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Abstract Transmitted and scat te red l i g h t  i n t e n s i t i e s  i n  l i qu id- co re  f i -  
bers as a Punction o f  temperature have been measured. Severa1 low-order 
mode c u t o f f s  have been observed a t  temperatures which agree we l l  w i t h  
the r e s u l t s  p red ic ted by weakly gu id ing  mode theory f o r  step- index op- 
t i c a l  f i b e r s .  The r e s u l t s  have been used t o  determine the core rad ius  
t o  a h igh  prec i  s ion.  The technique descr i  bed here can a l s o  be extended 
f o r  moni to r ing  temperatures i n  regions o f  d i f f i c u l t  access o r  sub jec t  
t o  l a rge  eletromagnet ic background. 

Basic theory o f  propagation o f  l i g h t  i n  c i r c u l a r l y  syrnmetricop- 

t i c a l  f i b e r s  considers them as cy l i ' nd r i ca l  d i e l e c t r í c  waveguides. i n  op- 

t i c a l  f i b e r s  designed f o r  communicatiún purposes, there  i s  ,ery small 

d i f f e rence  between the r e f r a c t l v e  ind ices  o f  the core 2nd c ladding.  If, 

i n  addi t i o n ,  the core r e f r a c t i v e  index i s  constant  ( step- index f i ber)  , 
s i m p l i f i c a t i o n s  i n  theory e x i s t  which a l l o w  f o r  a b e t t e r  understanding 

o f  a l l  the propagation phenomena. However, i n  p rac t i ce ,  y lass  f i b e r s  

s u f f e r  from a ser ies  o f  imperfect ions and i c  i s  d i f f i c u l t  t o  f a b r i c a t e  

an ideal  step- index f i b e r .  On the o ther  hand, l i qu id- co re  f i b e r s  (LcF 'E )  

a re  f r e e  from these imperfect ions and prov ide an exce l l en t  rnediurn t o  

study propagation p rope r t i es  o f  step- index f i b e r s .  E a r l i e r  work on the 

basic s tud ies  on LCF's can be d i v i ded  i n  f ou r  major areas o f  i n v e s t i -  

ga t ion :  

(a )  at tenuat ion '  

(b) mater ia l  and model d ispers ion2 

(c) s e l e c t i v e  mode launching3 

(d) p o l a r i z a t i o n  c h a r a c t e r i s t i c s 4  

However, none o f  the work reported tn  these areas i s  r e l a t e d  t o  

the theo re t i ca l  p r e d i c t i o n  o f  mode propagation i n  f i b e r s .  T h i s  i s  prob- 

abl  y due t o  lack  of technological  i n t e r e s t  because LCF1s, a l t h o u g h  

considered i n  the beginning f o r  use i n  o p t i c a l  communications, have since 

been e l im inated from the l i s t  o f  t ransmission media l a r g e l y  due t o  t h e i r  



c o m p l e x i t y  and d i s p e r s i o n  p r o p e r t i e s .  

On t h e  o t h e r  hand, g u i d i n g  parameters o f  LCF1s can be v a r i e d  a t  

w i l l  by v a r y i n g  t h e  temperature o f  a  segment o f  t h e  f i b e r .  S ince t h e  

r e f r a c t i v e  index o f  l i q u i d s  i s  g e n e r a l l y  h i g h l y  temperature dependent, 

t h e  guidance p r o p e r t i e s  o f  t h e  f i b e r  can be v a r i e d  o v e r  r e l a t i v e l y  l a r g e  

range. 

Thus LCF1s a r e  g i f t e d  w i t h  two major  s i m p l i f i c a t i o n s  f r o m  t h e  

v i e w p o i n t  o f  s t u d y i n g  waveguide p r o p e r t i e s  o f  o p t i c a l  f i b e r s :  (a) t h e y  

a r e  v e r y  c l o s e  t o  a  p e r f e c t  s t e p  index f i b e r  , and (b)  t h e i r  guidance 

p r o p e r t i e s  can be e a s i l y  v a r i e d .  

I n  f a c t ,  a  h i g h l y  mul t imode LCF, when heated, i s  expected t o  

show mode c u t o f f s ,  become single-mode i n  a  g i v e n  ternperature range and 

f i n a l l y  t r a n s m i t  no l i g h t  a t  a l l  when t h e  c o r e  r e f r a c t i v e  index equa ls  

t h a t  o f  t h e  c l a d d i n g .  There fo re ,  t h e  same f i b e r  can be s t u d i e d t o o b t a i n  

i n f o r m a t i o n  about t h e  p ropaga t ion  i n  s i n g l e  mode f i b e r s  w i t h  s tep- index  

p r o f i l e  - a  s i t u a t i o n  d i f f i c u l t  t o  ach ieve  i n  g l a s s  f i b e r s .  

I n  t h i s  work, we have renewed i n t e r e s t  i n  LCF1s and measured 

' t r a n s m i t t e d  and s c a t t e r e d  r a d i a t i o n  i n t e n s i t y  i n  a  l i q u i d  c o r e  f i b e r  as  

i t s  temperature was v a r i e d .  Severa1 mode c u t o f f s  have been observed a t  

temperatures p r e d i c t e d  t h e o r e t  i c a l  1  y  i n  t h e  regime o f  weak guidance5.  

