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Abstracr We haveobserved two k i n d s o f  o s c i l l a t i o n  i n  t h e  i n t e n s i t y  
t ransmi t ted  by l iquid- core f ibers  as a func t ion  o f  t e r n p e r a t u r e .  The 
f a s t e r  osc i  1 l a t i o n s  are  i n te rp re ted  as due t o  i n t e r f e r e n c e  be tween  
var ious mode groups o f  the c i r c u l a r  f i b e r ,  whereas a slower modulation 
w i t h  per iods an order o f  magnitude l a rge r  are  caused by beat ing among 
rnodes belonging t o  the same mode groups which a re  non-degenerate due t o  
core e l l i p t i c i t y .  A simple theory i s  shown t o  y i e l d  good agreement w i t h  
our data and has been app l ied  t o  make h igh- prec is ion  n o n - d e s t r u c t i v e  
rnsasurements o f  core rad ius  and core e l l i p t i c i t y  along the f i b e r  length. 

1. INTRODUCTION 

Optical  f i b e r s  support a f i n i t e  number o f  guided modes w i t h  

d i sc re te  propagation constants a t  .any given w a v e l e n g t h  o f  the 1 i g h t  

rad ia t i on .  Simpl i f i e d  theo re t i ca l  expressionsl have been d e r  i v e d  f o r  

mode parameters i n  the case o f  f i b e r s  w i t h  c i r c u l a r  symmetry and asma11 

d i f f e rence  between the  r e f r a c t i v e  ind ices  o f  core and c ladding.  I t  has 

been found tha t  the modes are  approximately 1 i n e a r l y  po la r i zed  (cal  led  

LP rnodes) and t h e r r  normalized propagation constants can be expressed 

as a f unc t i on  of the normalized frequency v o f  the f i b e r s  g iven by 

where X i s  the r a d i a t i o n  wavelength i n  vacuo, a i s  the f i b e r  core  radius 

and nc and n are  the r e f r a c t i v e  i ndex  of the core and c ladding re-  

spect ive iy .  The propagation constant B o f  any gulded mode i s  r e s t r i c t e d  

t o  the range nk<6<nCk where k = 21~11. ~ l o ~ e '  has ca lcu la ted the 6 í v )  

curves by so lu t i on  o f  c h a r a c t e r i s t i c  equatiori  f o r  low-order modes and 

determlried the c u t o f f  V-values (v ) f o r  these modes. 
C 

The number of guided rnodes depend on the  v-value o f  the  f i b e r .  

As O increases, the number o f  guided modes w i l l  increase. I n  g lass f i b -  

ers, a way t o  vary V i s  t o  employ a wavelength tunable source o f  r a d i -  



a t i on .  Singlemode o p t i c a l  f i b e r s  have been c i iaracter ized by the c u t o f f  

wavelength o f  the LPII  mode using t h i s  tecl inique * . I f  1 i qu id  i s used 

as the core ma te r i a l ,  V can a l s o  be var ied  by heat ing  t h e  f i b e r  ex- 

p l o i t i n g  the  h igh  temperature dependence o f  the l i q u i d  r e f r a c t i v e  index 

n This technique has been used i n  our labora tory  t o  study node cu t -  
C' 

o f f s 3,  and the r e s u l t s  were i n  good ayreement w i t h  the t h e o r e t i c a l  
1 

values . We have a l so  shown how the core- radius can be o b t a i n e d  f r o m  

t h i s  k i nd  o f  study. 

I n  t h i s  work, the b i re f r ingence induced by a small core e l l i p -  

t i c i t y  i s  detected by the presence o f  o s c i l l a t i o n s  i n  the pa t te rn  o f t h e  

transmi t t e d  i n tens i  t y  vs. temperature. An envelope o í  per iod  about 0.5'~, 
O modulates another set o f  o s c i l l a t i o n ç  o f  per iod  0.05 C .  The l o w e r  

per iod  corresponds t o  in ter fe rence between d i f f e r e n t  LP mode groups and 

the envelope corresponds t o  i n te r fe rence  between degenerate modes of the 

same mode group. The experimental data are  discussed base i n  the two 

mechanisms o. ln ter fe rence and f i l l i n g  the data t o  the theo re t i ca l  ex- 

pressions we der lved values f o r  the core radius and i t s  e l l i p t i c i t y .  

