0 phot

7. Reakgn e et ends 0nce mare and tcasure the

Iheoeetical curve s from Fig. 6.7, The deviaton o low
argfen I for 1he revoon dacumsed above. AL high asghes,
It = Demyg leanchod vio 1he claddiog of the second
fibee. Sorne of thin Bght reaches the detector and decrrasen
{he spparer? mdsalignrmendt foms,

6.35.2 CONNECTOR ASSEMBLY AND TEST

L You muay ase the two Aber sepperm which were
wed i the aligament hoss stady alewe, bor s exercise n
Cormechat Choave the Shers a0 that Bere is aboat
Waetls oh of bave Sler extencding Deyotal D jacket o
e end of vach segmert which will be kaserted a0 the
cormecioe Ead lace muspection s net reguired: s shep 1
sizxply 1o avedd having azy jagged cdge remain when the
fer b beokies off 1o This particufar leng™ aeed will irgrove
Lher basertion 1o the consecior

2 Nemowr the clip boem 1he comer of o0 of Be
pockets of the FTKIE Epoay. Kanad the spoxy sotil & b
thoroughly mixed. Cut & corser from $he packet and
squeene out the epoxy.

X With a soothpick or other umall probe, spply the
spoxy 3o the leagzh of the haved fber

4. losert the Ser Into each connector hall Fig.
€121 A sighe rowson of the connechor may belp “thread”
e (et 1heosgh The precision Bode n the conmectan Use
epony % Fil the connecnn. (These conmecton are designed
20 be wsed with cabded Sters. Fillng of Oe conpecin
Malves with epony accommodites De wse of dare Mers
nestead of the cabded Mbery )

encrss boss o o lorxction ol aspdar misaligarment usiag the

REX-2 Rotation Stagpe %0 chargge Dhe anguler cricntation of

Ihe Bber cnds. Noemalker the xine of he angle of misaligs

et 10 he taenerical apertare of the Sher. The sesdls

hained 0 e Newpeort lab ace shown in Fig. 6.11. The 1
g
E
ﬁ‘




3 Using the same snall probe. place 2 small drop of
poxy omts the face of each of the cotnectr halves wheve
e Shev ey Dhe procision hode. Allow e spoxy 1o hally
e (Thin veguires abost 5 mirmster. Check The waased
oA 10 Tell when Be epoxy i cared )

& Be sare 1hat the polishisg Rxtare is clean ¥ not,
Chean i with wader asd a listfroe wipe. Clean & shewt of
Phate glams with waler and a ltfree cloth

7. Place (e 60 o @it apping deet om the ghos
plate. (M & fow drogn of water are placed on The gass Arst
e satface dexsion will hold She wheet i pdace ) Soww (he
totmoctor hall semo De Bstare wtd Bnger tight (Fig. 6.13)
Do oot overtighten

K Pt 5 small peddie of waner on e lappeng s
and begn the rough grisd Use a Sgpure S moton #Flg.
G14) in tin and each of 1he saloeguer? grinding and job-
g wrpn. Crind wntd 1he epony Dead and races metsl
wre rernoved. Exert oaly Sgh! pressare on the Hixtare. You
Wil bewl u dedadte Dottommdogg ot efect when the bl Lace
ol e fovtare Comnes A0 contact wilh the Lppiag s This
ugicien that Al ol 1he excon matmal s Sern rrmioond
Abcut N %0 30 wirokes should commplete the rougd grind.

* Baowe the polating foctare with waler and wipe
dry This s an arpociant sep which prevents Cavying ovey
CONLwronaton lsoee the larger 10 the usaliey grite. VMowt
P qualiy Aobabies (o the Snad Ider wirtace are due o
lack of care I (i stvp. Do sere 10 tepeat 1his M cach wep
of the grinding snd polafung.

10 Next, wwe the 9 o intermediate pofish Keep the
bappeng fm wel and waw & Agure & grobe. Dvenwend pres
ware raay be reqebed douriag ths podady 4o veromme adro-
plariog oo the water At D) stecdios shioabd be malScscnt.
Do) forget 20 riaee haroughly between siops

11, Repoat step 10, wsing the | pm et aad L the
0.3 micron o0 sl podeh. Kiroe and chean the comecton
tetuest rach Sep

12 pexct the Brvndver] Blaes aatng thee VLT Bvsgee
o Moo ogm or other madalie 2igh pomey midTom oge

15 When bwi consecionr halves have been con
Pletnrl, sikp the Bl shorve ower the eod of cae of the Dalves
Sorew the conpector ball aoto the ndine adapies Sorew
e sevond hall codo e indow adapter; the connector hat
will proms IR en D ball diewnr a8y tighten e
coatwchie

1. The inting of the cosnectin be determsne He
Coanection lime i dmiar %) e meavarrreerd wed n the
Sler attevssation progect (Praject #2) Weh D consecion
mated. couple the Me-Ne Lsey owtpa todn e Me Vea-
warv the posey Sroagh the connectoe. Desalr the connec
toe and mweasire e poser (rom the frsl coanectie ball
Determine the contector homs from ths dats. VMate and
demiate the Cormectnr several Limes to check O repratabed-
Ity of the loes Dgure.

m&x Screw the connector dall ooto the
fMixture.

m&: Use a Figure S motion in the polishing




15, The bom in 2 connector is dependent on the
modal datribson of Sght widin the ey core. Il bower.
order modes are preferensally banched the power in 8
Fraded-iadex tber will be comoentrated brward e certer
of the core. giving kower CoRnection nses If hogher arder
modes are uncded, the Rght will tend 1o be 1sore oward
e pevimeter of the core. yieklng meore sermitivity o align-
meat losses. Use the FM-1 Mode Scrambiler as was done a
Frogect #1 (Section 1.5, Stepa 4 a0d §) b0 generate an
spproienation of o stable diatribotion Thin will ressdt In
homs tcasarernents which will betier agprouximate thoee
which woudd sesal! i actual fleld practicn.

653 SPLICE ASSEMELY AND TESY

L Preguse two segments of FMLI ther, each abosst
| meter i ength

1. Mently the composent parts of the TRW
Optasplice™ module Newport Model # FSCS The parts
cordamnd 1 Bhe plastic enveloge ave one fher algneent
Dide, which comes in a protective plastc tabse, (w0 $%0000
rubber straks reliofs, and coe talobos seed deeve
Fig. 5.15,

3. Puce the abgraneat puide iMoo the splice fixture
FA0 g 506

4 Nide Me dalndess steel shoeve atn one of the
FMLI) Sy segments 10 be spliced. Side coe of The 8l
cotw rebber drain refieds 0ono each of the Sbers. The s
pered end of the strais rebied leads wp the Sley, awiy boes
e ther end 3 be phoed (Fig. §17)

5 Oeave both of the fiber eods whach ace 2 be
whoed ogether. When 1he deave o completed, cach Sber
shoudd have about 7/161/2 inch of bare fiber extending
oot of the Aber jacket. Couple ot of the Sbem 1o be
spliced 0 the HelNe laser, uaing e F916 Pty Coupler s
you dd in Project #2 Section 2.6, Step 3 Supection of
B cheaved Sher ends will not be pecessary. Siply g0 on
o Soep £

6. Meanare the optical power coming Som the st
Bber Flace the two ern in the ry Sbey algrmnest guide
() epoxy das ye< Deen apphed), one ot cach end of the
guide. 2 in Fig. 6,18 leoert the Sbers wndil they Sull 1o
gether at the middie of the guide. Measure the optical
power coming Som the far end of the second fber. The
loss whikch s Ao measeed will be Fresockrefiection lim-
Bod, since The spiice & Bl dry, but B will ghe you & good
Indeaton of the gually of the Ebwer ench. If the messsred
Joss & not less Bhan about 0.5 @8, 2 s & good Inchcxtion
that the Sber cach have not Yeen property cleaved The
other major comiribetor o aplice loss i Sbwy ecomtricity If
rotating the Sber charges the messared splice lom, thes
fiber eccentricty i & problems in thin spiice. ¥ the splice
loea s %00 bigh and ecoentricty s aot a peablem, redurm %
Sep 5 and recioave B then

L T R | O T O, T [ O o | O 1 T O L T T 7 T T ——
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T Now b 2 good tzne %0 seturn o Sep 6 and galn
experience in handing Sters n i alignmest guide Dedose
YOou muke the poermanent splice.

A& Remowr (he fbery Srum the aligament guide. Min
The epony 10 be wsed, an you &d In Step 2 of Be connector
procedere, above.

9. Coat the baoe ends of the Mhers with eposy A
foothpick or the end of & sl paper (g makes 4 good
appiicatoe. The spoxy will both wick into the
pade and be camnd to Bhe pide by the Shem when they
are taevied

100 Agan insert the Ghers im0 Dhe algnment pude
e you &4 i Sep 5 Miniosine Dhe splice Jons by aghen
rotating the fiders, i necessary The epany will be cured
andl the splice may be handied 1 about 10 sxisutes. The
owring of the epony cas be checked by leating the remamant
of e mined epany which wis not ased in Se splice. m& Insertion of the Mer ends into the

11 After thye epurxy b cared remmove the abgreneat Kuide.
hde Irovn the splice fxtare. Shde the robber wzain releh
down The fider and colo the alygnment guide sstntrate
Note That the Bt side of the steaks relief sits 0o the Aligy-
et pulde subsirate and that the tabs o the substrate
W Dhe potches i the steaka rebief (Fig. 6,191

12. Sade the stainbons cover gwer the sploe. Use the
g 2ol on the Dack shdie of the splice Hxtore to compiete
Be splice, as shown in Fig. .20 Crimg at 1he red Sanch
o8 the cover. The permanently spliced fDer s now
complete

1), Meascre the poveer through the completed splice. s-::
Caloslate the aplice losa agals. Compare this with the value =
found In Step 4 Sctan ow

. Losses (n permmanent splice ase setolive 10 the
way 1 which Bght bs Laanched 10t the fider in the sane 6.19. Placiag straln reliefs on the alignment
wiy that conmecton are. as discussad i Siep 15 of the ﬁz'm
Conpecior ascembly peocedre. Use the FM-1 Mode Scran-
hler % geoerate an approxinataon of & dable mode dotrive
on & you did in Seep 15 of the consecior amernlly and
remeasure the splsoe oas

