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P i ~ l s e  d ispers ion  measurements were c a r r i e d  ou t  on s o l i d -  and 

1 iquid- core mul timode o p t i c a l  f i  bres having step- index d i f  ference bet -  

ween core and c ladd ing a t  three wavelengths, namely 694, 782 and 871 nm. 

I t  was founti t ha t  provided launching was done a t  t h e  same numerical 

aperture, there was n e g l i g i b l e  d i f f e rence  i n  pulse d i s p e r s i o n  a t  the 

three wavelengths. Measurement o f  the output  angle from the f i b r e  i n d i -  

cated tha t  the establ ished mode d i s t r i b u t i o n  was a l s o  near ly  equal i n  

each case. ' 

Medidas de dispersão de pulso foram concluidas em f i b r a s  Ó t i -  

cas multimodo de núcleo só l i do  e l í q u i d o  com p e r f i l  de índ ice  degrau em 

t rês  comprimentos de onda, 694, 782 e 871 nm. Foi v e r i f i c a d o  que se o 

lançamento f o i  f e i t o  na mesma abertura numérica, houve  uma d i f e r e n ç a  

desprezível na dispersão de pulso nos t rês  comprimentos de onda. Medi- 

das do ângulo de saída no f i n a l  da f i b r a  indicavam que a d i s t r i b u i ç ã o  

de modos estabeleci  da também era  aproximadamente igua l  em cada caso. 

1. INTRODUCTION 

There i s  a great  i n t e r e s t  i n  o p t i c a l  f i b r e s  a t  the mment, i n  

Brasi  I, aimed a t  the eventual development o f  f i b r e  o p t i c a l  commun i ca- 

t i o n  systems f o r  d iverse app l ica t ions .  Fibres are now being p u l l e d  rou- 

t i n e l y  a t  the "Padre Roberto Landell  de Moura" Research and Development 

Centre o f  TELEBRAS i n  Campinas and var ious measurements done there, as 

w e l l  as i n  our labora tor ies  i n  UNICAMP, t o  assess the qual i t y  o f  these 

f ibres.  We have a1 ready reportedl resu l  t s  o f  measurements made t o  de- 



termine normalised mode conversion c o e f f i c i e n t s  i n  these f i b r e s .  Fur- 

ther ,  we have developed a Nanosecond Test ~ a c i  1 i ty"o car ry  o u t  a de- 

t a i l e d  and systematic study3 o f  moda1 d ispers ion  and m a t e r i a l  d i s p e r -  

sion4 I n  TELEBRAS f i b r e s .  

Dispersion i n  multimode f i b r e s  i s  dominated completely by the  

d i f fe rences i n  the group ve loc i t Jes  o f  the var ious modes propagatlng i n  

the f i b r e 3 ' 5 .  Various terms have been used t o  descr ibe t h i s  type o f  d is -  

pers ion and include:  moda; d ispers ion,  rnulti-mode o r  m u l t i -  p a t h  d i s -  

persion, waveguide d ispers ion  and monochrcmatic d ispers ion.  This d i s -  

pers ion can be assessed from the broadening3 t ha t  occurs i n  a shor t  (e. 

g. sub-nanosecond) pulse a f t e r  propagation i n  the f ib re .  Short p u  1 ses  

are  readi l y  obtained from mde-locked6 lasers  and pulse d i  spersion mea- 

suremelts have been c a r r i e d  O M ~  w i t h  d i f f e r e n t  lasers opera t ing  a t  d i f -  

fe rent  wavelengths. Some o f  these lasers  inc lude,  f o r  example, ~ e - ~ e ~  

(output  wavelength 6 3 3  nm) ; Nd: Y A G ~  (1 .O6 um) , krypton- iong (647, 568 

nm), dye10 (588 nm), frequency doubled Nd: ~ 1 a s s l l  (530 nm), Stokes wa- 

velength (871 nm) front acetone12 w i t h  s t imu la ted Raman sca t te r i ng  using 

a mode-locked ruby laser13 as the  pump. I n  add i t ion ,  sho r t  pu!ses have 

been obtained, by su i t ab l y  modulating GaAs l a s e r s 3  operat ing i n  the  

