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RESUME

On décrit une méthode pour déterminer le
diametre du coeur d'une fibre monomode et la
différence d'indice de refraction entre le
coeur et l'enveloppe. Cette méthode comporte
seulement la mesure de la largeur du lobe
principal a demi-puissance et de la largeur
du 1¢T minimum. Quand une fibre monomode est
courbée on trouve que, comme privu, les
pertes dues a la courbure croissent brusque-
ment au dela d'un rayon de courbure critique
mais que la radiation €mergente ne se

propage pas uniformément avec la distance;

On observe au fait une serie de rais bien

[T . . . .
definies et distribules de manidre discrete.

ABSTRACT

A method is described for determining un-
ambiguously from the far-field pattern of
single-mode fibres the core diameter and the
refractive index difference between core and
cladding. It involves measurements only of
the half-power width of the main lobe and the

width of the first minimum. When a single-

mode fibre is curved we find that, as expected,

the bend loss increases sharply below a
critical bend radius but that the radiation
does not leak away uniformly with distance.
Instead a series of discrete, well-defined
rays is observed.

1. Introduction

Single-mode fibres have several potential
advantages when considered for use as trans-
mission lines at optical frequencies. In
Particular the absence of dispersion due to
mu1t1mode operation means that the attainable
b?n@w1dth can be very large, being ultimately
llmlteq by material and mode dispersion when
operating with a monochromatic source and
igélmates (1) give values in the region of
X GHz over a lkm length. In recent years
ttention has centred on multimode fibres
dggguse they can be used with light-emitting
h11es and they present fewer handling problers,
How aunching and.Jo1pt1ng for example.
asezer the fabrication of single-mode fibres
the een rendered compargtlvely simple (2) by
techz?w homogeneous chemical vapour deposition
rom lque. Furtherpore it may be deduced
,micrrgceny theoretical work (3) that the
Testrg ending' loss can be made small by
10Ctmg the core d1ametgr. Together with
Semiconger lifetimes now being reported for
that s? uctor lase{s, these factors indicate
impor ngl?—mode fibres may become increasingly
tant in the future.

2. Determ; .
= Imination of core diameter and
ractive-in €X dltference

Nith
any type of fibre, two of the fundamental

parameters are the core diameter 2a and the
difference in refractive index An between that
of the core ny; and the cladding n; from which
the normaliseé frequency V at the (free-space)
wavelength of operation A may be obtained
where

Ve @rap) e - nhl

In multimode fibres the core diameter can be
measured by conventional optical techniques
while An can be determined from measurements
of the numerical aperture or of the refractive
index profile. However with single-mode
fibres, because the core diameter is comparable
with a wavelength, the effects of diffraction
render such measurements more difficult,
particularly at the smaller V values. Some-
times the refractive indices of core and
cladding may be accurately known but in general
this is not the case, particularly with fibres
produced by the C.V.D. technique. A method of
determining a and An is therefore required

which is simple to apply and which ideally can

be used to assess fibres immediately after
drawing.

No rapid and satisfactory method presently
exists. One possible technique is to detect
the onset of higher mode propagation in the
output far-field radiation pattern from the
fibre when the exciting wavelength is varied.
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In this way the wavelength of the second mode
cut-off (V=2.4) is found, and assuming that
the dispersive properties of the glasses in
the core and cladding are similar, an extra-
polation of the V value to other wavelengths
can be made. However, the method is an
insensitive one because the wavelength at
which a higher mode appears in the output
pattern is somewhat indeterminate. A mode
becomes extremely lossy as it nears its cut-
off point, since the mode volume becomes large
and guidance is weak. Thus no clear cut-off
wavelength is observed and the measurement is
sensitive to slight bends and applied pressure,
as these cause premature radiation of the
higher mode. Thus the mode cut-off technique
is not sufficiently accurate and, moreover,
requires a laser source which is tunable over
a wide range of wavelengths.

An alternative method is presented here of
determining a and 4n from a simple measurement
of the far-field pattern at a single wavelength.

2.1 Far-field radiation pattern of HEll mode

As with multimode fibres it is clear that the
far-field radiation pattern of the HEj; mode
is a function of both a and An and moreover
can be easily observed experimentally(4). We
have calculated this field distribution,
assuming 4n<<nj. The normalized far-field
distribution w}r,e,a) may be obtained from the
Fraunhofer diffraction equation (5) and the
approximate field equations derived by Snyder
(6} For the HEjj mode in structures having
An<<nj] the normalized far-field distribution
may be derived as:

2
2 2 J (U}
"‘Zl' ‘zu—zw—z——f Jola) - “Jl(“)o_}]
U -a®) (W+ o) uJ, (V)
for U# o ..(la)
2,2 2
A {Joz(“) X le(u)}]
AR SN
for U= o ..(1b)
where V2= U2+ wz.