15 Whes you Snd Sl you can make & good pios
using the mualtimode FMLD Aber, you may wish 1o try
phcing the FSV singlemode fiber which you ssed in Prop
ot FL Typioad ighquality splors will Aawe <05 dB om
e e doglomode Bber, compared 1o ~0.2 21 for the
matimode fiver

{1
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Figure T.1. Schematic iastration of the Tused
mmwm

7.0 PROJECT #7:
COMPONENTS FOR
FIBER COMMUNICATION

I tes profect. it componests wiich are needed
Toid] & By dats Serhation syviemn witl be exphsed
mwmwmwmum
tane in sbort havl apgdicatiom. smach s ocal ares networks
(LANSL which provide ikwmation tramier wehin Mroc.
twres wach an office Dlibogds and muasidactonig tacibtion.
aend i et velbfes o abrorall and ehigs These compo-
mmmwmmmmumbuy
wtiioe e tandwiah of O opal Mer

Carmeat rsign Tetuh are loased device mnkafirius
Bon aad integrarion a1 B yysdem bevel These resslt
mm.m;medm
MMIM‘MMMMWMM
will comoestrate oo Two devices. the fused bilroctiosal
Congéer and the wavebragth division sveltplexey (WAL
wiikch aow sepresentatives of this larger group. This will
Ve yom (e opportarety 10 learn sboed parsrseters which
e Common % akmost al! ey devices. sach a8 excess s,
phiting ratie, directivity, and crmtalh

7.1 MULTIMODE BIDIRECTIONAL
COUPLERS

The need for devices bo combine light from several
&mnbcn*buubﬂﬁ“h.wh
10 T o Dhore Glens hus Deen recugeized ever wnce
WPt livers ware fret cutmadernd a8 4 Commacations
medin. A 202 (2 thers i I fers out) Mdirectional
coupler,'’ which in & device e splitting the Sghet i one
bapet Slay o Ywu catpet (e, i Ghasirated sctesmatically
I Fig 7.1 In Aber optic sysienes they play & rode witkch
W eguvabeal 1o that ol Bears spilens ©3 comoeationed
optics ov Tlags In wlectronios Bader ot couplers (doy
a«iul-bn&nqmm-,m
LANGS, aad comamsinio st syilros Sar complers am
ann on Mbers bn o flvers oul) devices of e cme hatke
conslnaction

fachrevtional cospien can be classbn] @0 Two boced
mmunm-cwwmw
g techongars and those that (ouple energy Setween The
Two Bbers saing the overiap of the evasescent waves (Sec-
thom 0.2.2) of Ove bt o e Cladding of the Surs Severa)
drdgrn sming Bewrs spdtng SeAnkgees have boen deved-

Lype of device has ez adventage over e eranescer! wavy
Mn“lbu‘lmdmwhbm
wrvnd I the outied Bben
Whhmdtm%mmwm
ey b hared between e Two overlagping cvanescest
wWives and ey s transderred oo coe 1wy 10 the (her
ﬁnlhmwmw\-‘ntmhnl&
h(b\hptbtmummwm The evs
mmmwrﬁmu;.eddh.
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Light wiich comes oef of et 2 fusiag the notaton
Pig- 7.0) will be in mostly high-order mades, while the
bt semaining W the lopat fber and coming o of Pon 4
will be o matly bew-order modes. This will also have as
eiiect 0@ the performance of acy other bidirectonal coup
bes whlch are now conmected I sevbes with the St coups
bmthﬁmiﬁm”hmmbu
reat enoegh 0 allow the bght %0 De rediatrduoned amooy
the mades. Couplens dowratrears trom Mt 7 will sgpde o
more thas e speclied power. wiille coughers domratoear:
bom Port 4 will splt ol fows than De specifiad poser

[This discussion of the modal dependence of the
Vanescend wine coupling mechansm appies 1 esultnode
Couphers. Alhough they are Rarder %0 Liwicate, singde-
Mo Couplers ate srapler (o uadersiand. because They
have anly » soge mode Bvolved [n the coupling. You will
have 3 chance 1o work with sngiemode biadrectional cosp
bers o Project 210 )

Bocaune of the exponestinl decay of the evasescert
Pt the 1wn Bber cores mast be brosght I diose proxanty
bor clectric feld overlap and optical power coupbng o
wocer effectively The most cortsmonly employed dechrigue
bor Babrwcating the coupler is calied (he hused biconical
laper lechabgue. Is 1his techongee, the two Obers aoe
Pwistind bogethier and then heatied o aboct 1500°C Wake
the ety are Deing beatnd ey are salgected o 3 Senebon
which cames them 16 stretch This swaching Boreases Tie
ooepling tetween the Dwe cores by two mechariams The
Ene s due 10 1he fact That when B b s stretched. the
Sher clacding o Lgered and becoemes 1hlaner. (sasing the
Twi Cures %o comee closer together, theseby Increasing Me
wvanescent edd overlap. The second comes about becane
of e INaring of the core Ml which casses 8 Oorease
W e Viounber of the Bher fsor Section 0211 This
Canes (he Seids’ exponentialy decreasing evanescent
waved 1 decredse bess rapicly s 3 Mnction of redius, and
this alsy mxcreases e leid overlap

I peactice, the sirviching s cooninoed will B
desbed coupling ratio Is actieved Whes the heating b
Sipped. the cure separation s permanestly bxcied b place
Couplers made by the Suwrd buconial Lper levhengae are

The bidirectional coupler which resclits wan shown 0
Fig. 7.1 Light which b lopaat ot Part | may efther cooe
o of the sarme e &t Port 4 or be couphed ) e second
Her and eonerpe at Poet 2. A sl st of Rght may be
returned to the input port of the socoad Bber, Port ),

1rgat Atwr
o




because of Backscatiering and refiections due % the cos-

S0 M 1he uper The coupling ratio. o splitting

ratio, 5 defised o the power Coupled aCroms 10 The second

fiver divided by Dhe otal power theoug® the coupler

(P/P, + P) Typical coupling satun for commercially avall

w‘ Foer 1 ¢ %und able devices are 3 (S0%L 6 25%4 and 10 48 (W%} The

exceas loss i defined a8 e Jotal cutpul power divided by
the total npet power I, « P,/ P) Earty coupliors exibsled
losaes in the raage of 2-3 dB. Mot couplens lodey exhiba
homses In the raage of 8.5-1 0 68 The directivity of the coup-
Jer s delined an the posenr returped 30 the npet of the seceed
et divided by the inpat poser (17,7 This ratho b typacally

i

flgure Schematic coupler s mare often used M 3 L. By application Is in
Demat e Wagram of an Optical Time | oing information off of 2 mais Gaa s or i inserting

Iafarmation osto the Sea In inetramentation appdicationa
the maor wse b in Optical Time Domaln Reflectometers’
FOTER L whlch measure the lomes in fer optic vystems
In essence, he OTDR s & onedinensionsd optical radar
which provides an echo wan of e entive leagth of as
opacal Gber (Fig 7.21 R operates by periodicaly baanching
Dort-Auraion pulses dom 2 bser diode 1950 one ead of the
fiber Dedegg beaded and measnring the time dependest char
acteristics of e bght wivich o sefiecied and or Sackscat
trred to the seine fer end The reflected signal. mmeasured
ot the launch coed of the fiber b uned 1o deferanne De
location and magritede of docostinuites n e fer A
time-of-Light mosssrernen! alloses the OTDR 1o detersune
the Jocation of facits i the systemn. The bidirectional cosp
bor directs the pelae islo the Sber aad directs the backscal-

|

tered dignal to the detector A typical OTDHR cutput i shown
= Pig. 7.3 The dope i twice the atteruaton coeliiciont of
the Bter. Fauls in the Ther. sxch as conaecion, wplices, or
beeaies are seen s sbrupt Oanges i the smosne of gt
retuesed 10 the detechr

7.2 WAVELENGTH DIVISION
MULTIPLEXER

The wavelengmh division maltiplener (WOM) pro-
vides e equvalent of multiple Sanemiauon e B 2
sngle ey by sending dgnals & various wavelengs in
the same fher The WDN enadies an optical Bber % te
wsed move eliectively. i allows & greater pe of Bhe tand
widih of the Ger, allows Bedivectionsl comammication, sad
abkrws e smvalaecus tralsmosbon of dflerect types of
sk, sack as asalog and dgral s

A WDM device consiats of two of e gt fers,
cach carrying a signal sl & llerent waveleagth. an oulpat
fSber which is consecied 1o [he tratanisaion Enk, and
wrvrlengihsclective optical componeats, swxh as ratod,
prisezs, or Suika-fim Blers, e combiniag the shgsals ol
different warveleng®s oslo the outpet fider. A single e
chasrwd WDAL, usiag two guasier piich gradedndes IGRIN)
rod lezaes and a waveleagth scloctive Fliez, b shown o
Nig. TAs Soe Sections 0.2.4 s0d 5.3 b an otsoduction
80 GRIN-rod letmes | Signals casried on two dilerent wirve

lengtha, A, and A, are loput boo Fibers | and 2, reapecs
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Ively The quartierpiich Jons collenates the put besn &
The pinrdt wheee & sews the Aher and the sevund bess redo
Cuses the boan intu the sutpast Sbher The wanvelength sboc-
e er reflects A, and passes &, 10 be Socused of
sutpet. Fiber 3, which s placed symmetrically abost the
et axis with respect to Fibers | and 2 Demmmalliphensing of
e signads ol the recaiver i sccomplinded by skrgply sevens
g e path dewctions. Tworwas Traisesision can be
sccoropinhed by replacing coe of the sourcen. o exampie,
Scmarce #2, with & detecton, as shows is Fig. 745 The
WM then mserts A, 0mte the traasnisosn bok and
cocetves A, The WM a8 the ber ened will sond A, sad
recetve A