800-900 nm reçion,  Since m d a l  d ispers ion i s  dependent on many Darame- 

t e rs  and launching condi t ions,  (see, f o r  example, referentes 3, 5, 14, 

15),  we ca r r i ed  out5 a systematic study a t  694, 782 and 871 nm t o  de- 

termine whether there was any s i g n i  f i can t  dependeiice o f  modai dIspersIon 

on i h e  wavelenyth o f  the probe pulse and t h i s  paper out l lnes  the r e s u l t s  

obtained. This was essent ia l  t o  exp la in  any dlscrepancies i n  the  measu- 

remer:ts u lder  d i f f e r e n t  cond i t ions  using various !aser sources. i h e  re-  

s u l t s  obtained are  compared and discussed w i t h  o ther  s i m i l a r  measu re -  

ments839. 

2. EXPERIMENTAL SET-UQ 

The experimental set-up used f o r  the rneasuremen t s  I s  shown i n  

f i g u r e  1. The source o f  the l i ght p i i l  ses was a mode- locked ruby 1 aser 

Since the r e p e t i t i o t i  r a t e  o f  the laser  was - 1 Hz, a sampling o s c i l l o s -  

ccpe, normal ly  used t o  d i sp lay  the pulses i n  d ispers ion  measurements,  



Vig.1 - Experimental set-up used t o  invest igate m d a l  dispersion as a 

l'unction o f  wavelength. L 1  - He-Ne alignment laser; L2 - pulsed mode- 

- iocked ruby i a s e r i  P1,  Pe - prisms o f  BK7 g:ass; AI, A 2  - aperatures, 

r-emved a f t e r  alignment o f  ruby bsan;; F i .  F 3  - neutra1 density f i l t e r s ;  

F'? - cu t- o f f  f l  i t e r  a t  694 nm, when needed; F,! -narrow band-pess f i i -  

ters; R-Raman c e l l ;  M, - caupling object ive o r  isns; F.M - f i b r e  mount 

w i t h  index matching l i qu id ;  F - f i b r e  under test ;  H2 - microscopr ob- 

j e c t i v e  ( ~ 4 5 ) ;  Mg - microscope oh jec t i ve  (xIO) ; D - Tropel 330 photode- 

tec to r ;  P.S. - puder siipply f o r  detector; T.O. - Tektronix 7904 Oscll- 

loscope. 

could n o t  be used as many pulses are required t o  obta in  a t race.  Hence 

a rea l- t ime osci  l loscope, Tektronix model 7904 w i t h  500-MHz bandwi  d t  h 

( r i se t ime  = 0.7 nsec) was used. The photodetector used t o  detec t  the 

pulses was Tropel 330, having a r i se t ime  o f  0.3 nsec. Since the leser  

produced13 25-psec pulses, the response o f  the detec t ion  system was -0.8 

nsec, as v e r i f i e d  using 30 cm of  f i b r e .  This i s  shown i n  f i g u r e  2 w l t h  

the pulse separation being 8 nsec. A dispersion o f  -1 nsec has t o  occur 

i n  the  f i b r e  sc tha t ,  when convolved w i t h  the system response t i ne ,  a 

change a f  one small d i v i s l o n ,  corresponding t o  0.4 nsec, can be obser- 

ved i n  the o u t p ~ t  pulses on the osci l loscope. 