This technique o f  geometrical cha rac te r i za t i on  i s  more accu- 

r a t e  than the crosseci p c l a r i z e r s  technique4 and csn be easi  l y  a p p l  i ed 

t o  h igh  p rec i s i on  measurements o f  core rad ius  and e l l i p t i c i t y  o f  hol low 

f i b e r s ,  w i t h  the advantage o f  being non-destruct ive.  

As mentioned e a r l  i e r ,  weakly g l i id ing  mode theoryl  g i v e s  a p -  

proximate a n a l y t i c a l  so lu t i ons  f o r  the  mode parameters. I n  our work3 we 

have surnmarized the basic concepts o f  t h i s  theory.  Here we consider the 

basic equatlons needed t o  descr ibs the  o s c i l l a t o r y  behaviour o f  the i n -  

t e n s i t y  pa t te rn  using r e l a t i v e l y  simple expresslons f o r  i n t e r f e r e n c e  

betweeri two o r  three guldod rnodes and ca l cu la te  the fr-equency o f  t he 

o s c i i i a t i o n s  i n  terms o f  the f i b e r  mode parameters. A b r i e f  d iscussion 

o f  b i re f r ingence I n  op t i cs  precedes the d e r i v a t i o n  o f  expressions f o r  

the per iod  o f  the o s c i l l a t i o n s  i nvo l v ing  beat ing between the components 

belonging t o  d l f f e r e n t  p o l a r i z a t i o n s  o f  the same LP modegroup. 

A .  Basic Equations o f  the Beat Phenoniena 

Consider the case o f  many mades being propagated by the f i b e r ,  

a length  L o f  whlch has been placed i n  a furnace. I h e  f i e l d  conf igur -  



-+ -+ 
a t i o n  c'(p,L) t h a t  resu l t s ,  neg lec t ing  mode coupl ing e f f e c t s  a t  t h e f i b e r  

where i s  the temperature dependent power loss  c o e f f i c i e n t  o f  the n t h  

mode i ns ide  the furnace; Bn i s  i t s  temperature dependent p r o p a g a t i o n  
3 

constant i ns ide  the furnace, p i s  the r a d i a l  vector ;  Qn and gn a r e  

respect ive ly  the pa r t s  o f  the phase and a  loss  fac tor  w h i c h  a r e  b o t h  

independent o f  the furnace temperature and dependent on the length  o f  

f i b e r  ou ts ide  the furnace, and N i s  a  normal iza t ion  parameter n 

Nn = [ I  9; d2p 1 1/ 2  (3)  

The i n t e n s i t y  a t  a  c e i t a i n  d istance from the f i b e r s  output  i s  g iven by 

The f i e l d s  rh (p )  a re  the f i b e r  mode f i e l d s  I,(;) where the prime i n d i -  

cates a  poss ib le  i n teg ra l  t ransform due t o  r a d i a t i o n  t o  the f a r - f  i e l  d  

l oca t i on  i n  the detec tor .  

The t o t a l  power t ransmi t ted  through an area s mcasured by the 

detec tor  whjch i s  placed a t  a  sma1.l d istance from the output  end o f  the 

f i b e r  i s  g iven by 

(5) 
T h i s  can be w r i t t e n  âs a  sum over the  power con t r i bu ted  by i n -  

d i v i dua l  modes p lus  interferente terms between mode pa i rs ,  i n  the form 



where the symbols used are:  

Pn = output  power i n  the nth f i b e r  mode om i t t  

f = f r a c t i o n  o f  l i g h t  i n  the nth rnode which 

fm = intermode over lap  i n teg ra l  a t  the detec t  

ing loss  i n  the furnace. 

i s  detected. 

ing surface, g iven by 

where the i n teg ra l  i n  the numerator i s  performed over t h a t  p a r t  o f  the 

detec tor  surface which i s  exposed t o  the l i g h t ,  and those i n teg ra l5  i n  

the denoninator are over the e n t i r e  plane o f  the detec tor  surface.  

In  order t o  observe in ter fe rence i t  i ç  necessary t ha t  fm # 0. 

I f  nkn, by mode o r thogona l i t y  we have f = O i f  the detec tor  i s  placed m 
so as t o  detec t  a1 1 the emerging 1 i gh r .  I t i s  there fc re  n e c e s s a r y  t o  

enhance the in ter fe rence by t runca t i ng  the f i e l d  over the detec tor  sur- 

face by means o f  a  spa t i a l  f i l t e r .  