T Dis progect, you will construct a twochanael WDIM
of the type Gesiriied abuve. The wavwicngth wiectve Gber
M oot wsed i WD that have Sigher chansned count,
bacasse an Nchansel WOM would reguise 5.1 Shers. This
WA would soquire the cascadng of severad Mters and 1hés
would greatly norease the kouses in Be dovice, WMy of
Ihis type geserally wae & privm or & grating A design bor 4
Ivechannel WDM using & quarterpiich GRINod Sens aned
# reflective Slfraction grating & shown in Fig. 7.5 Wi
devices of s type alowr more of the Stad bandidh of
Dhe optical Bber 1o Be wand feee Section X121 WDM
by nig gratings ave now avalabie wilh wyore than
b charnwh

e two muest irnportant furameiers b (haractertzeng
A WM are e bserton boss and the crosstall. ) the power
W Me device bom the ith source s P and Bie todal power
from o smarces comdsined o0 the outpet tber s I, then
the wmsertion Soms is defined as 1, /EF, Typical invertion
homars are abost |2 B, depending on U type of wave-
lengeh sebection weed, bt sy be s Sigh as 510 df whns
LAD sonnces are wied (0 & oo WM device. The
croaatalh v bsalation b determaned abler the wgnuak are
deomnitigheved ot 1he recerver end The cromtalc Yo chane
et | o chareed | s defised s 1he power received from
snrie | divided by the power received oo source | wies
both are measured by the detector for charned | Typacal
valars bor the crosstal in avaclable susbiplexers & peaerally
bews i <20 1o 30 &8
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7.4 PARTS LIST

Cae Dracription Qry.
Fanw G0 NN by, W) paeteny !
RN S 262 Hrewthound I
e 1 e HelNe laser |
LD Laser oot |
30 Clasmp I
Ll Shoet rod |
K15 Fower mwter |
Fals iber compler (w0 beys) 1
MNX X Ojective v 1
KaLx Malebrver set |
FoLl Viber ¢ baver 1
K 0 Screw W |
B0 20 Thamstmcrew kit !
L8] Mo ?
V2 Post hesicden 10
a2 Posa 10
ara Pose 2
CA2 Usniversal charsp 3
mw. Fibser poalioon L)
™ Modio scarnbier |
Fays CHIN-Arms 1Ber couginy b4
wan Lawer Dbode assenntiy 1
RAED Ligtevrrrag duade assy 1
RERY 1D LED Dytvey Cheowht |
[ OF o NG S A0 e 2
FIRC) IR phrompdun cart i
M- Optics Meddey 1
e 0 plgs. epony !
LB T Splice Iature I
LR S 0 THW Optasplce Modules |
aTC ANXC Bedhrectionnd copler |
AN Makgdeure asy haw 2
asrw NG O25 9 leow w) e 2
Gsw NG OZ5p v won ey 2
FPHS by chiack 2
MPC Collwr 2

Addtinaal equipment sequired  Metbybene chlonde
for slripping the kot from Sters. (Maty commercial patat
Wrppen contan mettyiese Chorde and work well lor thin
prarpone . Methylene (bonide bs toade and can be abnorted
through the din Asy methylese chiorde which gets on
your san ehoud] Be washed off imnmedately ) (dycene
Gycerol) bor lndex madching.

7.5 INSTRUCTION SET

751 BIDIRECTIONAL COUPLER

L Rroaove & section of the outer facket from e
cabled Mber pigtall of the F-BTC bidrextionsd coupler at
Port & Cleave the end of the fber (You can actuslly we
any of the Sour ports of She coupler, bt sing Port | wil
alone you 1o e the Aetation of the prrvices discussion )




1. Spice & tmometer dngth of FMLD Sher %0 e
erved ber as you learned 1o & in Project #4 Section
6.5.3) This will make it svach casber 10 handle B lapet
the coupler. However, the splice munt bo done peoperly, or
ihere may be sgalicast mode coupling af the plice and
the bllowing exercise will be meaningies.

1. Comple MelNe laser Nght to the fiber ot Port 02
you dd i Project 12 Section 2.5, Step #3). The labora-
tory set-op Sor this exercise is sthown a Fig. 7.6 Arvange
e Ipar 00 1t loworder mordes ace preferermally
lRencded lnto Dhe lopan Ter Your can check then by visaaly
examning the outpatt oo Furt #4. doworder modes will
be coofined ¥ low colpant asgien. Arrasge the lasnch conds
thoves 50 Lhat the outpal cone of Purl M b & narrow oy
posstbde ) Mewsare the outpats ot Forts #2, 83, and M4

4 Ohasge the bousch (eodinans »o 1hat Ngh crder T4 Laborstory set-ap for studylng the
mesdes are prelerectialy lasexhed (arge curpst cone coupler.

Agan, mweamre the oddpal powers.

5. Return 10 the unch cooditons of Step #3. Lse
the FM-1 mode scrambler aa you dd In Project 22 Section
2.5, Step 5) o geacrale an appraximation of a sable datr-
bution i the lasnch Bbee Meanse Be ourpet powen

6. Pt sose index muadching Busd sach s glyoeris on
the Sber enchs ot Ports £2 and #4. Remnesssre the setwrned

Dght of Port 10 Index matching will redace Bie hgin
retrmed %0 Trt 00 By Fresael refiections o the tar end -
of the Sber ot Torta 72 and M,

7. Compare the sesults of Steps 305 What condh-

thorm are asserred whea the mansfactarer queates a ) <H
whttng ratio andd a deecivity of -9 4B w

T5.2 WAVELENGTH DIVESION MULTIFLEXER
L Pregare fowr engths of FMLD Stes, each aboat

1 to 12 metens bong 3 you & 0 Project #] (Section Foens iy parabel i st
LA L Steps 1-3) Constroct an arvy of two fiben o &b ﬁ
Jows: Lay two deagths I » slagle FPIS fiber chock (Fig.

T

—

T.78) w0 that they are paralie] and 50 Dual The fder end
Inces are coplanar (Fig. 7.ThL Mix somse of Lhe twopart
epony (FTKIE) and place & drop sl both eads of the fber e gt
chick (Fig. 7.7¢) Make suee Dhat the epony does ned rus 4

over he end faces of e Bbers or over odge of the chack,

becatse this chuck will have 10 be Enerted o aa PR

ber posiones. Allow the spoxy o Adly cure. Seat of epany

2. Repeat Siep | with the ofher two beagtin of Sher o 6xh ot
atd 2 secoed FPHS chack. E

AL
{
.i
i
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Figure 75, (a) GRIN-rod lenses used In the
nssembly of the WOM device. (b) Assembly of the
GRIN-red leases on the FR-MUX Multiplexer
Asacohly Base.

Pigure 7.9. Coastraction of the WDM device,

Arrangement of the components s in an
orientation which agrees with that shown
schematically in Fig. T4a

(]

1 Yrs will s asscrnbde the Sersses b The WDA
Aevice. You wil seed twn of the GRIN<od lermes i shown
s Fig. T.8a One s costed with an sterlesrace [Bler which
paaary She ygtet bors the TLD and sefiects the SiE froen e
LI Mot Bo FXUORISE)Y The anher does el bave This
trviereaxe thher (Viniel S FR AN B are conded
o coe eod wiib an astivefiecten coatng. Flade ofe oF
each of thase Sormen oty ser FICMUX Mudtplexer Assesbiy
Rose. with the sstiretioction cosed end (marked with &
sread] Dlae & Aol ) worwnrd the Ouivde o8 the avai™ly Sase o
n Fig. 708 Fpoxy these I place, makiag suee Thal 1ere
i 2 N of epaxy between the 1wo levaes for index malch
INE A Poes

{ The procedare loted i1 Soep 1 by ansernddiag Lhe
ety of the MTM was guite isvoived However, you sos
feed 10 fepeat Bae procedere of Step £ 0 onder 15 asen
be e Sermses &v the wvrienfth derrealipdeset devicr

Pregare another | 8 1.072 meter lergeh of VLD
Sher and coupde Be outpet of the LD s 1 as you dul
IYorant 1 (Sewtmn N N ) .\‘f‘l. L 28 o 2. The prv
caatuves noded in that instruction set sl aggdy hese. Thia
Mwr willl e Shey 22 of Fig. 744 Use the 815 Power Meter
1o reeasasre The amore of posrer coupled tndo ths Sher

4. Couple e Mgt Som the L1D od) oo of the
fhers which you hive eponied late cne of he § FHMS Plwr
Chescier 3 vou O i Prodeat #5 Section 542 Soepe |
and 1 Thts Ner will e Sher 11 of Fig. T4 Lse the NI
pemeer Eder 10 mensare Hhe amowet of power cowied isto
Sher 1. The other ey i e same chach willl be Sley 1)

T Pt mosrrt one of the WD sssemmidly Dases wilh
e lepees rpoaed 1 P e 100 S50 I 20 1hi! e
b (a8 e Aigned ot the peoger Degdil with reapadd ¥
(he Bihers i1 e PN Piber Posdioner. Thace Bhe chaxck with
fvers 21 and #1 in a post-cocaanied FP ] Fiber Pontionss
e Fig. 7.9}

& Couple Bghe fromn Shex 1 10 ey ) by algring
the Thsers with the oo an shown schematcally in Fig

.10 When 1he o T are Jocaled symmetrically abosd
e centet Bne of the oo, 1LED hivt foom They #1 will Be
seliocted froem e derierence BRer, wiseh is o hwaled
setwrwnt 1The b GRIN ad benars, annd willl Be So0used o
Ly #)

0 Mace fber 23 i an FTHS Piber Ohache 18508 ths
sk o an MPC Coller and poss-rocneat e amsernbiy
Posstiont e K05 Poarer Seter 50 Bal youl cant meampe 1he
conphed puraw

Vicasare the poneee I8 Tber €3 and calouiale e
soerthon Joss of the WDM for ™his charmed

1} Omce S0 10 s compictedd,. plade 3¢ Ier I8l
whiich vou have coapded tefv! fsom the ILD & an FTHS
chock and place s in an FP) Fibey Thaitiooer. Fosl mous!
(M F7 1 completng the arvatgomest of equgeawat dbvwi

wFig 79
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12. Cougpic gt oo Ier #7 indn Bber #3 a0 shown
n Ry 701 Adest fder 42 wetil the maxirssm coupdng s
schicved Fiber 12 will be symmmetrically acvom the bems
cesder lar broen (er #3 a2 \he opposite end of the Jorn
ssexdly. Do ot move the position of er #X as this will
reduce the coupling lroen Bber #1 o Sher ). Mossgre
the ILD power coopled lndu Mher #3 aad caloulate the inwer
fom Joss Kow this chacuael
NOTE: Il you are also polegt 40 do Prodoct M8 an port of thin
MM, YOu ey wink 1o leave of! 3t Bl point and do the
rest of B cormtruction o the begianing of the next session

13 Using ooe of 1he phoes which you wsed i Prog
oct M Bection 3.3, dry splice (00 epony) fier £) o ose
Of the Bber which Save beens eporced it the other FPHS
chack Measare (he optical poress bor each cdanoel coupled
hevmgh B spiice

I Repoat Seps 7 and 5 Jor this end of the Sek You
A Dow petting agether The demmalipdescr, so Bber 12 i
the lopat, with chanaels 1 and 2. andd Gber 41 0 The ctpat
e arrowy ndicaling the kgt path sre reversed i Flg.
T.000 Measure the LED power in liber #]1 and cabiuiale he
Inseriam s ol Be devtaliphener for B charnel

15, Repeat Step 1 hor the dermadtipiever. The hbhen
with Bye Serrastiplened vgnal may b placed i (he re-
maining FIHS Flber Ohacha. Mobd these i two post-
moutied MPC Collars 1o coupile b the 515 Power Meter,
Mensire D 1LD possnr in Mher #2 acdd calculate the de-
madipiecer hows kv this chaanel. The armows indcating the
It path are sevensed in Fig, 7.11 e e demmaiplener
The comglicted mulipleser<dersultiphocey system & shown
= Fig 7.02

6 Measare the LD power In ey 21 and the LD
power in Ber #2 Caloutade the cromatalt I ouch chaansd
wang 1he defidtion gieen In Secthon 7.2

fowr 7 P 11




Flgure K.1. Schematic of commumications Bak o be
bull b this project.