The va lues  o f  t h e  c u t o f f  p o i n t s  have been used t o  determine t h e  c o r e  

r a d i u s  t o  a  h i g h  p r e c i s i o n .  I t  i s  t h e  f i r s t  s tudy  o f  i t s  k i n d  and leads  

t o  a  new techn ique  f o r  a  p r e c i s e  measurement o f  i n n e r  d iamete r  o f  c y l -  

i n d r i c a l  c a p i l l a r i e s .  S e c t i o n  2 d e a l s  w i t h  t h e  b a s i c  t h e o r y  o f  s tep-  

- index  d i e l e c t r i c  waveguides. Exper imenta l  d e t a i l s  a r e  g i v e n  i n  s e c t i o n  

3 and t h e  f o l l o w i n g  s e c t i o n  g i v e s  t h e  r e s u l t s  a l o n g  w i t h  an a n a l y s i s  o f  

t h e  da ta .  I n  s e c t i o n  5, we d i s c u s s  these  r e s u l t s  and p o i n t  o u t  t h e  

m e r i t s  o f  t h i s  techn ique  f o r  d iameter  measurement o f  h o l l o w  F ibers .  

2. THEORY 

An o p t i c a l  f i b e r  i s  made o f  two c o a x i a l  c i r c u l a r  cy l in 'ders o f  

d i e l e c t r i c  m a t e r i a l s .  The c e n t r a l  r e g i o n  i s  c a l l e d  c o r e  surrounded by  

t h e  o u t e r  r e g i o n  c a l l e d  c l a d d i n g .  The p ropaga t ion  takes  p l a c e  i n  t h e  

c o r e  v i a  t o t a l  i n t e r n a 1  r e f l e c t i o n  a t  t h e  c o r e- c l a d d i n g  boundary. F i g -  

u r e 1  g i v e s  a  schematic r e p r e s e n t a t i o n  o f  a  s e c t i o n  o f  an o p t i c a l  f i b e r  

w i t h  s tep- index  p r o f i l e .  I n  g l a s s  f i b e r s ,  t h e  i n t e r f a c e  between coreand  



cladding i s  never idea l  and the r e f r a c t i v e  index p r o f i l e  i s  a l so  never 

i d e a l l y  a step func t ion .  Both of these def ic iences are  absent i n  LCF's. 

("i r 2 6 

Fig.1 - Cross-sectlon of step- index f i b e r .  

I f  the r e f r a c t i v e  index d i f f e rence  i s  small,  i .e., 
n -n 

A - C  << 1 
n (1 1 

the modes tha t  propagate are  "weakl y guided" and a simpl i f ied theory has 

been given by ~ l o c ~ e '  who denominated them LP modes because o f  t he i r 

nea r l y  1 i n e a r l y  po lar ized character .  

Consider the propagation constant  8 o f  any guided mode. I t  i s  

necessary t ha t  nk r B 6 nck w i t h  k = 21~/h, the wavenumber i n  f r e e  

space. I f  we de f i ne  parameters 

the mode f i e l d  can be expressed by Bessel f unc t i on  ~ ( u r / a )  i ns ide  the  

core and modif ied  Hankel f unc t i on  ~ ( w r / a )  ou ts ide  the core. The modes 

t h a t  a re  al lowed t o  propagate are  c o n t r o l l e d  by the value o f  thenormal-  

ized frequency v ,  

v2 = w2 + u2 (4) 

The dominant t ransverse E l e c t r i c  f i e l d  cornponents o f  LP rnodes can be 



expressed as follows: 

Tne upper line holds for the core and the lower line for the 

cladding. The .arameter PK can be expressed Ín terms of the power car- 

ried by the mode. The z-components of the fields are small compared to 

the transverse components and are combinations of the (R+]) and (R-1) 
solutions. 

The characteristic equation for the LP rnodes is: 

Each mode is designated LPh; the first index R corresponds to 

the integer that enters the circular functions and the second index rn 

labels the roots of the characteristic equation for a given value of R. 

Since there is a freedom of choosing either cosR@ or sinR@ in Eq. (6) 
and there are two orthogonal sets of polarization, for every R> I, there 

are four modes. For &O, we have onl y a se.t of two modes polarized or- 

thogonally with respect to each other. 