Eq .  ( 5 )  descr i  bes a1 1 temperature dependence o f  1 o s s e s  and 

in ter fe rence through the temperature dependence of \ and Bm respect- 

I ve l y .  I n  order t o  descr ibe the mode c u t o f f  e f f e c t  as a  f u n c t i o n  o f  

temperature, no more d e t a l l l e d  theo re t i ca l  ana lys is  1s needed, e x c e p t  

the observat ion tha t  the cu to f f  o f  the nth mode i s  def ined as the po in t  

where exp(-a L )  vanishes. On the o ther  hand, t o  exp la in  the mode i n t e r -  
n 

ference, exact expressions fo r  the re levant  Bn(T) are  needed. These 

funct ions depend on the moda1 p rope r t i es  o f  the f i b e r ,  as we l l  a s o n t h e  

ternperature dependence of the r e f r a c t i v e  index o f  t h e  1 i qu i d  c o r e .  

Measurements o f  che in ter fe rence pa t te rn  o f  a  r e l a t i v e l y  small number 

o f  rncdes (two o r  three) would, i n  p r i n c i p i e ,  a l l ow  fo ;  a  rneans o f  

s t d y i n g  propagation p rope r t i es  o f  f i b e r  lengths equal t o  t h a t  overwhich 

i t s  temperature i s  var ied .  

B. Interferente o f  two modes 

Jo in lng  terms which a re  i r r i l e v a n t  t o  the present discussion, 

eq. ( 6 )  takes the form 



s h o w i n g  e x p l i c i t l y  on l y  the in ter fe rence term. Considerir;g the tem- 

perature as va r i ab le ,  the frequency o f  o s c i l l a t i o n  i s  def ined by 

I n  seceiori D we de r i ve  an expression f o r  v12(T) i n  the case i n te r fe rence  

between two LP mode groups o f  the c i r c u l a r  f i b e r .  

C .  In te r fe rence o f  th ree modes 

For the case o f  th ree modes, showing again e x p l i c i t l y  on l y  the 

in ter fe rence terms, eq. (8) takes the form 

.c r,, COS[(B,-B,)L + 4, - 41~1 + C13 cos [ (B1-B3)~ + - 6, 1 (1 0) 

This ra ther  complicated expression f o r t u n a t e l y  s i m p l i f i e s  t o  a  forrn 

which i s  cor is is tent  w i t h  the data, i f  c e r t a i n  r e l a t i o n s  among the con- 

s tants  C and Bn are  assumed. Thus, take B1=B, and C13=C2,. The f i r s t  
m 

cond i t i on  i s  s a t i s f i e d  when modes 1 and 2 belong t o  the same LP mode 

group. The second cond i t i on  requii-es equal i t y  o f  powers and o v e r  l ap 

f rac t ic 'ns ,  p1=p2 a n d - ~ @ ~ ~ = f ~ ~ ,  which i s  a l so  l i k e l y  t o  be met when the 

modes 1 and 2 belong t o  the sarne LP group. Eq. (10) then becomes 

The t h i r d  term i n  t h i s  equat ion i s  the most important f o r  the 

purpose o f  t h i s  work. I t  o s c i l l a t e s  a t  the frequency 

whi l e  ! t s  anipl i tude i s  modulated a t  the lower frequency v i 2  (T) <<vI3(T) 

The second t:erm l n  eq. (1 1) r e s u l t s  i n  a bending of the t h i  r d  t e m .  The 



osc i  1 l a t o r y  behavior p red ic ted by eqs. (12) and (13) was observed in  the 

experiments. 

Now we can de r i ve  e x p l l c i t  expressions f o r  the beat per iods i n  

terms o f  f i b e r  mode parameters. I t  i s  assumed t h a t  the smaller p r r i o d i s  

due t o  in ter fe rence between two d i f f e r e n t  LL mode groups and t ke  l a rge r  

one i s  due t o  b i re f r ingence inducea by core e l l i p t i c i t y .  