8.0 PROJECT #8:
FIBER OPTIC
COMMUNICATION LINK

Previous prodects have concentrated on the hasic
properties of Sbers, the coupling of optcal power o apth
ool Tems, mndd Bder 0P components. T This project, the
e habgoes and devices examined i precediigg pridects will
be wtiived %0 Comtract a fer optic Communication lak, a
a Hhastration of e mont inporiant and widely wed appl
cation of Sber optic techmology. Cornermasication leks are
comatructed %0 actept dala i ekbher dgitsl or anslog form
This project will take two analog laputs, warrelength divi
shon reuftipdex Wers oo 2 sigde Bber and dersaliplex
e 2t the recetver end of the Nak.

8.1 DATA COMMUNICATION LINKS

A schenatic Batsation of The snakog commuracalion
ek which will be corstruciod in this peoject is shows ia
Fig. K1, The outputs brom o Nghteitting dode (LEDD aned
aa injection laser diode (ILDY are both Lesached onto the
sarse [ber wing & wavelength dviaion reultplever (WDM),
which woau bult during Project #7. The sudio outpet signad
of two radon, which are tused to bwe Silerent statioss, will
Be 1he modilaton sources er Sections 0.5) ko 1he (vo
diodes. Al the recetver ead of the Sek, o demnaRiplener
OEMUXS which Is & device ienticn! 1o the WM. butt with
Bght pathe reversed, will wparade e two ugaals and doect
e 1o their respective detocton. The cutpat of the two
detectony will drive B peakers of e radon. In this way
you will be able %0 boor e rewalx of sending two vigaal
ower & Dey opiic commanication lak and will also be abie
20 Baten o the crosstalk 1o gain & gualisative as well o 4
QUAOTLAINVE 0Preciyion of This Ingortant Srk parameter
Anoeher optaon i boilfing the lak is 10 exchange positions
of oo of the sources with s detechor 1o provide & Twoway
o ation bk

K11 SYSTEM LOSSES

In ueder 10 deterraioe the perfonmance (Saracierbstics
wl & ey commmurvicalions Bek. several lacton mul be
ks into accocrt. Theae Bciude wxprce power chanrscieris
Sox, intrigsdc Moy tramemisdion lomes, cocpling and cornec-
son Jonses (all of which hawe been Swated I provicow
projectal, and the receiver sessitivity. The source characier
wtcs (Praject #3) inchade %otal power ocutpet, waveloagth
dependence, and NA and area nlusatch with the fbec
The ther loss (Preject #2) b the attenaton of the fer in
2/ at the partiouiar wavelength Being weed multiplied
by 1he length of The ok, in hommters. A2 each Sy Jourt
0 De ok, whether It 3¢ a consecior or » wpilor (Project
6L Doere will be 2 boss which mast be incladed. The total
Jows 0 the Bk will be the som of all of Hese losses plin
he loss due 10 the guarmum oifCiency of the photodetecion.
(The quantom efficiency of & detecor s the fraction of
odent photons o8 4 given waveleagth of lght which pro-
duce clecmonhole pairs ' The quantum «ficency s mpre

(O (O | L R L) L O L L L O T o O T T T T
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seated by 5 ) For the slicon detecton used for Dl project. TABLE 81
the quartum efScwncy u 062 yepresentag a bus of Powrr Loss Budget |
= I 02 at & waveleagth of 900 en
Whes all of the Joses in Be bok have boon et)- Source: L LED ;
maled, they are ssrmmed 50 give & ol system ks and are L e
then witracted Som the ingal power 9 fnd e recrived Power from scurce a0 dim *70 dBes
power af the end of the Bak. Such a calcelation b called Lomses.
the power Badget of the Sok. This bs waeally doow In tabular  Sowrce e coanection than mods
form an part of the bormsal design of & Sber optic commmank:  WOM tlter 05 dn 1548
cation bnk. As estimate of The power badget for the Sata WOM-bber cosmection a5dB 05db
bk dencribed abowe Is shown i Table 81, The estimated Fiber tramsavsson (0.5 i) 1 5dB | & dB
vakars in the table may be sy diterent thas those iber DEVLX comaection 05 de 0sdn
witich you actually Sl in practice o s peoject. [The DEVIX Aoy 05 as 0Sdn
fermn en wsed I8 the tabe mean "4 with respect o FMterdetectrvd 2048 2040
1 W of eptical power” a8 was dacused in Section 2.1 ) Yol lodase st ah 248 d0
K12 SYSTEM BANDWIDTH Detected power idn -173dw

When the cndalation of the Lght tranemimed by the -
Sk wartes M @ bow rate, e detector can by repro :
Auce the signal However when the modudated bt varies
a1 4 bgh rate, the detiector may not be able 40 tiack the
varkatons. This bequency response lmitaton sy be due
0 ordoary ciroul lendtatons [capacitance and ndoclance
of Die crout) or to lntrneke cdecwanbode recoerbanation
Sives of e seroicondactnr device. The handwdh of 2
dettiir 4 & meanew ol De modiation rie o which it
o respond The S-dB bandwidnh b Gefined s D mods-
ation rate al which the detector is caly 50N efficiont &
pesponding 1o the variation in the madulaled sgnal ! The
detecior Sandwidth can be selated 1) 40 e@uvalent rise
Wave, which i the time & takes & the detecior b0 g0 bom
2010 OWTERE L0 AR Ourren when & pobe of gt
incident on 2. The rise time of the Getector wied i this
— peopect s bess than 1 meer

W ades eed W Calrulate an oguivalent riee time asd

L— bandwickh Sor the Mher. This rise time ban two bachors, D
reodsl daperon anvd 1he malenial daperion ol e thee
— Modal depersion is due 2 he Allereatial time delay
Sacwmed s Secthon 0.23 Even when & graded dadex
Biwew i gt sall wariasces in the index prodile from the
sdeal paadadi; profle will resad s some S rensial nare
Selay. The modal dispersion Serm b found Som the
e Sandwidih-bength peoduct of the Mher For Bhe Newport
FMLD Sber, whech is the Sber used heve, this prodect i i
— 200 Mlzam. The fber Banchwidth may be found by dvid
ng D bandwidih prodiact by the Ster Sak lengh. As
—_— egeivalent rise tene for e bber i appronimatedy 0 15
dividad by the fber bandwicth Foe 2 | ks ok sving e
— FMLD Sber, then rioe timw bs ~ 1.2 asex.

There s ancier type of dapersion which is due %
the dact the index of refraction of the core of the Ster,
... of £g 012 u waveleagth depesdent When e ugral
carried by the fber has 3 spwend of wavelengiin, & of Eg.
012 willl be acn-2er0 even &e 1ays (ravebng The same pats
This type of &ferential delay is Gue % e waveleagth

— Aaperson of the inden of refraction. which war Gacvmed
I» Section 0.2.2, it Wies inbe accourt the wasvbength
— Gepeadent delayy in the Sher. (Vi will also soe Bb called




Inatnril Gaperon W sorse By opees Wevasiee ) A typecal
velue of the warviength Guprersen hoe Whers sed in the
TR0 aen wordow s At 100 rex o delay dlhorvone
Tancreter of wectedl ek fey Rloteeter of fidey
For an LED with & spoctral widdh of 5 non. (s
rewaly iy & delay of sboot § mec/km. For feser sonirces,
it delay is omentialy sero. cacept when & is compared o
the rise time regoired for (he Sighevt sprood data bodks
12 3 cascade<coaneciod sysem, 1he cormulalive fise
thme b foond by maltplyiag the square soot Of Lhe somm of
the sguares of the indvidusd riae tieses by L1 Thus, whes
the LED source b sned, we Save

113 mseck « (1.2 soecF +43 sanchy ' = 5.7 meec. 51)

Ia thee case of B ILD sowrce, we Bad & rise tane of
1.7 msec by replacing e 5 nsed ferm by sero. The 3 dB
Dasdwidih of the sysern can then be fousd by dnading
(.35 by e resaling seslers rae lime Tha gives &1 MMz n
e case of the LED source and 206 M2 i the case of e
B source. Froem this, one o readily see why Laser
swources are wed for hghapeed data O NG aton

In the analog dala bolk wivich you will be cosstrec
g, the Sanxtwidth of the systemn will st be 2 Smting
factoe. The LD aesd LED somsrces will be driven o1 sadio
Sogquencies. whkh Save maxirsorn fregaencies on e order
of sema of idoberts Therefore. the huadwiadh required by
B dgral will be ordens of magreisde les han Mie system
bandwidth which we st calculated.