Using a He-Ne laser,  the system was a l igned w i t h  the t e s t  f i -  
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F i g . 2  - Response of the d e t e c t i o n  system t o  t h e  25-psec mode-locked ru- 

by pu lses  measured w i t h  30 cm o f  f i b r e .  Pu lse  separa t ion  i s  8 nsec. 

bre  placed i n  the fibre-mounts so tha t  accumulation o f  dust p a r t i c l e s  

on the ends was avoided. Microscope ob jec t i ve  M1 focused the l i g h t  i n t o  

the f i b r e  and was changed, when needed, t o  a l t e r  the beam semi-angle,i. 

e., the numerical aperture o f  the l i g h t  launched. Microscope ob jec t i ve  

M2 ( x  45) c01 1 imated the output  1 i gh t  from the f i b r e  and M3 (x 10) fo -  

cused i t  onto the photodetector. The ruby laser  beam was a l igned i n t o  

the system w i t h  the help o f  apertures A1 and A 2 ,  which were removed a f -  

terwards. For experiments a t  694 nm, no f i l t e r  F1, Raman c e l l  R,or f i l -  

t e r  F2 were used. F i l  t e r  F3 was used t o  at tenuate the peak pulse power 

so tha t  non- l inear ef fects,  e.g. s t imu la ted Raman sca t te r i ng ,  i n  the 

f i bre  were avoided. FI, was a narrow-band pass f i  1 t e r  a t  694 nm. 

For the  second ser ies  o f  experiments a t  a d i f f e r e n t  wave- 

length, the Raman c e l l  R, conta in ing  cinnamaldehyde, was inserted.  The 

Stokes wavelength obtained by s t imu la ted Raman sca t te r i ng  was 782 nm, 

w i t h  the ruby laser  as the pump beam. A c e l l  length o f  20 cm was used 

t o  g ive a reasonable conversion e f f i c i e n c y .  F1 at tenuated the ruby pump 

so tha t  se l f- focuss ing i n  the Raman c e l l  was avoided. F2 was a c u t - o f f  

f i  l t e r  a t  694 nm and Fb was narrow-band pass f i l t e r  a t  782 nm. The 

output  wavelength from the Raman c e l l  was con f i  rmed by measuring the 

transmission through narrow-band f i l t e r s  and by passing the output  l i g h t  

through a H i l g e r  and Watts g ra t i ng  monochromator. For the t h i r d  ser ies  

o f  experiments a t  871 nm, acetone was inser ted  i n t o  the Raman c e l l  and 

Fi, was changed t o  a narrow-band f i l t e r  a t  t h i s  wavelength. Table 1 con- 

t a ins  a summary o f  the Raman l i q u i d s  used, t h e i r  v i b ra t i ona l  frequencies 

and the Stokes wavelengths obtained. 



Table 1 - Raman 1 lquids used and t h e i r  cha rac te r i s t i cs .  

Raman 

L iqu id  

= 694.3nrn ; k = 14403 cm-l 
P P 

Subscr ipts:  p = pump ; s = Stokes 

V ib ra t i ona l  

frequency Ak (cm-l) 

Cinnanial- 

dehyde 

Acetone 

3. RESULTS OBTAINED 

The resu l t s  were obtained w i t h  two d i f f e r e n t  types o f  m u l t i -  

mode f i bres16, both havi ng step- index d i  f ference between core and clad- 

ding. One was a so l  id- core f i b r e  (GCF) and the o ther  two were 1 iqu id-  

-core f i b r e s  (LCF).  Their  cha rac te r i s t i cs  are out-1 ined i n  Table 2. The 

f i b r e s  were loosely wound on expanded polystyrene drums w i t h  a diameter 

o f  45 cm. The f i b r e  mounts, as shown i n  f i g u r e  1, were f i l l e d  w i t h  i n -  

dex-matching l i q u i d  f o r  the GCF and the core l i q u i d  w i t h  the  LCF. 