It must be pointed out that in dielectric waveguides al l  but the 

cyl indrical symmetric modes (,=O) are hybrid, i .e. they have both non- 

zero electric and rnagnetic z components. Each rnode LPh contains rnodes 

which can be identified as HE kl ,m ar)d EHR-~ ,, or TEOm and TMom. If 
Ez 

is larger than \, the mode is designated EHh, otherwise IiEh. The 

propagation constants of HE and EH hl ,m are alrnost identical and in R-l ,rn 
the limit nc -+ n, the two are degenerate and the characteristic equation 

(7) takes the form: 

Setting w=O yields the cutoff values Jk-] (u,) = O. ln general, solution 

of Eq. (8) is non analytical. However, to a good approximation5, 

u = u exp{arc sin(s/uC1 - are sin(s/v))/s 
C (9 )  

where 

s = (u2 - t2-I )  1 / 2  

C (1 0) 



Eq. (9) i s  v a l i d  f o r  a i  

case: 

I f  now we de f i ne  parame 

by 

modes except the 1;PO1 = H E I ,  mode i n  which 

u e ( l + f i ) v / p + ( 4 + v * ) 1 ' ~ ~  - (11) 

e r  b as a normalized propagation constant g iven 

(8/k-n) b ( v )  = -- , (12) 
h,-n) 

one can p l o t  b ( v )  curves as a f unc t i on  o f  the normal ized frequency v .  

Figure 2 shows these curves which have been obtained numer ica l ly  f o r t h e  

F ig .2  - b vs v curves fo r  some low-order modes i n  weakly gu id ing  rnode 

theory, w i t h  the lower order  mode pa t te rns  as seen i n  the n e a r - f i e l d .  

lowest f i v e  LP modes. I t  can be c l e a r l y  seen tha t  a rnode can be guided 

on l y  above ~ c e r t a i n  l i m i t i n g  v-value which i s  g iven by v,=u shown i n  
C' 

Table 2. Thi~s i f  v-value o f  a f i be r  i s  va r i ed  by e i  ther  varying the wave- 

length  h o f  the r a d i a t i o n 6 "  o r  the r e f r a c t i v e  index n o f  the core 
C 



m a t e r i a l ,  as i n  o u r  case, Eq. (5)  shows t h a t  t h e  r e s p e c t i v e  va lues  o f  vc 

can be rneasured and compared w i t h  those  1 i ' s ted i n  Tab le  2. 

Table 1 - C h a r a c t e r i s t i c s  o f  t h e  f i b e r s  used. 

n,(20°c) dn o 1 F i b e r  C o r e r a d i u s ( u m )  L i q u i d  ~ I c - 1  

C,D,E 5.5 L i g h t  1.4640 -3.7 x 1 O-' 

P a r a f f  i n  

B,F 5.8 L i g h t  1.4640 -3.7 x 10-' 

P a r a f f  i n  

A 6. O Heavy 1.4700 -3.6 x 10-' 

P a r a f f  i n  

Table 2 - T h e o r e t i c a l  and Exper imenta l  v- values and t h e  cor respond ing  
c o r e- r a d i u s  va lues  f o r  each c u t o f f .  

a b . 7  v 
C T 

FIBER I 'CE 



3. EXPERIMENTAL 

Fibers used i n  t h i s  work werq one t o  two meters i n  length,  80ym 

i n  c ladd ing diameter and approximately I lpm i n  interna1 diameter. The 

c ladding mater ia l  was quar tz  and the c h a r a c t e r i s t i c s  o f  the f i b e r s  used 

a re  given i n  Table 1 .  The l i q u i d  t o  f i l l  the f i b e r ,  must be chosen t o  

s a t i s f y  the cond i t i on  o f  o p t i c a l  guidance, i .e . ,  the  r e f r a c t i v e  i n d e x  

o f  the l i q u i d  must be higher than t h a t  o f  the quar tz  c ladd ing a t  

6328 8 = 1,457g. Heavy and l i g h t  p a r a f f  i n  were used i n  t h i s  work. 

A .  Fi l l ing Process 

The hol low f i b e r s  were f i l l e d  under hyd ros ta t i c  pressure us ing  

an apparatus which i s  shown i n  Fig. 3 and i s  b a s i c a l l y  the  same as de- 

scr  i bed by s tones. 

Teflon plunqcr 

Ouartr rtndow 

Stainirss stsd body 

Fig.3 - Apparatus fo r  f i l l i n g  the f i b e r s .  

The f i b e r  was held i n  p lace by passing i t  through a hypodermic 

needle which was then at tached t o  a lower lock  h y p o d e r m i c  s y r i n q e  

f i t t i n g  at tached t o  the f i l l i n g  c e l l .  The f i b e r  was epoxied a t  the  end 

o f  the  hypodermic needle. Care was taken no t  t o  Introduce any bubbles 

i n  the l iqu ld .  

To ob ta in  f i b e r  end faces o f  o p t i c a l  q u a l i t y ,  i t  was found con- 

venient  t o  break the f i be r  wh l l e  under tension. However the f i b e r  could 



a l s o  be c u t  w i t h o u t  apparatus,  s imp ly  w i t h  t h e  c u r v a t u r e  o f  t h e  f i n g e r  

and a c u t t i n g  element such as diamond. I n  every  case, h o t h  ends 

were checked under a microscope, t o  be sure  t o  have a reasonably  p lane  

o p t i c a l  s u r f a c e  f r e e  o f  any broken p ieces  t o  a v o i d  s c a t t e r i n g  problems. 