D.  Beating between d i f f e r e f i t  L,P mode groups 

When the two rriodes t h a t  i n t e r f e r e  are  those o f  the c i r c u l a r  

f i b e r ,  the beat per iod  due t o  the d i f f e rence  i n  6 ' s  corresponding t o  

d i f f e r e n t  LP rodes can be ca lcu la ted from Gloge's theory. Accordingly 

we f ind i t convenient t o  use i n  p iace o f  B the paraneter 5 def ined byl 

b = [(f3/nk) - I]/A ; A = (r,  C - n ) / n  (14) 

The mode parameters are  given i n  terms o f  b by 

w = vJG 
and 

u = v C 5 '  

Di fe re r i t l a t i ng  eq.( i4)  w i t h  respect t o  the ternperatcre T, and using eqs 

(15)  and (161, we ob ta ln  

The d e r i v a t i v e  ab/av rnay be e l im inated by means o f  the r e l a t i o n  

where 

a - (bv) = b + 2 ~ ( l - b )  a V 

K = K;(W)/K~-, (w )K~+ ,  ( w ) '  

Uslng Gloge's eq. (29) f o r  Pc/Pt, the r a c i o  o f  power guided by the core 

t o  t o t a l  power, eq. (17) becomes 

By eq. (12), the per iod  o f  :he beats between two d i f f e r e n t  L P  modes 

having the values Pc J / P t ,  and Pc /Pt respec t i ve l y  f o r  the f r a c t i o n  o f  
1 1  

power i n  the mode t o  the t o t a l  power, i s  g iven by 



The behavior o f  eq. (20) .'or var ious mode pai r s  i s  l l l u s t r a t e d  i n  f i g .6 .  

Each curve shown i s  d iscont inued a t  the cu t - o f f  p o i n t  o f  one o f  the 

members o f  the correspondiny p a i r ,  except f o r  the p a i r  LP,, and LP,,, 

which has the same c u t - o f f .  Far frorn cut-of f ,  Pc/Pt approaches u n i t y  

f o r  a l i  modee, so tha t  accordingly t o  eq. (20) t h e  b e a t  p e r i o d  a p -  

proaches i n f l n l t y .  Close t o  c u t  o f f ,  the r a t i o  P /Pt i s  a  minimum f o r  
C 

the mode In question, r e s u l t i n g  i n  the smal lest  value f o r  the beat per-  

iud.  

E.  Geometry Induced B i re f r ingence 

The o r l q l n s  o f  b i re f r i ngence  a re  twofold:  1) an e l l i p t i c i t y  i n  

the core; 2) the presence o f  an asymmetrical res idua l  s t ress  d  i s  t r i - 
but ion  i n  the case o f  sol  i d  core f i b e r s .  I n  the case o f  1 i q u  i d  c o r e  

f i b e r s  the l a s t  f a c t o r  i s  absent. 

A I l nea r l y  po lar ized l i g h t  beam inc ident  i n  tt ie d i  r e c t i o n  o f  

the f i b r e  a x i s  can be conr idered t o  be spl  i t  i n t o  two wave componen ts  

po lar ized alonq the pre fer red axes o f  symmetry denoted x , y respect-  

i v e l y .  Nominally c i r c u l a r  core s ing le  mode f i b e r s  are  s l i g h t l y  e l l i p t i -  

ca l  and consequently possess two non-degenerate orthogonal modes o f  

propagat!on constants, f3,c and On emerging from the end face o f  the 

f i h e r ,  these modes have a  phase d i f f e rence  6 = (6 -f3 ) L ,  so t h a t  i n  t h i s  " Y 
b i r e f r i g e n t  model, the l i g h t  w i l l  experiente two guide r e f r a c t i v e  i n -  

dexes and the phase re ta rda t i on  i s  temperature dependence. The b i r e f r i n -  
5 gent induced by small e l l i p t i c i t y  f o r  R=O i s  g lven by 

where e 1s the core e x c e n t r i c i t y  g iven by 

(minor a x i s  1/2 

e = L - i K j o r  axis]:] 

For %>O, even and odd p a r i t y  modes e x i s t  c o r r e s p o n d i n g  t o  

cos(R$! and s in (h$)  so lu t ions .  The corresponding propagation constants 



are denotcd BQ and 8,  respect ive ly .  The d i f f e rence  Be-B0 fo r  the s l i g h t l y  - 
e l l i p t i c a l  f i b e r  can be ca lcu la ted from pe r tu rba t i on  theory, y i e l d i n g f o r  

In  the muldimode case, the importmce of the e x c e n t r i c i t y  e f f e c t s  r e l a -  

t i v e  t o  f3 s p l i t t r n g  o f  exact EH and HE~+i .m modes belcnging t o t h e  
R-l .m 

LPh group, may be dercr ibed by the parameter A def ined by Snyder and 

I f  the exce r ; t r l c l t y  parameter i s  IA1 << 1, the rnodss o f  the e l l i p t i c a l  

f ibi-í! are the t r u e  EH, HE modes of the c i r c u l a r  symmetric wave-gu i d e ,  

wh i le  i f  / i Z / > > l ,  the modes a re  the L? modes (un i fo rmly  po la r i zed ) .  