8.2 DATA TYPES

Dt commrmabcatons Nrks wae Dwo dals forms,
was disossed It Section 0.5 Degite! coorsmmnication setnle
data 1 1he foom of & Soary code of I's and Us, and, aber
De sl b received, ¥ is devoded Ansiog comumarne stion,
wivich o wsexd i s prvgect, sendh data as & comt oty
varylrg skgnal. and the signal Jevel fxell it the mevage
witich @ bemg traniesiled

K21 DIGITAL SIGNALS

Fow many trassrdacon spplcatons, & baary sigsal &
penesed. That . the optical power coupled o the et
makey danstions ondy betwren bwo dacrete bevels, with
Thowe trarsitioos ccowring ot only welidefioed, penodically
spaced, poaats in time. The signal source reay abvo produce
oy perindic sstput. known a4 clock, which b myo-
Croscous with the Gata wgnal

The quality of D received signal is generally ex-

0 dermes of ervor sates. o vach time dlod, Sere s 2
chussce That the 3kt will Cormain o palse wihen the sigral
Ad pot, or vice versa. The most comanos appesach to
cxpromatg the crvor rade w %) sade The average rato of the
marsber of errom 1o e surder of ransieitied pedses This
Is the Si-ermareste (BEKL Stateof ihedrt Sgial sysems
wil havr & BER of best than 0

B.2.2 ANALOG SIGNALS

Anaiog signals take on 3 comtresers of levels. The
signals which will be waed in Ml project are ansiog shgaak
with Grect tessity modslaton of the soorces. Transmes.
shon Ddebty requicements s gerserally mach greater for
atalog sOwds P ke &geal dgrals Thew requirements
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w.mmh-ﬂyannw
bertz. A typical sthoon pha detecsr whkch would be waed
2 8 08 mkcros cormrracications bk would have an N5
o0 e onder of 107 /W ' 7 for & 10 MMz Sandwidth
System. This peofect does not seguire & Oetector with that
Jow of an NEP value, because the message will be at
*munm.h—mum.
few Kioherte
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LK D Penosick. Ftwr Opwos. Rchnology ond
Appicenoms. Plermar Press (New Yockl 1958 572
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3 S D Reronick. in Fasdaowsreds of Gpoon! Fiter
Communietions, Ind Lditien, M. K Barnosks, o8, Ak
Somk Press PNew York), 1991, p 251

“

e expremed in termn of the sqpual-do-note raths (SNK)
Typical SNK requisements are 5000 @ lor anabog signale
M“mhmhmum»
(erved i e message sgnal 1o the aokee power groerated
1 e detecton and arsglifer

For & ghven nomse level ot S Getector. there = &
demwﬁ”m-l.m;vnwu
delord as the solseoquivalent power (NEPL' whiah o a9
ofen quoted parameter chacacteriaing recriven. Sece De
B4 PARTS LIST

Dater 2l The detiecion muy be propertionsd 1o 1he systern

Care Description ey,
LD S TOOV 140 MM Bber, 50 meeters
f MDA 100140 MM Sher, 200 maetrrs
N N2 Brvadboard

oL Fiver chownver

NS 1wt oweter

LS Y Naddriver st

K 20 Screw Wit

BSAn 30 Thasntmctrw ke

18] Nase

Vi Fost hoddwy

P A A e o e e e e

P2 Pt

mi Fiter positiocwer

s Filer chasck

W Urdlar

s CRINGens Stwor coupdes

map Laner dhodde acsembily

waun Light cxretting disde moy.
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CAY Universs clamp
Optics hodder

LU ) Pt

MUY Mdipdeser sy luse

NGO 250 lenn w! thter

oKy

RGREY  NSGO25p ens wio ey
waoer

FLAIR

;

Detecior anwemiily
Spoaluer cestpan
FIXIE Epeny

Spliom
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b e o T Rl g TR TS




Pigwre 8.2. Photograph of labarstory setup of the
analeg communications lak. Compare with Fig. K 1.

Contan ety iene chloride and work well for 1is purpose
Metinteoe chivrade o ok and cas be abuorbed theough

the skin. Asy roctinfene chioride whikch 2ets on your shin
Ooudd be washied off erenediatety )

8.5 INSTRUCTION SET

NOTE: Thne constralats may dictate Biat part of the cos
MIBon dene &b part of Project #7 Be lokt oot the st of
This profect. A cosversent Beeaking pount s indicaled In
Tl astracson sl

L Discosnect the dry splice betwees the mutipbeser
0 demalipleser which you made as part of Project #7,
Spboe the 500 m spooi of Bher which you wsed in Project
#2 ootor the outpett of the WOM. Make & permanent epeny
splhce as you & n Progect #6 (Section £330 OF you have
chisen ned 1o e e 500 meter spool of Bber, g0 o0
Sep ) wng e madtiplecey catpest and demrmalliphener
sguet Sbern )

1. Messare the power ot of the end of the spool of
fiber and calcudate De boas of the Sarsmssion fider ja your
bk (Une 22 awerage valae Iroe other sploes which you
have made for the insertion s of the splice. )

3 Splice the sad of the Sher spood to the npet Bber
of the dommakiplenes L'se Dhe ponrr oot of the dernadts-
phexer and (e known dermdtipdener koses, from Progect
7, to And the nsertion fons of this last splice.

4. Compiete & power Bodget for your Bak sl %
e v0e In D radaction

5 Place a pre-reconded lape in each tage deck. The ear
Ik outpant of the Lpe deck russ diecdy 0 the modulation
npets of the driver circolt. The curvent of Soth laser aad LED
mrasd Be set 20 that the power oatpet of each device i about
el way op the curves which you geserated 0 Project *S
(Section 5.4.1, Step “S and Sectien 5.6.2, Step *3) Thia
will aliorw the tape deck ingant %o modelate The outpets of the
laser and LED withoun Sisertion

6. Post moust cach of the detecson. Ran ihe cutpust
of the detectons 10 the bwo speakers

T Mount sach of the Sermltiphener cufpots in an
FPHS Piber Chack. Hold cach FPHS in & post-meounted
MPC Collar.

K Mogat each FKDET Detector Asnrly in 4 poss-
mocrted MH-2PN Otjective Lens Holder, Ia the wame man
mev aa 1he FRALD and FRALED maenablion. Mug the outpet
of aach PICDET assembly ko an FESPKR Output Speaker

¥ Couple cach Bher outpet to an YK-DET detecton

. Power wp 1he sources con ot 2 Tane and liden
e sound from each of the speakons. Power up both
sources Sogether and Naten to each speakier sepataicly. How
doet whal you bear cormelate with the orosstalh figures
cakiuliated in Progect 977

1. Ancther peoect which you muay wish % try bs &
two-seay commmmerscations lak. This cas be accomplabed by
eerchangng the fiter 1) ote of the dctechun weh the
cormmponding Bher. whlch i the lnput fber 1o 1he WDM
Sor the same chansel [harging he consections i s
completed Lok 90 2t Two sy commmrarscation will be a
Progect in Maedt |
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9.0 PROJECT #9:
MULTIMODE INTENSITY
SENSORS

The poogects which you Save cndertaken p 1o thes
Potnt Save explornd the haoic prigertes of Sten, coompe
oents e Sher communration, ard A% anaiig CoMeTranics-
o Tak. Another area of application I which fiders are
being greatly ssed s e ares of wenson. 1n this pesect,
you will be Jooking sl some examples of seasors which
eaphol the optical properties and Sght-puiding capabeities
of madtanode fivens. You will see examples of & varety of
SN0 veatering A saarder of dfferend [dryskcal parare-
fers. Wit thene Sher seoncry Mave in comecn b that they
Al measary the irternity of Dhe I reterned by the Shee
froem 2 dacrvie weaaw slement Sorgle reode Sher sermon
which measre e phase changes of the tght carried by 3
srgle-mode lher will be stubed 16 Project 210

The mutimode season whkch are ifuntrsded 0 thie
PIOWCE segresent ondy a smal sarple of the many nteruly
seroo which have Seen desigoed or are in use. batrucoe
of advanced «tadents ey Choose 10 deaggs and commerect
wrmon 5her thas (hine peeserted bere

9.1 FIBER OPTIC SENSORS

The properties of optical Sters alliow nsovetive ap-
proaches o Be Sovign of vptical season. Becsawe optical
en arv scocondecting. Sty optic sermons aor srerasse
1o clectromagresy and radhe lreguency mmterference and
are wale in explosive errvicoaments. The ke atieasation
confticients of fters allow senntive electronk equipment 1o
be remotely focated. The avallabulity of Bber optics grves
the spstemn enginess grest Sexidilty i wase dedgn Filey
PR senisons ave wod b appdicationn ranging bem sesple
CoMners afnd ReE ywilches o mwansemeats requieing hgh
procision and ACORracY

Filer optic seroors can be clasilind i) Two general
Ceories, Mensily setmsoey and phase sensors. These two
Cames of senson diler not coly s construction, tet sl In
seruiivity, dynassc rangs, and dgnal ransmisson aed
detecton schemmon. Phase semions wee single enode Sbery
434 crrphoy inderierometric techabpees o extract phase
indormation lrom the seosor. They will be cxploend b Proj
ot 210, “Sagle-Sode terierometric Sesson”

lalromty secaons geaerally use raslimode fden ané
seal tramdaceny whin h Can make measerements ot it
potats along the bt patd (A transducer b 3 device
which currrerts cae pliysical parasmcter o ancther. mak-
Ing the measmwement of the frst parasseter raster. For
cxample the e cwry i 4 Dermometor i1 3 tramsdaces
that comwerts temperatare Ao & column helght which (an
b raary easily measised The trasaducer in a fider opth
Istermty sesawr (oarverts a physical parsmeter indo &
change in e amount of lgh! which & Srassritied ) Optical
Porent b tranmited o e serisce, She plryskcal paraceter




Foer
Nigere 2.1, Mhum.c.b.om-do

for total lnternal reflection Mt & ghassalr lnterface in
the glass MNber.

AN

Ol‘-ﬁmbb.—nh.&hu—-
birefringence which causes the polarization of

lght v change. Analyrer, A.uhabm
compenent of the beam.

