EFFECT OF DIP IN THE REFRACTIVE
INDEX ON THE CUT-OFF FREQUENCY
OF A SINGLE-MODE FIBRE

Indexing terms: Optical fibres. Refractire index

The normalised frequency for single-mode cut-off in an
optical fibre has been calculated as a function of the dip in
the refractive index at the centre of the core. For a particular
class of profiles, dip widths up to 40°%, have a negligible
effect on the propagation characteristics.

Introduction: A particular virtue of the homogeneous chemical
vapour deposition method is that it greatly simplifies the
fabrication of single-mode optical fibres.! However, it is
difficult to produce a perfectly stepped refractive-index distri-
bution because of diffusion at the core—cladding boundary
and preferential evaporation of the more volatile component
during the preform collapsing stage. Core—cladding diffusion
produces a rounding of the profile at the outer edges, and the
resulting effect on the cut-off conditions has been discussed
¢lsewhere.2 Evaporation usually causes a depression of the
refractive index at the centre of the core, and the magnitude
of the change in the frequency range for single-mode opera-
tion is considered here, by calculating the cut-off frequency
of the second mode.
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Fig. 1 Refractive-index profile as function of normalised radius
for various values of «

Theory: The dip is represented by a radial r variation of
relative permittivity in a fibre of core diameter 2a given by

£{1-26(1—-R)*} 0<R<1 }
g(1—-2A)=n? R=1

wheré R = r/a, &, = n,? is the relative permittivity at the edge
of the core, A = (¢, —¢€;)/2¢, is a measure of the relative
difference in relative permittivity between the edge of the core
and the cladding and equals the relative refractive-index
difference when A < 1, § is the equivalent relative difference
between the edge and the centre of the core and denotes the dip
height and « is a parameter between 1 and co which defines
the dip width. The resulting profile distributions are shown
in Fig. 1.

" The single-mode régime is terminated by the TE;; mode
cut-off frequency V., and, following the method of Reference
2, the following conditions may be deduced:
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and, at R =1,
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where e,(R) is the R-dependent factor in the azimuthal ¢
component of the electric-field vector and y = 4/A is the
relative depth of the dip in refractive index at the core centre.
To solve eqn. 2, a series-expansion method? is used. Thus

we write
e.(R) = 2 a, R*+? ay # 0 . . . . . (4)
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and obtain the coefficients a, by substituting eqn. 4 into

egn. 2 and equating terms in like powers of R to give the
recurrence relations
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where a; = 0 and
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From the boundary condition of eqn. 3 we obtain
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Finally, substitution of eqns. 5 and 6 into egn. 7 resultsin an
algebraic equation for V. which may be solved by the Newton—
Raphson method.

Results: For a = oo, corresponding to a step-index fibre as
in Fig. 1, eqn. 7 can be rewritten as the Bessel function of
order zero, i.e. Jo(V,) =0, so that V. = 2.4, which is the
value for a perfect step-index fibre. The variation of V. for
other values of a is shown in Fig. 2 for a range of dip heights y.
It can be seen that, with departure from a stepped profile, i.e.
increased width of dip (smaller a) and increased depth (larger
7), the cut-off frequency V. increases. Fig. 2 indicates that
V. is effectively unchanged from that for a step-index fibre
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Fig. 2 Variation of cut-off frequency as function of a for
various values of y = 8/A
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for a > 10, and from Fig. 1 this corresponds to dip widths
up to 409, even at y = 1, where the axial refractive index
has fallen to that of the cladding, equivalent to the loss of
all the dopants from the core centre. If y < 1, there is an even
greater tolerance on dip width. Thus for a dip in relative
refractive-index difference of 409, a dip width of 85%
(¢ = 3 in Fig. 1) produces a change in V. of only 1%, It
appears, therefore, that relatively large depressions in refrac-
tive index at the centre of the core can be tolerated before V,
changes appreciably. Since the TE,; mode has a zero in
intensity at R = 0, this result is perhaps not unexpected.
Calculations of normalised propagation constant have been
carried out? for a stepped-ring-profile fibre in which the ‘dip’
is of uniform depth A, i.e. y = 1, and of width 25%. In this
case also the change in V. is negligible.

Recently, we reported* a method for the direct determina-
tion of V, core diameter and index difference in single-mode
fibres. The fibres studied had a dip in the core centre, the
depth of which was difficult to measure, but from scanning
electron micrographs of an etched fibre end the width was
estimated at not more than 409%,. From the results given here
the dip in these fibres would not be expected to change the
cut-off behaviour noticeably from that of step-index fibres.

Conclusions: Relatively large changes in the refractive index
about the core centre of a single-mode fibre can be tolerated
before an appreciable change in V. occurs.
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