To determine the launching beam semi-angle (e) i n  t he  core, i t  

was necessary t o  measure the s p a t i a l  d i s t r i b u t i o n  o f  the ruby laser,and 

the 1 i g h t  beams a t  782 and 871 nm, a t  the posi t i o n  o f  the launching ob- 

j e c t i v e  Ml. This was done w i t h  a l i n e a r  photodiode ar ray  and the r e s u l t  

f o r  the ruby b e m  ( A  = 694 nm) i s  shown i n  f i g u r e  3. The spot-size, as 

determined fi-om t h i s  f i g u r e  was 0.9 mm. Using a x20 microscope o b j e c t i -  

ve M1, o f  foca l  length  8 mm, 8 = t o  the e-2 x maximum in tens i  t y  

po in ts  o f  tha Gaussian d i s t r i b u t i o n .  As pointed ou t  e a r l i e r ,  we needed 

e > 3O t o  observe a d i s t i n c t  change i n  the  output  pulses, s ince the 

length  o f  the: GCF i s  comparatively sho r t  and the system r e s p o n s e  i s  

- 0.8 nsec. l'he input  was heavi l y  at tenuated wi t h  f i 1 t e r  F g  t o  ensure 

782.4 

871.2 

1655 

2925 

12748 

11478 



Table 2 - Characteristics of the fibres tested 

Cladding Fibre Ciadding 
t e s s  1 e 1 r ) material 
(2nd meters) 

Chance 
F7 glass Pilkington 

t u b e  

2 O robuta 

2 O 

that no depletlon of the probe pulse occured due to nonlinear effects 

in the fibre. The output pulse shape was photographed after suitably 

pre-fggging the polaroid film and the full width at half-maximum (PdHM) 

intensity points was meâsured to be 1.6 nsec. After deconvolution of the 

l 0  

system response, assurn'ing Gaussian pulse shapes, we calculated a dis- 

persion of 1.25 nsec in 55 m of fibre, i.e. 23 psec/m. This was entire- 

(Liquid) 1 ME1 
Hexachio- I Chance 
robuta Pilkfngton 
1,)-diene I tube 

ly due to multi-path propagation, i.e. disperslon caused by the diffe- 

rences i n  the group veloci ties of the various propagating modes. Mate- 

rial dispersion, or chromatic dispersion, due to the wavelength depen- 

dente of the core refractíve index and the spectral width (-200 G H ~ )  c f  

Fig.3  - Spat ia l  i n t e n s i t y  d i s t r i b u t i o n  (Gaussian) o f  the ruby beam a t  
the posi t ion of the coupling object ive ,  50 crn frorn the output rnirror of 

the Isser  o s c i l l a t o r ,  wasured wi th  a  l i n e a r  photodiode arrdy.  S p o t -  

s i z e  = 0.9 m. 



I n  order t o  v e r i f y  mode conversion e f f e c t s  w i t h i n  :he f i b r e ,  

we masured the output  senii-angle w i t h  the l i n e a r  photodiode ar ray .  Tke 

resu l  t obta ined i s  shown i n  f i g u r e  4 (a) . The output  semi-angle nsa- 

sured i n  a i r  ( e ' )  i s  l o O ,  and hence 3 = 6' i n  the f i b r e  core. The laun- 

ching was c,arr ied out  a t  a = b O ;  hence the angular w id th  had increased 

due t o  mode convers ion, niost probabl y due t o  the bend rad i  us o f  the f i- 

bre o f  22.5 cm. The r e s u l t s  shown i n  f i g u r e  4 (b) and 4 (c) were o b t a i -  

ned a t  782 nn and 871 nm respect ive ly  and are  discussed below. 