F .  Kodulat ion Induced by Core E i l i p t i c i t y  

The per iod  o f  slow modulation PD pred ic ted when t.hree modes 

i n t e r f e r e ,  i s  given by e q .  ( 1 3 )  and can be w r i t t e n  as 

When the b i re f r lngence i s  i ~ d u c e d  by a small e l l i p t i c i t y  i n  the coreand 

l A I > > 1 ,  the observed beat ing occurs between the two p o l a r i z a t i o n s  o f  the 

same LP mode. 

I n  the p a r t i c u l a r  case R = ] ,  d i f f e r e n t i a t i o n  o f  eq. (22) w i t h  

respect t o  temperature y i e l d s  

a  
(6 - 6  ) =L + u 2 L  a r  (22) 

where 
O 8na2n 

a u v P  
a=-.--- - (26 j 

Subs t i t u t i ng  i n  eqs. (26) and (27) i n  eq. (25) g ives 



iherefore,  eq. ( 2 4 )  becomes 

Th is  equation gives the per iod  o f  b i re f r i ngence  i n  L P I 1  mode inducedby 

core e l l i p t i c i t y  and was used t o  ca l cu la te  the low frequency per iod  ob- 

served i n  the experiment. 

3. EXPERIMENTAL 

Jhe experimental arrangement used t o  measure the  t ransmi t tad  

l i g h t  i s  g lven i n  f i y . 1  and descrlbed i n  d e t a i l  i n  Kef.3. The heat ing 

ra te ,  below 0.5'~/miri was s u f f i c i e n t l y  slow so tha t  the systcm could be 

maintained i n  quasi- thermal equ i l i b r i um.  I n  most cases, t ransmi t ted  and 

scat tered i n t e n s i t i e s  were maasured simultaneously. Measurements were 

done dur ing  the heat lng as we l l  as dur ing  the coo l i ng  process i n  order  

t o  check f o r  the r e p r o d u c i b i l i t y  o f  the r e s u l t s .  

F1g.l - Block diagram o f  the experimental arrange- 

ment: 1 - HeNe Laser; 2 - Power Meter; 3 - Beam 

S p l i t t e r ;  4 - L iqu id  Ce l l ;  5 - Furnace; 6 -Therrno- 

couple; 7 - Temperature Con t ro l l e r ;  8 - D i g i t a l  

Vo l t lmeter ;  9 - Voltage Div ider ;  10-Chart Recorder; 

1 1  - F iber .  



Fig .  2  shows the v a r i a t i o n  o f  the t ransmi t ted  I n t e n s i t y  o f  

f l b e r  D as i t s  temperature was var ied .  The f i b e r  has l l q u i d  p a r a f f i n  as 

the  core mater ia l  (nD (20'~) = 1.46403 w i t h  5.5 um rad lus .  As the tem- 

perature i s  lncreased, besides mode c u t - o f f s  marked by a  sudden drop i n  
o 

the l n t e n s l t y ,  pe r l od l c  o s c i l l a t i o n s  occur i n  the reglon o f  25 t o  29 C. 

By v i sua l  observat lon o f  the near f i e l d  p a t t e r n  and the f a c t  t h a t  the 

o s c i l l a t i o n s  dlsappear a t  cu t- o f f ,  one could v e r l f y  t h a t  one o f  the i n -  

t e r f e r i n g  modes belongs t o  the LPO2 mode group. The o ther  i n t e r f e r i n g  

mode group i s  expected t o  be e i  ther  the LF, ,  o r  LP,, . As s  hown b e l  ow, 

o n l y  the in ter fe rence between LP,, and LPO2 mode groups can e x p l a i n  

the observed data. 

Fig.2 - Transmitted l n t e n s l t y  o f  f i b e r  D as a  f unc t i on  o f  tem- 

perature and v-value. V . and VcT a re  the experimental and theor-  
CE 

e t i c a l  mode c u t  o f f  p-values, respect ive iy .  