B. R e f r a c t i v e  Index Measurements 

To measure t h e  r e f r a c t i v e  index o f  t h e  l i q u i d s ,  a  c r i t i c a l  ang le  

r e f  rac tomete r  ( ~ b b e ~ ~  r e f  rac tomete r  o f  Bausch & Lomb) was i ised. Water 

was c i r c u l a t e d  i n  i t s  p r i s m  cases, and i t s  temperature was v a r i e d  f r o m  

20' t o  60' w i t h  t h e  h e l p  o f  a  c o n t r o l l e r .  The temperature read ings  were 

made by u s i n g  an i n t e r n a 1  thermometer. F i g .  4 shows t h e  v a r i a t i o n  o f  t h e  

r e f r a c t i v e  index a t  t h e  sodium D - l i n e  w i t h  temperature f o r  t h e  heavy 

p a r a f f i n  (cu rve  I I )  and f o r  t h e  l i g h t  p a r a f f i n  (cu rve  I). Table I g i v e s  
dn t h e  va lues  o f  1 - 1 .  As expected, t h e  r e f r a c t i v e  index v a r i e s  l i n e a r l y  
dT - 4 

w i t h  temperature.  The accuracy i n  t h e  nD measurement i s  o f  - 2 ~ 1 0  . The 

r e f r a c t i v e  index of fused  q u a r t z  can be cons idered  r e l a t i v e l y  c o n s t a n t  
dn ( 1 - 1  = 3 ~ 1 0 - ~  'C-') . Assuming l i n e a r  d i s p e r s i o n ,  t h e  r e f r a c t i v e  index 
dT 

o f  t h e  l i q u i d  was c o r r e c t e d  t c  the  He-Ne wavelength. The necessary c o r -  

r e c t i o n  i s  g i v e n  by t h e  equa t ion :  

n d n  = n D  + 2 AA = n - 0.0023 , 
He-Ne D 

d n  where - dX was 

C .  Launching 

measured by t h e  r e f r a c t o m e t e r .  

Cond i t i ons  

I t  has been shown by Gambl i n g  e t  aZ.9 t h a t  by c a r e f u l  adjustrnent 

o f  t h e  launch ing  c o n d i t i o n s ,  a d e s i r e d  s e t  o f  modes can be e x c i t e d .  The 

rnethod ernployed f o r  s e l e c t i v e  mode e x c i t a t i o n  1s as f o l l o w s .  The f i b e r  

i s  ma in ta ined  a t  a  temperature co r respond ing  t o  a v- va lue  j u s t  above t h e  

c u t o f f  p o i n t  o f  t h e  d e s i r e d  mode. A t  t h i s  p o i n t  t h e  launch ing  c o n d i t i o n s  

were a d j u s t e d  u s i n g  angu la r  and t r a n s l a t i o n a l  movements o f  t h e  f i b e r e n d  

u n t i l  t h e  power coupled reached a rnaximum. Convenient i d e n t i f i c a t i o n  o f  

t h e  mode o r  combinat ion o f  coupled modes was made by i n s e r t i n g  a p o l a r -  

i z e r  and a n a l y s e r  i n  t h e  l i g h t  pathlO. Some o f  t h e  rnode p a t t e r n s  a r e  

shown i n  F i g .  2. The e f f i c i e n c y . r e a c h e d  f o r  e x c i t a t i o n  o f  t h e  fundamen- 

t a l  mode was 60%. 



Fig.4 - V a r i a t i o n  o f  r e f r a c t i v e  index o f  two p a r a f f  i ns  w i t h  temperature. 

D. Experimental Arrangement 

The experimental arrangement used f o r  measurements o f  t ransmi t -  

ted and scat te red i n t e n s i t y  i s  shown i n  F ig .  5. 

A He-Ne laser,  Spectra Physics 125A, opera t ing  i n  s i n g l e  t rans-  

verse mode 'TEMoo w i t h  50 mW o f  power was used as a source. The input  

beam passes through a beam s p l i t t e r  t o  produce a reference s igna l  and a 

v a r i a b l e  neutra1 dens i t y  f i l t e r ,  which gives the v a r i a b l e  power  when 

required.  Typical  power input  was o f  the  order o f  few mW. A power objec- 

t i v e  lens (;!eis5 10x, NA25), mounted i n  a XYZ mic ropos i t ioner  was used 

t o  focus the beam i n t o  the f i b e r .  The entrance end o f  the f i b e r  i s  i n -  

serted i n t o  a l iqu id  c e l l  (Fig. 61, f i l l e d  w i t h  the same p a r a f f  i n  as 

the f i b e r .  l'he windows o f  the entrance c e l l  a re  made from m i c r o s c o p e -  

s l ide- covers.  The c e l l  ac t s  as a rese rvo i r  f o r  the  l i q u i d  avo id ing  i t s  

leakage from the f i b e r ,  and i t  a l s o  s t r i p s  out  the c iadd ing modes. The 

f i be r  can be easi  l y pushed unt  i l i t touches the window and then cemented 

t o  t h e  c a p i l l a r y  g l a s s  tub ing.  The c e l l  i s  mounted i n t o  angular and 

XYZ micropos i t ioners  which permit  f i n e  adjustment o f  the beam focus 

i n t o  the core o f  the f i b e r .  The output  o f  the f i b e r  i s  inser ted  again i n  

an i d e n t i c a l  Fara f f in  c e l l .  The f i b e r  passes through a temperature con- 



trolled furnace of 21 cm of length. 