Fo r  the measurements a t  782 and 871 nm, the ruby pump power 

i n t o  the Ranan c e l i  was at tenuated s u f f i c i e n c l y  t o  ensure tha t  na s e l f -  

- focussing e f f e c t s  occured i n  the c e l l .  Ihese e f f e c t s  can cause s i g n i -  

f i c a n t  beam divergence and hence change the launching condi t ions,  espe- 

c i a l l y  8, d r a s t i c a l l y .  \de again measured the s p a t i a l  d i s t r i b u t i o n  o f  

these Raman beams t o  v e r i f y  a Gaussian d i s t r i b u t i o n  and i t s  w id th  f o r  

c a l c u l a t i o n  o f  9 accurately.  The r e s u l t ,  f o r  the 871 nm beam, i s  shown 

i n  f i g u r e  5, i n d i c a t i n g  t h a t  the  dev ia t ion  from a Gaussian shape i s  n o t  

s i g n i f i c a n t .  We again launched w i t h  0 = b0 and the  measured d ispers ion  

Fig .4  - Output anguiar  d i s t r i b u t i o n s  a i  t h r e e  wavelengths a f t e r  55m of  

glass-core f i b r e  (GCF). 8' i s  the  output  seni -arg le  i n  a i r  t o  the  p o i n t  

where i n t e n s i t y  f a l l s  t o  e'2x maximum i n t e n s i t y .  



Fig.5 - Gaussian f i t t e d  to the spat ia l  d istr ibut ion o f  the Raman beam a t  

871 nm. I i s  the Raman beam; I1 i s  the Gaussiam f i t t e d  to the peak inten- 

s i  ty and where i t f a l l s  to e"x maximum intensi ty .  

and p u l s e  shape were i d e n t i c a l ,  w i t h i n  t h e  measurement e r r o r  o f  0.2nsec, 

t o  t h a t  a t  694 nrn. The o u t p u t  angles a t  782 nm and 871 nm were measured, 

as before and a r e  shown i n  f i g .  4  (b) and 4  ( c ) .  We no ted  t h a t  these 

angles a t  t h e  t h r e e  wavelengths were w i t h i n  10% o f  each o t h e r .  We made 

f u r t h e r  checks o f  these r e s u l t s  by measuring p u l s e  d i s p e r s i o n  i n  t h e  

GCF a t  8 = 0.3O, 2O and 8 S 0  f o r  t h e  t h r e e  wavelengths. For the  f i r s t  

two angles,  no d i s p e r s i o n  was reso lved  i n  each case due t o  systern res -  

ponse, whi l e  f o r  0 = 8.5O, t h e  d i s p e r s i o n  was - 35 psec/m, b e i n g  s i m i -  

l a r  w i t h i n  measurement e r r o r  f o r  each wavelength. 

The r e s u l t s  w i t h  t h e  l i q u í d - c o r e  f i b r e s  f o l l o w  t h e  same t r e n d  

as t h e  above r e s u l t s  w i t h  GCF and again emphasize t h e  s t r o n g  dependence 

o f  d i s p e r s i o n  on 8 .  We i l l u s t r a t e  one r e s u l t  ob ta ined  i n  f i g u r e  6,which 

shom t h e  o u t p u t  pu lses  a t  694 nm and 871 nm, i n d i c a t i n g  a  d i s p e r s i o n  o f  

4.4 ns i n  850 m o f  LCF, o r  5.2 psec/m f o r  8 = 0.3O. The p u l s e  separa- 

t i o n  i n  t h e  p u l s e  t r a i n  was - 8 nsec, and hence a  h i g h e r  launch ing  an- 

g l e  c o u l d  n o t  be used f o r  t h i s  l e n g t h  as t h e  l a r g e r  p u l s e  d i s p e r s i o n  

cou ld  n o t  be unambiguously resolved.  For  t h e  110 m o f  LCF, w i t h  8 20.3' 

and 2.s0, t h e  d i s p e r s i o n  was c8 psec/m, n o t  reso lved  due t o  çystem res-  

ponse. For 0 = gO, t h e  d i s p e r s i o n  was 14 + 2  psec/m a t  a1 1  t h r e e  wave- 

leng ths .  



Fig.6 - Output pulses a t  two wavelengths a f t e r  850 m o f  l iquid-core f i b r e  

(LCF) wi th  the same launch semi-angle of 0 . 3 ~  i n  the core. Pulse disper- 

s i m  i s  4.4 nsec o r  5.2 p s e c h .  