F lgure 3 shows the v a r i a t i o n s  i n  the  t r a n s m l  t t e d  i n t e n s i  t y  

when ths  f 1 ber A was heated (heavy p a r a f f  in ,  nD = 1.4700 a t  20°c, 6.0ym 

core rad ius)  . The mode c u t - o f f s  i n  t h i s  case are  not  rnarked by any ap- 

p rec lab le  drop I n  i n tens i t y ,  due t o  the  f a c t  t h a t  very l i t t l e  e n e r g y  



was coupled i n t o  the hlgher order modes. Between 47 and 4a0c the osc i  l- 

l a t i o n s  have a complex s t r u c t u r e  reminiscent  o f  in te r fe rence between 3 
o r  more LP modes. The ! n t e r f e r i n g  modes i n  t h i s  region were i d e n t i f i e d  

as being LP,,, LP,, and LP,,. The o s c i l l a t i o n s  disappear a t  the L P L 1  

modecut o f f ,  a t  about 51°c whereon l y  thefundamental  LP,, mode i s  

guided. 

L i .  I - I 
53 5 1 49 47 - TEMPERATUHE ('C) 

Fig.3 - Transmitted i n t e n s i t y  as a  f unc t i on  o f  temperature and 

v- value f o r  f i b e r  A .  

Refer r ing  again t o  f i g .2 ,  we n o t i c e  the lack  o f  o s c i l l a t i o n s  

i n  the reg ion below u=4. This i s  due t o  the f a c t  t ha t  a11 1 i g h t  i n  the 

i n t e r f e r i n g  modes f a l l s  on the detec tor .  However, the ampl i t u d e  o f  

in ter fe rence between modes may be enhanced by t r u n c a  t i ng t h e  f i e1 d  

pa t te rn  o f  the modes involved on the detec tor  s u r f a c e  by  p l a c i n g  a  

p inho le  o r  o ther  spa t i a l  f i l t e r  i n  f r o n t  o f  the detec tor ,  thus he lp ing  

i n  prec ise  nieasurement o f  the per iod  o f  o s c i l l a t i o n s .  On the o ther  hand, 

t h i s  may complicate the in ter fe rence o f  h igher order  modes. Figures 4 

and 5 shows such an enhancement i n  F ibers  B and C respec t i ve l y .  I t  can 

be c l e a r l y  s e m  tha t ,  below 2g0c, almost a11 the g u i d e d  modes i n t e r -  

fered causing a  complex s t ruc tu re  i n  the t ransmi t ted  i n t e n s i t y  pa t te rn .  



L i  
31 32 32.5 

TEMPERATURE (OC) 

Fig .4  - Transrnitted intens 

and v-value w i t h  a pin-hc 

i t y  o f  f i b e r  i3 as a f unc t i on  o f  ternperature 

,'te i n  f r on t  o f  the detec tor .  

I 
1- I I 
28 29 30 3 1 32 

TEMPERATURE ("C) -- 
Fig.5 - Transrnitted i n t e n s i t y  as a func t l on  o f  temperature and 

V-va lue  f o r  f i b e r  C, w i t h  a p ln -ho le  l n  f r o n t  o f  the detec tor .  



4. DISCUSSION 

The experimental r e s u l t s  show two types o f  o s c i l l a t i o n s ,  one 

w i t h  per iod  -r,, ranging between 0.02 and 0 . 0 8 ~ ~  and anather as beats 

o f  per iod  T,, ranging between 0.3' and 1.3O.  We discuss below these os- 

c i l l a t i o n s  and exp la in  them on the basis o f . i n t e r f e r e n c e  betweenLPmode 

groups and b i re f r i ngence  induced by core e l l i p t i c i t y .  

A .  ln te r fe rence between d i f f e r e n t  LP mode groups 

As mentioned i n  sec t ion  3 ,  i t  was not  always poss ib le  t o  com- 

p l e t e l y  inder i t i f y  the set  of modes which csuse osci1lations,particularly 

i n  the case o f  i n te r fe rence  between higher order  modes. I n  most cases, 

however, i t  was poss ib le  t o  i d e n t i f y  v i s u a l l y  a t  l eas t  one o f  the  in ter -  

f e r i n g  mode groups w i thout  any ambigui ty.  The o ther ,one was then ident -  

i f i e d  by comparison w i t h  theory.  This was done i n  the fo l l ow ing  way:the 

normalized propagation constant  b f o r  the f i r s t  f i v e  LP m~des  was c a l -  

cu la ted using Gloge's theoryl and p l o t t e d  vs V i n  the  f i r s t  p a r t  o f  t h i s  

work3. 