Fig.5 - Experimental arrangement for (a) transmission and (b) scattering 

measuremen t s . 
1 - He-NE Laser; 2 - Beam Splitter; 3 - Power Meter; 4 - Liquid Cell; 

5 - Furnace; 6 - Thermocouple; 7 - Temperature Controller; 8 - Digital 
Voltirneter; 9 - Voltage Divider; 10 - Chart Recorder; 1 1  - Fiber; 12 - 
Lock-in Ampl if icator; 13 - Pin-Detector; 14 - Chopper. 
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Fig.6 - Schematics of the liquid cell. 



Fig .  7 shows the furnace which cons i s t s  o f  two concent r ic  c y l i n -  

ders. The f i ber passes through the inner copper c y l  inder,  cor) t a  i n  i ng 

dark o i l  t o  q u i c k l y  remove any c ladd ing r a d i a t i o n  due t o  temperature-in- 

duced mode cx to f fs .  A termocouple, ( j u n c t i o n  o f  n i che l  chromium vs n i -  

F i y . 7  - Liquid-heated Furnace. 

chel alurninium) irnmersed i n  t h i  s 1 i qu id  measures the temperatures. I n  

the space between the two cy l i nde rs  water o f  c o n t r o l l e d  temperature was 

c i r cu la ted .  The heat ing ra te ,  below 0,5C/min., was s u f f  i c i e n t l y  slow 

such t h a t  the  system could be maintained i n  quasi- thermal e q u i l i b r i u m .  

I t  must be pointed t h a t  the temperature v a r i a t i o n  was not  l i n e a r  i n  t ime 

but i t  was s u f f i c i e n t l y  c lose t o  l i n e a r  t o  a l l o w  measurements o f  the  

c u t o f f  po in t s  w i t h  h igh  p rec i s i on .  

The f i b e r  was maintained s t r a i g h t  a l l  a long i t s  length,  and the  

pa r t  before the  furnace was supported i n  a  V-groove which contained a  

b l a c k o i l .  This removes the c ladd ing r a d i a t i o n  and a l s o  f u n c t i o n s  t o  

prevent movement o f  the f i b e r  and t o  a s s i s t  i n  main ta in ing  a  u n i f o r m  

temperature. Main ta in ing  the f i b e r  steady i s  essent ia l  i n  o r d e r t o  l i m i t  

moda1 n o i  se  (unsteady speckle pa t te rn )  caused by changes i n  the i n -  

termodal delays due t o  v i b r a t i o n  - induced mechanical d i s t o r t i o n  i n t h e  

f i b e r .  

Fig. 5(a)  shows the experimental arrangement f o r  the t rans-  

m i t t ed  i n t e n s i t y  measurements. I t  was detected by a  power meter (Coher- 

ent  r a d i a t i o n  model 212), p lacednext  t o  the window o f  the e x i t  l i q u i d -  

-cel  I. The reference i n tens i  t y  was measured by a  radiometer and fed  t o  



t h e  v o l t a g e  d i v i d e r  t o  c o r r e c t  f o r  l a s e r  i n t e n s i t y  f l u c t u a t i o n s .  The 

s i g n a l  o f  t h e  d i v i d e r  was recorded on a s t r i p  c h a r t  recorder .  F i g .  5 (b )  

shows t h e  scat tered-power measurement c o n f i g u r a t i o n .  E s s e n t i a l l y  i t  i s  

the  sarne as i n  t h e  case o f  t h e  t r a n s m i t t e d  i n t e n s i t y  and can a l s o  be 

mon i to red  s imu l taneous ly .  A two-cms segment o f  t h e  f i b e r  b e t w e e n  t h e  

fu rnace  and t h e  e x i t  l i q u i d  c e l l  i s  p laced  between two l a r g e  area s i l i -  

con- pho tode tec to rs  and imrnersed i n  p a r a f f i n  which e f f i c i e n t l y  c o u p l e s  

t h e  r a d i a t e d  l i g h t  t o  t h e  d e t e c t o r .  The i n p u t  beam was chopped and t h e  

e l e c t r o n i c s  i s  t h e  one t y p i c a l l y  used f o r  low- noise s i g n a l ,  u s i n g  a 

l o c k - i n  a m p l i f i e r .  

I n  most cases, t r a n s m i t t e d  and s c a t t e r e d  i n t e n s i t i e s  w e r e  

measured simul taneousl  y .  Measurernents were done dur  i n g  t h e  heat  i n g  as  wel 1 

as t h e  c a o l i n g  process i n  o r d e r  t o  check f o r  t h e  r e p r o d u c i b i l i t y  o f  t h e  

r e s u l  t s .  