W be measured Crases the Iramsducer % Change The
anoert of g passed by e sormce, 454 the power & Then
retarned 1o (he detector. Depending on Sie type of infemity
modulation wed, mulinode miemalty wroon oy be for
iher subdivided into two major groopa. lybekd sermors and
inferaal efioct serors. Hytesd sernon teat he fber as a
Hght plpe, tranemiitiag the Bght 1o & remote serncr, which
s geserally a minkaturized dewice af the snd of the Sber.
Hytedd seroon siow a broad rasge of modelation schemes,
which inclades practically il conventional soo-fiber optical
secmons, Lmited only by Be magnation of the rystern
desigrwr. Wnternad eliect seasors, on the other hand, use the
Sber Gaell as the Sasaducer, with e parasmeter belag
measared casing & modulation of the light gulding proper
Ses of e lher

The remainder of thin discussion will foous on the
By optic mensity sensons Bal will be examined Is the
Whoratory project. The fiest three pederences which appear
1 1he It Sollowing this ntroduction cie a large amosm of
recent develogenental work in fiber optic seasom and har-
they indormation can be ganed bom them ' *

9.2 HYBRID SENSORS

The simplest of sersors acts as aa co0ff ywitch ¥
detoct the prosence or almence of & ¥irsaion 41 Bhe sonme
shie. As examnple of this, shown i Fig. B0, Is & Bgeld bevel
sermsce which detocts (he peesence o alnence of laguid in
the g3 betworn two Aber eads. As shown = 1he fgare,
he tier ends 20w Lpered so that the asgle of the Bber end
0 groater thas the critical angie ko ‘otal internal selection
of the certzal ray of B¢ boan rassenitiod by the Sher,
When & Bquld bs prowent In the gap between the Sber endh,
the ghasealr interface at which total interaal refiection
occen s sliminated and B index ol the gaw & searly
matched by Be hgud. When this happena, the Bght is no
Joager wotally isternadly reflectnd and optical powoer b trare-
raited from oo Sler ead o the other

Ancthes, more sophistcated hybod wnsor & e
pressece seimad. insirated 0 Fig, 9.2, wikh sees e
potoclastic eliect 10 monior the poessite i 2 ghass trans
docer.! Premore sppbed o he glass Causes sivess indhaced
Selriagence, resaliog in a change of the polarizaton of
e b Mansaitiod theoegh e transducer. The polarinen
F i the Spuse, cawnes the Sgie incident on the glass 20 de
polariced 2l an angle of 45" with teapect 10 the appliad
tress, S The sressiaducnd deelriagence Caumes the plaae
of Dhe polarization 1o chasge from Baear 0 oRiptcal A
second polariser, A which acts as 45 analyzer selects Bhe
component of the tanarilied bown perpeadosir ¥ 1he
origkzal Sooer polarization. For the conlfigguration showa,
1he optical powes ransesitiod by She seasor v

I = L oYt/ )]
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whare t s the Mikchnes of Be glaas transdocey, § s De
Sppied wress, and | = 25 whore 5, s the stress reguired
10 malkoe the Wasavetiod power throcgh the tamsdecer g
broem & maviomam % @ sk 1t b called the matersal
Irioge videe. Typical valars lor £ arw I the vange of 0.2.0 3
M m This type of sermor has bown wsed 00 measere pres
et of wp B0 21 NP (3,000 pad with & resobution of better
han AP/P =10~

The peevious two examples use Mghqualty hone doss
mbirode Canatamoon s w Tl remscle reasurvoents
O be made 0 Jong datances. Somne othver Iber wemoes
Wuakr e of e tecbnology e bundlo. An exrpie of
A proodeedty wevisor which oses & bifareated (Yaranchad)
Aber buralie Is hown n Fig. 9.3, Optical power. whkch, in
Hen cane, can Be romm & white byt scwrce. s lasnched in
one arm of e ey bunndle. It & reflocted brom & serface o
the ostpus end of the fider. and part of that seliected bghn
I acvepted by the secorsd arm of the bandie and Is tans
mithed 35 2 Getertor The arsount of bgivt meturned 3 Dhe
Getecton depetads (1 e dnlacce between the end of the
tundie apdd e surdoce bang morssed

9.3 INTERNAL EFFECT SENSORS

Bt et sesmon make g of modedatsn
schemes which pertarh e fher Bael, w0 that e lDer s
Loty the tracusdssion medier and e tramducer The
modelation oty which may be used in Hewr seaswy

Ar an exanple of e senues which (as be destgred
Fig. 9.4 om0 Baglacerent seomor which mabes sxe of
The microtendng pheacmenon * Optual power & cospled
e puided modes to the cladding when the Sber i bert
The daplacement wrue bas & Mber placed betwern two

sl part of e Loge tumber of Aber optic senson which
have deen lrvestgated or Geveloped

9.4 REFERENCES

L T G Galloreazl, et al, "Optical fier sermce
lechookogy” EEX Jowrsal on Quattun Blectronics Q- 13,
K06 (195

2 S K Yeo and C K Asven. “Fiber optic intenaty
serusons,” [EEX Jownal on Selected Areas in Coommrrsnics-
T SAC-F, 562 (1953) and sebesetces Hherein

3 Procsedings of Dhe SPIE, Fiber Optic ond Laser
Semsony, Vob. 412 (1960, Vol 478 (1984) Vol 564 (1900,
Vol 586 (13
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Flgare 8.3 Proximicy sensor using & hifturcated fher
buadle.

Viovadle Sutuce

e

Foed Sty

COMagtaors 2 bend e

Figure 3.4 Microbend strain sensor. Mrectural straln
Causes corvugations 1o bend the tibor, causing loss.




b E Hockt and A. Zajac Opics. AdSn Weskey
(Mesdo Park) 1974, p 250
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4 When e polidhing s commplete, place the nert
on Be swerooe ssernbily Dase, Sade the lnmerts agune De
1l w0 Bhal the fdens will Do algned with each other. Adus
e pacing Setween B her e 10 2bownt '/ . The
arzaal spacing requred depends on De wariace tersbon and
viscosity of the Bgebd which you have chosen %o wse in
yosr experiument. The tradeoff b between The lact that e
spaciag mast be Large enoegh so that serfece lession will
Bt Canme & bead of Bguid 30 rersals betwoes [he Miber
ety when the Sausd bevel subsbdes, and the lact that you
Al wait %0 Seep 1he spacing wnall o maxirsse (he optical
complding tefween the e

5. Couple hghtt from e HoelNe laser bido oow of
e fven. Becord e opical power Huoogh Dhe wase,
The cotaplete aboestory setup Sor this sescr i shown In
Fig. 94

6. lmmone the setoor in & Ngukd Sath or place &
drop of Bguid between (be Bery in the gap I3 e sesaon
yoerin, waler, or skobol s work well Acetone wil
wvntaaly deasclve B epoxy | Recond the posey throagh
e wnnee.

7. Calcslaoe the 1t ol power Betwern e o0 and
ol sates of D s

5,62 PRESSURE SENSOR

I Determine (he optcal axi of the FI-NOL Molero
iy Shert. The Sllowing skrple method can be ued to
determmne the optical avke of & polariaer When viewed o
ot angie of ~ 56", e glare boes & et of glass will e
polarired in a plane paraliel 43 he glass sheet. (Sew p 2
ol Belerence 4, above, b a description of this phenome
non ) Whea viewed theosgh e polaricec. the glare will be
a maxkram when the optical axis s paraliel to the pline
of polwrtration (Fig. 9.70) and e gare will be & mindosen
when Dhe opnical anls & perpeadiasier %0 e plate of polae
lzatom Fig T

4. Cuf b phoces broes the FEPOL Polartning Sheet
0 That the axis of podarization » o & angle of 45° o the
wdes of the reclange which you Ot and w0 st He fheon
M B cnxch of 1he FEOT Glas Tramsdaoes

1 Epaxy the polaricers %0 e ghas transducer U 2
then Rk of spoxy: be sere that theee are no Sebbies in he
epaxy. | B polarization axes of e polarizer and analyzer
aro cromend with reect 1o each ther, e senme will grve
A Ene’ strems dependence, s was seen) in Eg B I e
PoRArization pies e parallel. Die sctisie wil gve o costre’
depesdence Crissed podartzers would be peederred in a
Commeycal device, bedausie Yie bighes! pressares would
Pve 1he larpest signals, and & large aorpiificalion cocldd be
wed 10 Getex! snall stresaes £ 8 dark Sachpround, bt
parailel polarizens are rocomemended kor & wadert labors-
lory, Secasse o mudkes the optical abgranent of 1he e
caser

4 Gae two 'Vepich GRINsod lermes (Model #
FXLCRISY) into the groowes in the presssre seasor sssemdly
buae oon Fig. 3.5 Be ware that the ends of the Jenses do
oot extend into the cemtral portion of the seonor, which will
be occupied by Se gl transdacer

Figure 3.7, Determination of 1he eptical nxis of »
polarizer. o) Optical axis paralied to the plane of
pelarization by Optical avis perpendivular 10 the plase
of golarization.

KL Gues Raaducw




Figere 8.9, Laboratory set-up of the pressere sensor,

Flgure 2.00. Labewrmtory setap of e pruximity
MOROT.

5 Propare beo ugtse of FMLD Sher. Cougle HeNe
bebet gt oo 000 of the Shery ssing the F916 Filwr Coup
Wy Mourd cach Sber in an I ] Fiter Pusitioner. o8 staran
N Be bdoraliny wivp of Fig B8 The seasor amemibly
shonedd Be reousted on posts 30 provide e proper Seight
b cospling Dght Bwrongh the seanoe Mavimire the Sberdo-
Aber couplng Srough the asernbdy

6 Mace De ghaws traosducer 1 e ssembly Agun
manineas (he (Ber oo liet cougring

¢ Bring 1he bever arm duwn on lop of Be transdeces
Adjeat the st srews 30 That the dever arme s hortrostal
Wwhen i rests 0 e oo, Add woight 20 D¢ end of Die
bever s Masder the optical power through the sefmor o
2 harxction of appded wolghl. Calodate the poessire i 1he
glass from S appiied kuce, e crom-sectionsl area of the
s, ard e mecharncal ahvastage of the lever aem

K Pt the power tranumitind by the sensv a8 &
MACton of appiied prewsure. Compure s with a cosine’
OMVe fessarnng thal you wed paaliel podarivers) Flad the
pressare Al which the tramamited power 2oes [hvoogh 2
morsreum Use B o caliondate Be Iriage constast of the
as e bg 9|

S43 PROXIMITY SENSOR

L et an 32 st sorow be 2ach of theee SN2
posis Sorew a0 MIPC collar ootn each set sorew basort each
Oof the theee end of the 7770 dud fher buadie vl cach
oolar. Gently lighten each wt sorew DO a0t overtghnen
The laboratory setap Ao this sensor i shown i Pig. 9.10

L Meunt coe of e dogle ends in & YPI42 post
Modder and (Burrinate this end with a2 HeNe laser Thih
AefoOf Can Ao be conutracted using 4 whelelight source il
you have a highposey argp which can be focimed oo
the ead ol Be Fher hundie

L Fix o VM2 post hodder omto a £200.5 pandialion
slage andd place the post with 1he cocmon ead of Dye Sler
Bundie 1t Nk bolder. Set up 2 cand 20 Dt Be HelNe cutpant
of the Iy burvdie shises on the card or Mot e Lrarmils
o sage o that the outpet sbine oo 3 wall In eilher case
the tDer Sundie neods 10 be mvounted s 133t 2 b abdie ¥
actaaly make contact with the mariace 10 be meansed