Using Gloge's theory, the normalized propagation c o n s t a n t  b 

and the r a t i o  o f  the power c a r r i e d  out  i n  the core t o  the t o t a l  power 

c a r r i e d  by each mode Pc/Pt were ca lcu la ted f o r  the f i r s t  LP modes. I n  

t h i s  way the per iod  P, g iven by eq. (20) was ca lcu la ted and p l o t t e d  

as a  f unc t i on  o f  v ( f l g .  6) f o r  d i s t i n c t  p a i r s  o f  LPmode groups. The 

experimental values o f  per iods f o r  d i f f e r e n t  f i b e r s  were shown f o r  the  

LP modes i n  f l g .  7.. 

The c lose agreement between the theo re t i ca l  and experimental 

values seen here can there fore  be used t o  i d e n t i f y  which p a i r  o f  mode 

group are  involved i n  each in ter fe rence pa t te rn .  Moreover, the best  f i t  

o f  the theo re t i ca l  curve t o  the experimental data can be o b t a i n e d  by  

using the core rad ius  as an ad jus tab le  parameter. This t e c h n i q u e  f o r  

determining the core rad ius  o f  a  hol low f i b e r  i s  much more prec ise  than 

o p t i c a l  microscopy. From the data, the core radtus can be measured t o  a  

p rec i s i on  o f  b e t t e r  than 5%. This corresponds t o  a  p rec i s i on  o f  0.3pm 

i n  a  t y p i c a l  case. However, i n  the case o f  f i ber C, the core rad ius  was 

measured w i t h  O. lum o f  p rec i s i on .  



I-I 
3.0 4.0 5.0 V - 

F i g . 6  - v-dependence o f  the  t h e o r e t i c a l  p e r i o d  due 

t o  i n t e r f e r e n c e  between d i f f e r e n t  p a i r s  o f  Lp mode 

groups . 

F ig .7  - v-dependence o f  t h e o r e t i c a l  ( s o l  i d  1 ines)  and e x p e r i m e n t a l  

( p o i n t s )  p e r i o d :  A - f i b e r  A ;  o  - f i b e r  B;  I - f i b e r  C ;  O - f i b e r  F; V - 
f i b e r  0; e - f i b e r  E. 

244 



B .  B i re f r ingence Induced ln ter fe rence 

Considering again the o s c i l l a t i o n s  shown i n  f i gu res  (3,4,5) i t  

i s  seen tha t  a slow modulation o f  per iod  ranging between 0.3 and 1 . 3 ' ~  

appears i n  the region o f  2.4<u<3.8. On the o ther  hand, no o s c i l l a t i o n  

i s  observed i n  the reglon o f  single-mode propagation (v<2.4). I n  the 

presence o f  a smal 1 amount o f  core e l l  i p t i c i  ty ,  one would expect t o  see 

beat ing between the xLP,, and LP,, modes. Furthermore, the modulation 
Y 

o f  a the beat p a t t e r n  between 2.4 and 3.8 O-values should be caused by 

in ter fe rence between xLPO1, yLPOI, ,LPll and eLP1l modes. 

Usirig eqs. (21) and (22) i t  i s  poss ib le  t o  e x p l a i n  why the 

beat ing o f  the fundamental LP, ,  mode i s  no t  observed.The former equation 

shows a dependence o f  the b i  r e f  r ingence propor t  iona l  t o  and the 

l a t t e r  p ropo r t i ona l  t o  As o ther  terms are  o f  approximately the 

sane magnitude and s ince A<0.01, the b i re f r i ngence  due t o  core e l l i p -  

t i c i t y  i n  the fundamental mode i s  less  than 1% t h a t  o f  the LP,, mode 

group. The per iod  o f  o s c i l l a t i o n  pred ic ted i s  thus much greater  than the 

temperature i n t e r v a l  over which the f i b e r  i s  s i ng le  mode. The per iod  o f  

the beat ing due t o  the d i f f e rence  between the propagation constants o f  

the sane LP rnode groups (BHE-BEH) was ca l cu la ted  us ing  the ~ j a d e n ~  ap- 

proximat ion.  The per iod  which r e s u l t s  i s  about ten tlmes greater  than 

the experimental l y observed per iod .  Therefore, (BHE-BEH) << (fie-$,), and 

consequentl y i n  eq, (23), A >> 1 and the per iod can be ca lcu la ted f rorn 

the d i f f e rence  I n  6 ' s  o f  the po la r i zed  modes. 