4. RESULTS 

F i g .  8 shows t h e  t r a n s m i t t e d  (upper curve)  and s c a t t e r e d  ( lower  

cu rve)  i n t e n s i t y  p a t t e r n s  measured i n  F i b e r  F. As mentioned e a r l  i e r ,  

t h e  absc issa  i s  1 i n e a r  i n  t ime  b u t  o n l y  approx imate ly  l i n e a r  i n  ternpera- 

t u r e .  The cor respond ing  v- values denoted i n  t h e  upper part o f  t h e  f i g -  

u r e  were c a l c u l a t e d  by i n s e r t i n g  t h e  r e s p e c t i v e  v a l u e s  o f  A, a,n, and 

nc i n  Eq. ( 5 ) .  The cor respond ing  va lues  o f  nc were o b t a i n e d  f rom t h e  n 
C 

vs  2' curves ( ~ i ~ .  4 ) .  I n  f i g u r e  8, t h e  t ransmi  t t e d  i n t e n s i t y  shows r e -  

g ions  where t h e  i n t e n s i t y  i s  a lmos t  c o n s t a n t .  As t h e  temperature i s  i n -  

creased,  t h e  v- va lue  decreases. As t h e  c u t o f f  p o i n t  o f  a  c e r t a i n  m d e  i s  

approached, leakage o f  power f rom c o r e  t o  c l a d d i n g  occurs  and t h e t r a n s -  

m i t t e d  i n t e n s i t y  shows a drop.  As t h e  temperature i s  inc reased  f u r t h e r ,  

t h e  decay i n  t h e  i n t e n s i t y  i s  no longer  observed and ano ther  f l a t r e g i o n  

s t a r t s  showing t h e  guidance o f  t h e  rernaining modes. The c u t o f f  exper-  

imental v- va lue  (vCE)  i s  ass igned t o  t h e  p o i n t  where no t ransmi  t t e d  i n -  

t e n s i t y  i s  d e t e c t e d  i n  t h e  r e s p e c t i v e  rnode. F i g .  8 shows f o u r  such f l a t  

reg ions  and f o u r  c u t o f f  p o i n t s  co r respond ing  t o  t h e  LP12, LPO2,LPIl and 

LP mode c u t o f f s  r e s p e c t i v e l y .  
o 1 

I t  rnust be emphasized t h a t  t h e o r e t i c a l l y ,  t h e  LP,, mode has 

c u t o f f  a t  t h e  ternperature where t h e  r e f r a c t i v e  index o f t h e  l i q u i d e q u a l s  

t h a t  o f  t h e  c l a d d i n g  m a t e r i a l .  However, i n  p r a c t i c e ,  v e r y  l i t t l e  l i g h t  



reaches t h e  d e t e c t o r  near temperatures co r respond ing  t o  v  = 1 , O  where 

f o r  p r a c t i c a i l  purposes t h e  f i e l d  i s  no longer  guidedll. A p a r t  from t h e  

o b s e r v a t i o n  o f  t h e  mode c u t o f f s ,  t h e  t r a n s m i s s i o n  c u r v e  i n  F i g .  8 shows 

~ i ~ . 8  - Transmi t t e d  (upper cu rve)  and s c a t t e r e d  ( lower  cu rve)  

i n t e n s i t i e s  vs.  temperature and v- va lue  f o r  f i b e r  F. 

t h r e e  main f e a t u r e s  which should be p o i n t e d  o u t .  

(a) The d r o p  i n  t h e  i n t e n s i t y  a t  a  mode c u t o f f  p o i n t  i s  n o t  a b r u p t  b u t  

shows a  gradual  behav io r .  

(b) The t h e o r e t i c a l  v  va lues  (vCT) a r e  always lower than t h e  exper-  
C 

imental va lues  (v ) ,  a l t h o u g h  t h e  d i f f e r e n c e  i s  v e r y  smal I .  
C E 

( c )  There a r e  sharp sp ikes  p resen t  near t h e  c u t o f f  r e g i o n  whenever t h e  

remova1 o f  t h e  c l a d d i n g  r a d i a t i o n  i n  t h e  fu rnace  i s  incomplete.When 

a  conven -t ional  a i r  fu rnace  was.used w i t h  t o  mechanism t o  r e m o v e  

c l a d d i n g  r a d i a t i o n  w i t h i n  t h e  furnace,  these sp ikes  were a b u n d a n t  

i n  t h e  da ta ,  caus ing  d i f f i c u l t y  i n  i d e n t i f i c a t i o n  o f  c u t o f f  p o i n t s .  

However, when t h e  f i b e r  was p laced  i n  t h e  l i q u i d  oven, these v a r i -  



at ionswere  much sma l le r ,  i n d i c a t i n g  t h a t  they  were caused by  t h e  

c l a d d i n g  r a d i a t i o n .  

The f e a t u r e s  (a)  and (b) w i l l  be e x p l a i n e d  i n  t h e  n e x t  s e c t i o n  

when we d i s c u s s  o u r  r e s u l t s .  