A change i n  the wavelength o f  the launched l i g h t  can l e a d t o  a 

change i n  the r e f r a c t i v e  indices o f  the core and c ladding and hence t o  

a change i n  the numerical aperture o f  the f i b r e  and i n  9 i n  the  core. 

Further, i t  can a l so  lead t o  a change i n  the  f i b r e  a t tenuat ion ,  due t o  

the at tenuat ions o f  the core and c ladding mater ia ls  and the magnitude 

o f  Rayleigh scat te r ing ,  which i s  inverse ly  propor t iona l  t o  t h e  f o u r t h  

power o f  the lwavelength. The core a t tenuat ion  has the same e f f e c t  on 

each propagating ray ( o r  mode) and hence cannot lead t o  a waveiengthde- 

pendence o f  d ispers ion.  On the  other hand, i t  has been shown byGambling 

e t  a2.17 t h a t  a h igh loss of the c ladding mater ia l  can lead t o  a reduc- 

t i o n  i n  pulse dispers ion by the mechanism o f  mode f i l t e r i n g  o f  the h i -  

gher order modes a t  a penal t y  o f  increased loss.  This i s  because the i  r 

f i e l d s  penetrete f u r t h e r  i n t o  the c ladding compared t o  the lower order 

rnodes. Hence we can envisage a wavelength dependence o f  d ispers ion i f . there i s  a great amount o f  mode f i 1 t e r i n g  a t  one wavelength compared t o  

the others.  D i s t i n c t  observation o f  t h i s  e f f e c t  would obviously depend 

on the number o f  modes f i  l t e r e d  and the t ime reso lu t i on  o f  the measure- 

rnent system. Further,  the number o f  modes exc i t ed  i n  a p a r t i c u l a r  f i b r e  



i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  e x c i t a t i o n  wavelength. There fo re  i f  

t h e r e  i s  no  mode m i x i n g  o r  mode f i l t e r i n g  i n  t h e  f i b r e ,  a wavelength de- 

pendente o f  d i s p e r s i o n  i~ again p o s s i b l e  b u t  t h i s  i s  due t o  t h e  laun-  

ch ing ,  i . e .  d i f f e r e n t  number o f  m d e s  e x c i t e d ,  and not propaga t ion  e f -  

f e c t s  i n  t h e  f i b r e .  We now d iscuss t h e  r e s u l t s  o f  o u r  measurements w i t h  

t h e  above arguments i n  mind. 

I n  t h e  GCF, t h e  r e f r a c t i v e  i n d i c e s  o f  b o t h  t h e  c o r e  ( F  7) and 

c l a d d i n g  ( M E ] ) ,  nl and n2, decrease w i t h  increase i n  t h e  wavelength (1); 

hence t h e  numer ica l  a p e r t u r e  ( N . A . )  of  the  f i b r e  remains v i r t u a l l y  un- 

changed a t  0.64. The N.A. o f  t h e  LCF i s  a l s o  u n a l t e r e d  f rom 0.43. S ince  

the numer ica l  a p e r t u r e  was n o t  f i  l l e d  i n  b o t h  cases ( i  .e. n o t  a11 modes 

e x c i  ted)  , i t i s  more impor tan t  t o  determine how 0 i n  t h e  co re  changed. 