Using eq. (30), a t heo re t i ca l  expression i s  obtained f o r  the 

periods, which i s  shown i n  s o l i d  l i n e  i n  f i g .  8. On the sane graph are 

shown experimental values f o r  the per iod,  which are def ined by the tem- 

perature d i f f e rence  between osc i  l l a t i o n  c res t s  ( i  .e. between peak values 

o f  osc i  1 l a t i o n  ampl i tudes) and the corresponding ternperature was taken 

t o  be half-way between peaks. The theo re t i ca l  curves were  f i t t e d  by 

using the prev ious ly  determined value o f  a, and then e was deterrnined 

by the best F i t  o f  the theory t o  the experimental data. We found t y p i -  

ca l l y  e ;  0.36 f o r  our samples, w i t h  an unce r ta in t y  due t o  the uncer- 

ta in ty  i n  the core diameter ranging frorn I0 .01 f o r  f i ber C, t o  + O .  03 f o r  

f i b e r  B. I n  add i t i on ,  the sca t te r i ng  o f  per iod  values caused a random 

e r r o r  i n C  o f  the order  o f  2%. 



Fig.8 - V-dependence o f  the per iod  due t o  e l l i p t i c i t y  

induced in ter fe rence between .LPl1 and .LPll mdes.The 

s o l i d  curves represent the theo re t i ca l  values cor re-  

sponding t o  experimental data f o r  f i b e r  A, B and C .  

The lenght reso lu t i on  o f  both types o f  measurement based on the 

maximum measurable beat per iod  (which corresponds t o  approximately the 

distance between mode c u t - o f f s )  f o r  our f i b e r s ,  turned out  t o  be less 

than 1 

t i c i t y  

theory, 

measur i 

crn f o r  the diameter measurement and about 10 cm f o r  the e l l i p -  

rneasurement. 

One not ices  the exce l l en t  agreement between e x p e r i m e n t  and 

which shows tha t  the technique provides an a c c u r a t e  way o f  

ng core e l l i p t i c i t y  o f  l i q u i d  core f i b e r s .  



We have used t h e  l a r g e  temperature dependence o f t h e  r e f r a c t i v e  

index o f  LCFs t o  v a r y  t h e  number o f  modes i n  t h e  f i b e r .  We observed os -  

c i l l a t i o n s  i n  t h e  t r a n s m i t t e d  i n t e n s i t y  caused by i n t e r f e r e n c e  between 

rnodes which a r e  c h a r a c t e r i z e d  by two d i s t i n c t  p e r i o d s .  The t h e o r e t i c a l  

i n t e r p r e t a t i o n  a l l o w s  i d e n t i f i c a t i o n  o f  t h e  modes i n v o l v e d  and p r o v i d e s  

s imul taneous measurement o f  c o r e  diarneter and e l l i p t i c i t y  t o  v e r y  h i g h  

p r e c i s i o n  and i n  b o t h  the  measurernents can be per formed on s e v e r a 1  LP 

mode groups, the reby  o f f e r i n g  a means o f  comparison and c o n s i s t e n c y  

check. T h i s  n o n- d e s t r u c t i v e  techn ique  o f  geomet r i ca l  c h a r a c t e r i z a t i o n  

can be extended t o  s o l i d  c o r e  f i b e r s .  

We acknowledge Telecomunicações B r a s i l e i r a s  S/A ( ~ e l e b r á s )  f o r  

f i n a n c i a 1  suppor t  and Profs .  Hugo F r a g n i t o  e A l v i n  K i e l  fo rmany  h e l p f u l  

d i s c u s s i o n s .  
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Resumo 

Foram observadas o s c i l a ç õ e s  na in tens idade  t r a n s m i t i d a  em f i -  
b ras  de núc leo  1 í q u i d o  como função da temperatura.  As o s c  i l a ç õ e s  mais 
ráp idas  se i n t e r p r e t a m  como devidas à i n t e r f e r e n c i a  e n t r e  v á r i o s  grupos 
de modos da f i b r a  c i r c u l a r .  As va r iações  mais l e n t a s  de per íodos  de uma 
ordem de magni tude maior  são causadas por  um ba t lmento  e n t r e  modos que 
pertencem ao mesmo grupo e que tem quebrado sua degenerescência dev ido  
5 e l i p t í c i d a d e  do núc leo .  Mostra- se que uma t e o r i a  s imples concorda com 
os dados e tem s i d o  a p l  icada para f a z e r  medições de a l t a  p r e c i s ã o  não 
d e s t r u t i v a s ,  do r a i o  e da e l i p t i c i d a d e  da f i b r a  ao longo de seu compr i -  
rnen t o .  