The s c a t t e r e d  i n t e n s i t y  v a r i a t i o n  i n  F ig .  8 shows peaks i n  t h e  

c u r v e  near  t h e  mode c u t o f f  p o i n t s .  These peaks correspond t o  t h e  power 

coupled t o  t h e  c l a d d i n g  when t h e  mode i s  n o t  gu ided.  The peak p o s i t i o n s  

match w i t h  t h e  temperature va lues  cor respond ing  t o  t h e  decrease 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 .  Therefore;  a  p r e c i s e  d e t e r m i n a t i o n  o f  t h e  peak 

p o s i t i o n s  may g i v e  a c c u r a t e  va lues  o f  t h e  c u t o f f  p o i n t s .  However,asrnay 

be seen i n  t h e  da ta ,  each such peak has a  r a t h e r  complex s t r u c t u r e  which 

does n o t  p e r m i t  such a  p r e c i s e  measurement o f  t h e  v  va lues .  The o r i g i n  
C 

o f  t h i s  s t r u c t u r e  l i e s  i n  t h e  f a c t  t h a t  t h e  p h o t o d e t e c t o r s  t o  measure 

t h e  s c a t t e r e d  I i g h t  s i g n a l  produced rnicrobending o f  t h e  f i b e r  caus ing  

i t  t o  be h i g h l y  s e n s i t i v e  t o  any smal l  f l u c t u a t i o n s  i n  t h e  mechanical 

s t a b i l i t y  o f  t h e  exper imenta l  arrangement o r  t o  small  temperature f l u c -  

t u a t i o n s  which rnay have occured d u r i n g  t h e  exper iment .  There fo re ,  we 

b e l i e v e  t h a t  t h e  t r a n s m i s s i o n  d a t a  g i v e 9  more a c c u r a t e  va lues  o f  v  
CE' 

The i d e n t i f i c a t i o n  o f  t h e  mode c u t o f f s  was a l s o  confirmed by sim- 

u l  taneous observa t  i o n  o f  t h e  n e a r- f  i e l  d  mode p a t t e r n s 1 0  as ment ioned 

i n  S e c t i o n  3 C .  A t  t h e  p o i n t s  where t h e  t r a n s m i t t e d  i n t e n s i  t y  showed 

sudden decrease and t h e  s c a t t e r e d  i n t e n s l t y  increased,  i t  was p o s s i b l e  

t o  observe t h e  unguided mode d isappear  a t  t h e  e x i t  end o f  the' f i b e r .  

F i g s .  9 and 10 show t r a n s m l t t e d  i n t e n s i t y  behav io r  f o r  F i b e r s  E  

and D r e s p e c t i v e l y .  The same f e a t u r e  as d e s c r i b e d  e a r l i e r  a r e  observed 

here  a l s o .  I n  every  case, t h e  agreement between vCT and vCE f o r  each 

mode i s  reasonab ly  good. Besides t h e  mode c u t o f f s , o n e o b s e r v e s  o s c i l l -  

a t i o n s . T h i s  behav io r  I s  d iscussed e lsewhere12.  



F i g . 9  - Transrnitted i n t e n s i t y  vs. ternperature and v-value f o r  f i b e r  E. 

F ig .10  - Transrnitted i n t e n s i t y  v s .  temperature and v-value for  f i b e r  D .  



5. DISCUSSION 

As mentioned e a r l i e r ,  t h r e e  s imul taneous o b s e r v a t i o n s  were used 

t o  i d e n t i f y  mode c u t o f f s  as a  f u n c t i o n  o f  temperature.  I t  i s  p o s s i b l e t o  

reproduce t h e  va lues  o f  t h e  c u t o f f  temperatures f o r  t h e  v a r i o u s  modes  

w i t h  a  p r e c i s i o n  o f  b e t t e r  than  0 . l0c .  However, t h e  p r e c i s i o n  i n  t h e  ex-  

per imenta l  v  va lues  (v ) i s  n o t  t h a t  f a v o u r a b l e  because o f  t h e  l i m -  
CE 

i ted p r e c i  s i o n  i n  t h e  de te rmina t  i o n  o f  t h e  nc (T) c u r v e  u s i n g  t h e  r e f  r a c -  

tometer .  Never the less,  t h i s  e r r o r  i s  n o t  v e r y  l a r g e  a t  lower  temperatu- 

r e s  where nc has r e l a t i v e l y  l a r g e  va lue ,  b u t  i t  may become s e r i o u s  as  

nc approaches n where the  d i f f e r e n c e  (ng - n2) i n  Eq. (5) cannot  be eva- 

l u a t e d  w i t h  g r e a t  p r e c i s i o n .  T h i s  t r e n d  can be i n f e r r e d  f rom t h e  Table 

2 which g i v e s  t h e  vCT and vCE va lues  i n  v a r i o u s  cases. I t  can e a s i l y  be 

seen t h a t ,  i n  most cases, t h e  t h e o r e t i c a l  v  va lues  l i e  lower  than  t h e  
C 

co r respond ing  exper imenta l  va lues .  T h i s  i s  n o t  s u r p r i s i n g .  I n  t h e  case 

o f  c h a r a c t e r i z a t i o n  o f  s i n g l e  mode f i b e r s  f o r  t h e  d e t e r m i n a t i o n o f w a v e -  

l e n g t h  co r respond ing  t o  t h e  c u t o f f  o f  t h e  LP,, mode, s i m i l a r  r e s u l t s  

have been r e p o r t e d 1 3 .  The e f f e c t  has been r e t a t e d  t o  t h e  f i b e r  imper- 

f e c t i o n s  and bending e f f e c t s 1 3 .  We have t r i e d  t o  m in im ize  these e f f e c t s  

i n  LCFs by keeping t h e  f i b e r s  f a i r l y  s t r a i g h t .  The observed c u t o f f b e i n g  

gradual  and n o t  a b r u p t  i s  a l s o  r e l a t e d  t o  t h e  above mentioned f a c t o r s .  