4 Ligte reSected by the srlace bring msosidored will
Be refleciod hack 030 the fer e and will go % the
secood siaghe end Mount This end 01 2 VI'H-2 post Bobder
and couple the oatpat Rght 0ot (he detector of the %15
Fower Meter

3. Measare the selieciod outpot aa a Sunction of s
Larcw, 4 of De sarface of the common end of the e
cated fiber bundie [roen the mooitoned mrtace. Also plot
his power s 4 laection of 1/

G Find the point where 3 loear |/ degundence
begios. This bs the distance af whkh the Naie Sacrmterr of




he et core s 0o looger signifcans In drdevmiaing the
arisant of refiecied light accepted Ly the Bber bayrate Why
dces e amount of refiected power accepted by the fies
hu-‘lnhphnnmlmnurslﬂmrhw»mr
serface? (HENT: Dvaw She St cose from the Bher bondie
inckdent on the marface belng moniored and e cone of
aveptance of the seighboriag fider which detects the LT
M n Fig 8.11. Viry the distance between e Der ernd
oot and e reflectiog serface)

7. Estimate the posithensd resobation of this season

6.4 MICROBEND DISFLACEMENT SENSOR

I The LD mvade sorambler which you used in
mnwnmh’wmma‘nﬂcda&
Placersent sersor. Rotate the kol o the FM-1 1 Adly
mparste the corrugated urisces

1. Lasech Bght loto & segreest of FMLD Stey g
the HeNe luser and the 106 Coupler. The laboratory setup
for ths seroor is shown I Fig 812

3 Place the jacketed Mher in the 1lot Setween the
Cormragaled wmariacen

4 Mmmmtknnwu'htﬁm

~ORtact e ez Notr the knob position. Fach mahwr grade

Al ot he knob repewserts & 25 mracron daplacernent the
ssaber graduaticon mark 125 micron daplacements

5. Record the outpet Iroen the Sber a0 & hantion of
deplacernent. The fiber Das & sofl Sefber W AT Peviod of
mmmmmmmmmmm
for the traramitied power to come % equidivasmn In sa
u'dmnﬁmlhwéqiumn
wonkd e replaced by having the cormugaed srlsces a-
lached 10 hwo awisces whose relative posithon is to be
measeed

foer
-~ | | Retewnng e
Sowrce |

La
B l !

Flgure 9,11, Drewing shoming light emitied by cae
fiber, reflected by the scarbry swrface, and recedved
hnwm.hdlw&uhl‘w
Afferest ey to surface distances.

Figore 5,12, Use of the FM 1 Mode Scrambler as &
My optic micrebend displacement senscr.
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10.0 PROJECT #10:
SINGLE-MODE
INTERFEROMETRIC
SENSORS

The previoan project srvestigated multinode Inteasty
sesces. Thio peogect will look of singlernode vierlesonetric
seaoes. Thew season Gifer from mallisode sensors, ot
only 1 e type of Sber wand, bt in the [act Bl they
detect phase changes rather than the aneasity of the rans
mitted Bt These phase changes are Cansed by e cliects
which ay of a wariety of pliysical paramsetons may have on
the Sher Zeeldl

I the comrpe of this project, you will constrct &
single oacsde Sbwer mterierorneter a0d uae B to swasore
changes 0 Serperatine and poessare. You will are (hat (hin
techbgee aliney for e construction of sermon which have
N sensdInity and Ngh sescdiution

10.1 INTERFEROMETRIC SENSORS

Interferomenric seaaors aw soplinticated season
whicch detect the infuence of plysical perturbation on e
phase of 1he Ight propagatiog i» a sngle-mode Sber These
setmors olffer The podentisd of extremely Bigh seastivity,
el abso revgerre 1he hest digle-aode (Der technology avall
able A thely construmion The mosd commos phase wo-
sors oee e Mach-Zehader lerierometer. The geometry of
15e Mach Zebhoder lerferomcter was descrited in Section
O3S A Sher optics verson & Shastrated in Fig. 0.1 The
frwt Dearmapiitior of Fig. 0.24 bs replaced by & Ndivectionsd
coupler and the Bgtt s lasnched into two siege-mode
e of equual lenghis. Thewe two Hbhers ceplace paii #1
and £2 and e mirroms of Fig. 0.24. One of the fhen
serves 2 e reference aom, which s kept nolated bom
external pertordatioos. wiile the other Bher serves as the
sensor armn of the imerierometer, which s exposad %o the
perturbation %0 de measered The extornal perturbation
Iaduces The phase shif In the wosdag arm by meam of &
change s the optical path length, which s caused by
change ia the indes of refraction of the glass of the ther
and/or a change in B leagth of e et The phase shis
it Getectied when Dhe wo beams are recombined at e
receiver end of (he sersoc. This resaldis In Irioges whikh can
be detected and cousted Setmors aslag the Mach-Zeboder
confgueston can be consirecied 10 mmeasare A wide variety
of piysical parametens, Iacheding siress, Srain, Aooesc
wyver, magnetic Sckd, xad lereperature. Sgle (ninde optical
fhers o emploped s semsors uaing oiher types of mderier
ometers, Ao, The best known of these s probaldy the
fider gyroncope lor measering rotation rales, which wses »
Sagrac istertercermter.’

When the Mach-Zatinder mterierocaeter has boen
constracsed, the Sghe from The two Sher taterferes to em
# series of bright and dark hrisgen. A chasgle in the phase
of B Igh 10 Be seasor fher with sespect 10 the phase of
e vt 0 Doe reference Bler appean as 3 daplacerent of
e fringe pamere, & phase change of Tv radam caswm &

e AT ATV SN W NG SN B W ey

[

T MM mom ottt A e e dnhaan dendet denofr by

1




-

;_

3= B+ LA (10-1)

The first fervm on Uhe right hand side of the equation
o dew 1o & change s the lengh of (he ber, while the
second Serm i Gue W & hange m Be propagation constast
The Jeogh, L, sow represents the bagth over which he
physical chasge affects the fiber. The quantity whikh we
sty wish 3o determine s the phase change per uait
Bher lergith per unlt of phoysical stimvalas, o)/ SL. where §
s the stevsaban. The magniteds of the stimabas can thes be
Wtasared by counting the shult of the fringes Sor & fder of
Kaown deracton kagth

10.2 INTERFEROMETRIC TEMPERATURE
SENSOR
As o exsecpie, constder De offect of &
change, ST which allects & lorggh, L, of the ey In e
sesant arm ol Bie nberferometer. There ave Two effects
which occur- the change of lengrth due 1 thermal expan-

son or comtraction, and the chasge of the propagation
conslart due %) e brmwrative degendence of Ihe index

SUTL) = @e/A) I/LISLAST) « a/iTy. (10
/ST = T - LT, - Ty

/8T = (1)) ~ (¥ IT, ~ T3

Foe e cuse of & humod dilca By and & HeNe laser
souece. the Sollowing values ke pare slics might be saed

VLI = 5 x 107/,
/T = 10 x 108C
» = LASA
mnd
A=A W'
This gives

SO/PTL) = 107 radlasa/ "C-m, 0y

whikh corresponds lo 1T frieges per "C per meter of fiber
This final wadoe mvast be takon s an order of magnd-
tade calorlaion. snce both the thermal expansion coeffh
Gt and the derrperstare depeadence of Die index of
relraction cas vary greatly for mudticomponent glasses
sch as thone in optical fibens o/ IT may even be negative

=)




-

I o casenh. Mowewer, (s does show Dal even using &
resohrson of oow fringe s & very comservalive estinalie
yiekds & resodution of <004 "Com for 2 daglemode inter
ARt ric SeTiperatone seTaot

10.3 INTERFEROMETRIC PRESSURE
SENSOR

As & socoad example. consider the effect of & poes
ware, . on & lerggh of fber, L [The following derivation” »
qate lavoived Staderds who hive not had an wpper-
dvislon coune in soldatale plasics af the Sevel of Kited!
should proceed fo Eq 109 ] I the peessure s Botroph,
then any compoent of fhe srem can be wellen & o = -
The scomponent of the strals can thee be writhen &

o = M-V (Ll

where » s Polsson’s mtio aad K b Yousg's modutun. The
At term of Eq 101 Secomen

Bl = Bep = -MI-2UPIL (185
o = ) = e e tpd  (07)

The second teron of Eg 101 refiects the stralo-optic
etfect where the strain Aangdes (he refractive ndex of the
where p,, and p,, are cloments ol We dranopic tess
Combining e last theee sguations yirkh

fber. (Thete i also & contribation fom the change of 1
Sumeter of (he fber due 30 Dhe poessure, bast Dl derme b _
segligiic compaced 4 1he others )
LAY = Lids/dn) dn (105
The chasge in the ndex of pedaction may be caku-
Mted from the change in the apticad lndicatriy, §1/07) Tho
change n e refractive ndex is found lo be
S = 200 (120K [n - Vo Dp, o p 108
i
e

Aptin assurming & HeNe source and a pare sbca
et we dane

0= LASG
E»7 x 0rNw,
P = 0N,
P » 000,
a =007,

A=SR8 x 10*m.
Thin resaits in

B IIE————




SO = 409 x W nndan/ Ta-m. 110%

which comesponds 10 & Singe shilt bor each 154 WPam o
I2.3 paean. Again, this s really an order of magniinde )
culation, wnce, for mali-componeat glasses, Young's mode
has may vary by mose 1han 20°%, and Polson’s ratho may
vary by & baotowr of 7 fromn Saat ssed 0 1his exaongle.

104 POLARIZATION PROBLEMS

The polartration of the light travelng in the mneriers
metric sevacr s lmportant becanse |l the polarizatons of
the bwo cutpat Seama are 1ok plane paraliel, sharp Iringey
will not be seen. In the wont case. when 1he hwo polarize.
thoes ave anthogoaal 1o each other, 20 inderference wil
ocowr ot M Section 0.3.5)

When loeg lengiths of (et aoe used in Bie mlerieron
eler, polarizationgreserving fiber of the type iervestggated
In Project 4 is used. This assares Bial the outpet besen wil
be plane polariced ba the same deoction as of the inpet
and Dl sharp runges will be cbtaised When abort bengihs
Oof fdet. such as the approximadely two meten roguired for
This peagect, are tsod &2 the inferdcrometer, standard sige-
mode Sber muy bo wed ¥ plane-polartred Bght b banched
In the Rber, the Sght will slay pretly wel in B ooiginal
planepolaricod mode as oty A the perturbations whick
wield cause mode coupling are kept 10 & isisvers. The
outpel ends of the Sbers can then e manipulated 1o caume
the polaricatioon of the outpet boama 4o be parsliel.