For Scho t t  F7 g lass,  t h e  c o r e  i n  t h e  GCF, n l  decreases f rom 1 . 6  18  t o  

1.61 1 ( i  .e. 0.43%) as X increases f rom 694 t o  871 nm. I n  hexachlorobuta 

1,3-diene, the  co re  i n  LCF, n l  decreases f rom 1.547 t o  1.537 (0.68%) a t  

t h e  wavelengths mentioned. Hence, i n  b o t h  cases, t h e r e  i s  a n e g l i g i b l e  

change i n  0 w i t h  t h e  t h r e e  wavelengths used i n  t h e  exper iments.  Fur ther ,  

as t h e  o u t p u t  angles a r e  a l s o  v e r y  s i m i l a r ,  though s l i g h t l y  i n c r e a s e d  

compared t o  the i n p u t  angles, i t  i s  n o t  s u r p r i s i n g  t o  f i n d  t h a t  w i t h  

the  r a y  p ropaga t ion  mode15 i n  mind, the  p u l s e  d i s p e r s i o n  i s  n o t  depen- 

dent on the  wavelength o f  t h e  p ropaga t ion  rays .  The o u t p u t  angles,  as 

shown i n  f i g .  4 show a 10% d i f f e r e n c e .  I f  p ropaga t ion  was a t  these an- 

g l e s  through the whole l e n g t h  o f  t h e  f i b r e ,  the  d i f f e r e n c e  i n  t h e  p u l s e  

d ispers ion ,  f rom t h e  ray  p ropaga t ion  model, would be 4 ps/m. Th is  c a l -  

c u l a t e d  d i  f f e r e n c e  was wi t h i n  exper imenta l  accuracy and hence was n o t  

resolved;  t h e  a c t u a l  d i f f e r e n c e  would be s m a l l e r  as t h e  beam w i d t h  a t  

l aunch ing  was s m a l l e r  compared t o  t h e  beam w id ths  measured a t  t h e  o u t -  

p u t .  These c a l c u l a t i o n s  and r e s u l t s  demanstrate t h a t  l a u n c h i n g  c o n d i  - 
t i o n s  a r e  ve ry  s i m i l a r  as t h e  r e f r a c t i v e  index o f  t h e  co re  a1 t e r s  v e r y  

s l  i g h t l y .  

Now we address ourse lves  t o  t h e  e f f e c t  of t h e  c l a d d i n g  l o s s  

i n  our  measurements. Gambl i n g  e t  aL. l7 measured t h e  b u l k  a b s o r p t i o n  l o s s  

( a k )  o f  t h e  c l a d d i n g  m a t e r i a l  (MEI) i n  bo th  GCF and LCF, i n  an unc lad  * 

f i b r e  form, a t  694, 782 and 871 nm t o  be 1640, 1580 and 1520 db/km res -  

p e c t i v e l y ,  i .e. o f  t h e  same o r d e r  o f  magnitude. The l o s s  c o e f f i c i e n t  (k), 

g iven  by them as 



undergoes a maxi mum change o f  on ly  - 16% and t h i  s causes a negl i g i b l e  

change i n  the pulse shapes, as pred ic ted by t h e i r  theory f o r  a much 

longer length (180 m) and a la rger  9 o f  8'. Some change i n  the disper-  

s i on  cou ld  be expected i f the loss  a t  one wavelength was a t  l e a s t  an 

order o f  rnagni tude d i f f e r e n t  f rom t h a t  a t  another wavelength. These ca l  - 
cu la t i ons  c l e a r l y  show tha t ,  f o r  these f i b res ,  there i s  no p r e f e r e n t i a l  

mode f i  1 t e r i n g  as a func t ion  o f  wavelength and i s  conf i rmed by the ex- 

perimental nesul ts o f  measuring the output  angle. A s i g n i f i c a n t  w d e  

f i  l t e r i n g  would be accompanied by a reduct ion i n  the output  angle. Sin- 

ce the bu lk  at tenuat ions o f  the core i n  the GCF and LCF are d i f f e r e n t  

by an order o f  magnitude, these measurements f u r t h e r  demonst r a t e  t h a t  

pulse dispei-sion and shape are not  dependent on the loss o f  the core ma- 

t e r i a l ,  as each ray, o r  mode, su f fe rs  the same at tenuat ion.  