The exper imenta l  c u t o f f  temperatures i n d i c a t e d  by arrows i n  

F i g s .  8, 9 and 10 can be used t o  c a l c u l a t e  t h e  c o r e  r a d i u s  a i f  we as-  

sume t h a t  they correspond t o  t h e  t h e o r e t i c a l  c u t o f f  v- va lue  g i v e n  by 

t h e  weakly g u i d i n g  mode t h e o r y .  I n  t a b l e  2, t h e  c o r e- r a d i u s  a has been 
- 

c a l c u l a t e d  f o r  v a r i o u s  c u t o f f s  i n  many f i b e r s  u s i n g  Eq. ( 5 ) .  The v a l u e  

o f  a o b t a i n e d  f o r  each c u t o f f  d i f f e r s  f rom t h a t  g i v e n  i n  Table 1 which 

p resen ts  nominal va lues  as measured by an o p t i c a l  microscope.  S i n c e  

d i f f r a c t i o n  e f f e c t s  l i m i t  t h e  r e s o l u t i o n ,  t h e  va lues  i n  Table 1 have 

lower  p r e c i s i o n  l i m i t e d  t o  t h e  r e s o l u t i o n  o f  one- hal f  t h e  wavelength o f  

the  r a d i a t i o n  used. On t h e  o t h e r  hand, t h e  average a v a l u e  g i v e n  by da- 

t a  i n  Table 2 has a  b e t t e r  p r e c i s i o n .  

The techn ique  o f  temperature dependent mode c u t o f f s  descr ibed  

here i n  t h e  LCF's can be extended t o  moni t o r  temperature i n  r e g  i o n s  

where e i  t h e r  t h e  presence o r  magnitude o f  s t r o n g  e l e t r o m a g n e t  i c b a c k -  

ground does n o t  p e r m i t  t h e  use o f  conven t iona l  c u r r e n t  sensors. The 

l i q u i d  i n  t h e  c o r e  can be chosen so as  t o  c u t  o f f  a  lower  o r d e r  rnode a t  



t h e  d e s i r e d  temperature,  whereby t h e  sudden change i n  t h e  t r a n s m i t t e d o r  

s c a t t e r e d  i n t e n s i t y  can be mon i to red  t o  d e t e c t  smal l  temperature v a r i -  

a t i o n s  around t h e  se t  temperature.  

6. CONCLUSION 

B y v a r y i n g t h e t e m p e r a t u r e o f a  l i q u i d - c o r e f i b e r ,  .we have 

measured v a r i a t i o n s  i n  t h e t r a n s m i t t e d  and s c a t t e r e d  i n t e n s i t y  which have 

been r e l a t e d  t o  t h e  p r e d i c t i o n s  o f  t h e  weakly  g u i d i n g  mode t h e o r y .  I n  

p a r t i c u l a r ,  we have measured severa1 mode c u t o f f  t e m p e r a t u r e s  whose 

values agree wel l w i th  t h e  t h e o r e t i c a l  p r e d i c t  i ons .  The r e s u l  t s  show t h a t  

t h e  s t u d i e s  p r o v i d e  a new techn ique  f o r  measurement o f  c o r e - r a d i u s  i n  

h o l l o w  f i b e r s  and can be extended t o  m o n i t o r  small  v a r i a t i o n s  i n  tempera- 

t u r e  i n  r e g i o n s  o f  d i f f i c u l t  access o r  s u b j e c t  t o  e l e t r o m a g n e t i c  i n -  

t e r f e r e n c e .  

We acknowledge t e c h n i c a l  h e l p  o f  D a n i l o  D i n i .  T h i  s w o r k  was 
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RESUMO 

Foram medidas intensidades de l uz  t ransmi t ida  e espalhapa e m f i -  
bras de núcleo 1 íqu ido  em função da temperatura. Foram observados co r-  
tes de vá r i os  modos de baixa ordem à temperaturas que correspondem bem 
aos resul tados p rev i s tos  pela t e o r i a  de guiamento f raco  em casos de í n -  
d i ce  degrau. 0s resul tados foram usados para determinar o r a i o  do nú- 
c l e o  com a1 t a  precisão.  Esta nova técnica também pode ser estendida pa- 
r a  moni torar  temperaturas em regiões de d i f í c i l  acesso ou s u j e i t a s  a 
grandes ruídos gerados por campos eletromagnéticos. 