This last stadement raay sosnd Sighly qualitative, Set
this approach works well Sor shorter Bbwr bmgthe, and
avokds the need v handiing asd Aligricg the polarizanon-
peeserving Sbery

103
L L B Jeunbomme, Fiver Opoca, P
ey asd Apgvcasons, Maroel MNew York) 10

2. G B Mocker, "Miberoptic sensiag of peessase and
lemnperatire” Applied Optics IX, 1445 (1979

3. C Katel, Invroducnon 1o Solid Ssete Mysics, Found
Edvon, Jobn Wikey & Soos (New York), 1971

10.6 PARTS LIST

Cate Dencription Qty.
AV 125 3 ther, 20 mwters |
N 22 Rervacoard I
U-1xar 1w HeNe Lasew |
~7 Lases momant |
M Clamp I
" R ) I
Fal6 Plver coupler (w0 lesn) |
M MIX Otgective bens |
Bl Badbdriver set I
FCL) Piver cleaver |
KIS 20 Screw W |
M Sicroseres post halder 1




NS Micro-anries post !
MM-1 Mirror saoust 1
PX-H8C Beamapliter cobw !
ras CRINod lers coupher 3
KGR GRIN#od berm 0 25pitch 3
s Pressare seosw asy base |
AGT Class vanadocer 3
F5n SM Darectional Coupler |

tan sethylese chiveide and woek well for b parpone.
Methyione chioride is toxic and can be absoched Bhrough
the skin. Any methylene chloride wikch gets 0n your sion
thoekd be wahod of! rmmediately | Laborstory weight set
for pressse senace.

10.7 INSTRUCTION SET

10.7.1 SETTING UP THE INTERFEROMETER

L Couple the ontpan of & polarived HelNe laser 10 any
one of the Mo Tems of a0 FSOGB snglemode didrectional
Coupler, wsing the FO16 coupler a8 you learsed 1o do in
Project 71 Section 348,10 The fibers wsed in this project
my be stripped esing oot lene chiloside.

2. Oeave the Iwo sutped ends Cueninng o the bidd
rextionsd coupler.

1. Oeawe the two pagtalh of 1he outpel end of Ihe
FS0OE Bidirectionad Coupler so that the two plgtads ace of
oqaal lengg®. Nemember, in coder o oblan sharp (risges.
the S0t optical path lengiin of e Dwo arms of e nder-
fercemeter, Som the post where e senior and relorence
beams are it 1o the poit where they arw tecomiined,
need 10 be egeal o withis the coberence leagth of Se
lasey (Section 0.3.4) The coberence leagth of B U- 0P
HeNe boer is 20 om )

4 Mount the MM T Misor Moust 00 the MSIM Moo
Series Post and place s I 1he NPH: ) MicroSeries Post
Holder. Place the FEESC Beamspliner Cude 00 g of the
MALL The Deasuspltter can be hedd in place with dostde.
wded Lpe. Adpait e heightt of the SeattapBitier 30 that &
matxhes the heghvt of the FA25 GRIN Rod Less Coupler.

5. Place as PRORISP GRINod Jers I cach of Lhe
P25 couphers. (Thix v shown in Fig. 5.5.) lenert ooe of
the Shery of the interferomneter o each of the F32S coup-
lers aad achent the Sber position s0 That e beam oot of
the GRINrod Jeos s well collsmated  Arcssge the F925
Couplers 10 That the beams croms ot Bhe conder of the beams-
pitter. Adjodt the beamaplitier 5o that the outpot beaan
from D two arms of the interbrometer overiap. The labo
oy setep of e nerferometer is howa Ia Fig. 102
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6 Two Deamis will be coming hoe the beazupditer
o1 M angics b each other. Either of hese bowrm may be
wied he viewing Irieges Mdock The wiwantod Seam and
Place & card in the path of the bean which you will de
\sing af & datance which gives convenbent viewlag of the
interference frnges. ek Mie lhem i the K923 couplers
sway from Se GRINOS denses. This will gve an adeguate
Leam expanuos @ Mat e taterference fringes cas be
Viewed eandy

T 1 lages with good contrast see aot (disined.
recheck your aligament of Step & I e beams do pot
osdacude progerly ot Both the petst whiere they croms af the
cemter of (e Deasupiiter aad wheve they overlap o the
cand, fringes will be &l 1o cbwerve. Il you wee muny
Soe iringes iastead of & balvepe patiern. you are off 0 Se
side of e imterference pattern. Adust Be fher b1 00w of
the FA25 couplers 1o fad the coner of the patters.

10.7.2 TEMPERATURE SENSOR

1 b8 the dmossion shove, & was loud that the
mwaum-mm
Sare depeaderst. You €30 et a good feedng Sor this by
Wyiag & sraple guaditatve demeroteaton. ANy the inderfer.
Omcter b been st v place year hand arousd oae of the
fbers withaue toackiag it The heat froem your hasd will
Canne 2 rapid doplacemment of Be tringes, even Hougd you
are net iz duect contact with the Shwe. As you perions this
and e loliowing exercme. be aware of the eavirotenestal
conditions o yaw mdetiercencter, especialy if there i an
alr ConSIBUnNe! (Ulie! Dear your appRATItes

2 A ungle uantilatar expeTimert to calimate The
emperatine seradivity of the trtrrferometes (an be dooe
g e, Before dolag the experiment. use the data from
£ 100 1o cakutate e expecied Irisge doplacerment
Between a Typicdd rooes temperatuse and 0°C Yous shoukd
91 2 value of aboutt 9 bringes kv an interaction beagth of
abost 1 inch (abost 29/ cmi)

3. Get scemw iov cubes aned allow them % tand st
Mhnhmunbuzm.l&qtdﬂ.q
"uaawmuwmtn
O°C ¥ they feel wet, then Dieir sarlace should e night
ac

& Lay ose of the e cubwes on o stralght section of
oo of B (hers 00 1he beeadbonrt. Became of the large
hermal mass of the breadboard, & may take 3060 seconds
Sor the fider 1o come 100 hermal equiiiem with Be ke
This will ensare that you have plenty of time % courst the
Fnges as ey change.

5. Compare thwe sumber f fringes which you cousted
Wil Dhe value that you gt when you did e caloufation in
Nep 2 Mow good is the “oeder of mageitade” calcudation
ladiag to Eg 37

=
D

S ——
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Figwre 103, Assembiing the preasure senser for this
experiment.

10.7.3 PRESSURE SENSOR
1. Set ap the FKPS peesaure wnsce assenddly twhict

Since you will not be coupling Sght theosgh &, you will act
el 15 rabie i wp 0n posts s pou dd helore.

2. You will use two phocms of the glass ransdocer,
FRAGT, o the seppiien for Profect #9. However, Syl fame
you will ot be passsg Eght Sroogh them %0 s
prosswre. Lay coe of the pleces of gham on B1 side In the
ansorchily, & shown 1 Fig. 10.3. Cut twe thin dices from &
- Lay coe ca top of the gas. Place oae of the
this. Lay the second plece of exaser on top of
MMMQWNd”m”d
the whide awerrbey

3. Bring e bever arm of the PXPS down o0 g of
s stack and adjunt the screw 40 that She arm s level

& Now add welgh 1o the lever aem and sveasee Se
Ve Goplacenaent an 2 haxtion of added wet

5. Calcadate, wiing Eq 109, the expected Iringe &
placerment for (e amount of weight which pou added
Even though you are ssiegg & st nudber materind arousd
mmnamuummm
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Projects in Fiber Optics (FKP-STD)
Equipment List

Description Quy. Model # s vt bom
Hase 2 s Chvack, Nber
Kit, thumbacrew, | /420 1 N2 RBreadboard, 2x2
Clawmp eniversal 3 M2 Lena, objective, 20x
Cospler, directional AV ] Mo Lena, objoctive, $0u
Cawpler, fiber. w0 lese ! ML TPV Holdder, lena, sbfective
Cospler, tiher. CEIN lonn 2 "M Moent, mirrer
Adapier, in-line s M Collar
Connecter halves, flor F-MLIDY) 10 M- Heoldes, mbro series
Cleaver. fiber ] M Toat, mboroserbes
Card, 1 KiX-2 Stage, rotathen
Fiver, 100/ 140 MM, 50 1 SKO0s K, screw 8.2
Fider, 1000 140 NN, 500 1 SK2s Kix, serew, /420
Pixtere, spluce 1 sn2 Mot
Sploe, ey 19 commn 1 ha Pt
Fiber, pol preserving 10 m 1 1mar Laser, HelNe, 1 mvw, polarised
Fiber, 125 5M. 20 i VN2 Holder, post
Fiber, 47125 5M. 20 ] WC Clamp
Fpony, 20 phgs. ] 41 Red sbort
Lagpleg Sheeta, 180 count ' 12145 Stage, treasdaticon
Flature, polisbiag ' ma Bundle, Bdver, bifurv ated
Set, balddriver ] -7 Viownt, bases
Cube, bommap licser ] 13 Meder, puroer
Coupler, Slcandcnd, MM ] PRORTEXY Apple alimsns Hasdhrooh
Asay.. detecton 2
Diriver, RDAED, + Mser 1 Optiose
Loas, GRIN, w/ filter {2 count) 1
Lows, GRIN, w0 fiker (2 count) 2 FamlL Microscope, lnapection
Leas, GRIN. 0. 29 plich (X comnt) 1 FPIFHI Adapter, bare fibser (fowr F-ML1)
Trassdecer. glass 2 FPAFPH Adapter, fber chack (Jor FAL1)
Assy , lightemitting diode 1 FPaCas Adapter, SMA (for F-MLY)
Asey . setmor, Ngabd beve ) 1 Fax: Breaker, fiber
Base. asey . mokiplecer 2
Podaricer, shoet 1
Barc, asey , preesers se s ] NOTE: Model nsmbers with FXpeefis are avadlabie only
Speaker, cutpen 2 with Projects ba Fider Optics, They are not listed o
Tape deck. multighener 2 Newpart's General Cataleog
Mode scrambler My oqte ]
Poaltioser, fhver 4
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