O L I ~  measurements are i n  good agreement w i  t h  t h o s e  made by 

Gloge e t  a ~ ?  a t  568 and 647 nm, w i th  a mode-locked kryp ton- ion  laser .  No 

change i n  pulse shape o r  d ispers ion was observed f o r  a p a r t i c u l a r  8 

lauching. When the foca l  length  o f  the coupl i n g  lens was decreases , i .e. 

8 increased, an increase i n d i  spersion occured, as prev ious l  y predi  cted 

t h e o r e t i c a l l y  and observed experimental l y 5 .  Although i t  was s ta ted tha t  

the resu l t s  a t  1.06 prn were e s s e n t i a l l y  the same, i t i s  on l y  a p p a r e n t  

t h a t  launching was done a t  the same angle. Coupl i ng  w i t h  t h e  sane rni- 

croscope ob jec t i ve  does n o t  necessar i l y  mean an i d e n t l c a l  8 as the beam 

widths (w) could, be d i  f f e r e n t  f rom d i f f e r e n t  lasers;  w depends on the 

r a d i i  o f  curvature o f  the c a v i t y  mi r rors ,  t h e i r  separation, the o s c i l -  

l a t i n g  wavelength and the distance o f  the coupl i ng  lens from the output  

mi r ror .  We hiive extended these measurements t o f o u r  d i f f e r e n t  8 a t  three 

wavelengths I2or two d i f f e r e n t  f i b r e  types. Further,  by m e a s u r i n g  the 

output  angle we have shown tha t  the rnode conversion o r  f i l t e r i n g  e f f ec t s  

are not  dependent on the wavelength. 

Burrus e t  a ~ , ~  have a l s o  measured the irnpulse r e s p o n s e  i n  

f i b r e s  having d i f f e r e n t  r e f r a c t i v e  index p r o f i l e s  a t  0 .633,  0.9 and 

1.06 um. Although the absolute values o f  d ispers ion  were d i f f e r e n t  f o r  

the d i f f e r e n t  f ib res ,  the  resu l t s  are quoted t o  be e s s e n t i a l l y  s i m i l a r  

a t  a l l  three wavelengths. 



Pulse d ispers ion ,  dominated by m a t e r i a l  d i s p e r s i o n ,  wi  1 1  have 

a ve ry  marked dependence on t h e  wavelength o f  the l i g h t  i n  optimum gra -  

ded- index f i b r e s  e x c i t e d  by  l i g h t  e m i t t i n g  diodes. Th is  w i l l  be d iscus-  

sed f u r t h e r  i n  a separate publ  i c a t i o n 1 8 ,  

5. CONCLUSIONS 

We have c a r r i e d  ou t  measurernents o f  p u l s e  d i s p e r s i o n  i n  two 

d i f f e r e n t  types o f  mult imode s tep- index  f i b r e s ,  a t  t h r e e  w a v e l e n g t h s ,  

namely 694, 782 and 871 nm, and observed n e g l i g i b l e  change p rov ided  t h e  

launching w a s c a r r i e d  o u t  a t  t h e  same beam semi-angle. The mode conver- 

s i o n  was smal l  b u t  a l s o  s i m i l a r  as v e r i f i e d  by measurements o f  the  ou t -  

p u t  angle a t  each wavelength. As t h e  launch ing  ang le  and the  o u t p u t  

ang le  were s i m i l a r  i n  each case, i t  was t o  be expected t h a t  t h e  d i s p e r -  

s i o n  was a l s o  s i m i l a r .  

The measurements were c a r r i e d  o u t 5  a t  Southampton U n i v e r s i  t y  

and I thank Professor  W . A .  Gambling f o r  t h e  f a c i l i t i e s  p rov ided ;  Dr. D.  

N. Payne f o r  supp ly ing  the  f i b r e s  and f o r  many s t i m u l a t i n g  d iscuss ions .  

I am e s p e c i a l l y  indebted t o  Pro fessor  G.D. Sims f o r  h i s  g u i  d a n c e  and 

encouragement, a t  t imes most needed. 
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