U,W are the arguments (6) of the Bessel
and modified Hankel functions.
a= ka sin® is the normalised radiation
angle
k= 2n/X and
© the angle with the axis.

A convenient parameter to measure experiment-
ally is the output angle 6} at which the far-
field intensity has fallen to one-half that
at the central maximum (8 = 0).

It may be shown from eqn. (1) that ap= ka sin@p
is an unambiguous function of V and the
relationship is indicated by curve B in Fig.1.
Thus V may be very simply determined if ap is
known, assuming that for V>2.4 only the HE11
mode is launched and propagated along the
fibre. If the core radius a can be found in
some other way then measurement of the half-
intensity width 6y enables aj to be obtained,
so that eqn. (1), or in practice Fig.l, gives
V and hence An. An etching technique can
sometimes be used to determine the core
diameter but only with those fibres where the
core and the cladding have markedly different
etch rates.

2.2 Angular width of first maximum

The output end of an optical fibre forms a
radlat@ng aperture but it is not generally
appreciated that the output field pattern
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contains side lobes. Thus it can be shown
from eqn. (1}, and experimentally, that in
addition to the main beam the far-fielq
pattern exhibits a range of subsidiary peaks
at angles and relative intensities which ’
depend on a, nj] and A. It may be further
shown that the angular width ©x to the first
minimum can be used in conjunction with g to
obtain V directly without any knowledge o? a
Thus, like ap, the ratio sin@y/sin®y is alsg
an unambiguous function of V. The variatiop
of this ratio, together with ap, is given in
Fig.l for the range of V values most likely
to be encountered in practical single-mode
fibres. Thus the interesting and invaluable
result is obtained that the simple determip-
ation of 6y and @) enables V and a, and hence
An to be ogtained without the need for any
other measurements. In the example illustrat-
ed in Fig.l it is assumed that the ratio
(sinBy/sindy) is found experimentally to be
5.25 indicating, using curve A, that V = 2.14,
From curve B it can be seen that the corr-
esponding value of ka sin®, is 0.813 and from
the measured value of 6y, if is possible to
calculate a.

2.3 Experimental techniques and verification

Experiments have been carried out on a number
of single-mode fibres made by the technique
(2) of homogeneous chemical vapour deposition.
Laser radiation was launched into a 1Im length
of each fibre. In order to avoid the propag-
ation of higher-order modes the fibre was
slightly curved and cladding strippers were
also used.

The angular widths 6), and 6, were obtained by
monitoring the far-field output pattern with
an Integrated Photomatrix Ltd model 7000
scanning photodiode array. Fig.2 shows the
outputs from the array displayed on an oscillo-
scope under conditions of (a) low gain from
which 8y can be measured and (b) high gain,
showing the positions of the minima (6x). In
Fig.2(a) the response of the photodiode array
is linear and the Gaussian shape of the main
beam can be seen. However in order to show

up the first minima in Fig.2(b) the gain is so
high as to cause saturation and distortion at
smaller angles. The values of 8x were
confirmed by taking photographs of the far-
field pattern as shown in Fig.2(c).

As a check on the theory given in Section 2.2
the core diameter can be measured directly in
two ways. Firstly by etching with hydro-
fluoric acid since the phosphosilicate core
dissolves much more rapidly than the pure
silica cladding. The core diameter was then
measured by an optical, or scanning electron
microscope. Secondly the core and outside
diameters of the preform were measured as well
as the overall diameter of the resulting fibre
The fibre core diameter is then given by the
product of the preform core diameter and the
preform/fibre outside diameter ratio. The
agreement between the two methods was very
good (within 2%).

Several single-mode fibres having core diam-
eters ranging from 4 to 8.4um have been tested
In the first set of measurements a Chromatix
CMX4 tunable laser was used to vary the V
values over the range 1.7 to 3.5. The angle
6n was determined at wavelengths between 0.42
and 0.9%um for two fibres whose core diameters
of 6.6um and 8.1lum were obtained by etching.
The experimental results are shown in Fig.1
and are in excellent agreement with the theory.
The V values for these two fibres were found
to be 1.98 and 2.78 at A = 0.63um.
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In the second set of measurements 8y and 8,
were measured for a number of fibres. For
each fibre the angular measurements were made
in ten independent experiments and the repeat-
ability was within 22%. The core diameters of

two of the samples were again obtained by
etching and the comparison with the far-field

measurements is shown in Table 1. The cores
were slightly elliptical and the figures in
the final column denote .ne lengths of the
major and minor axes. The agreement between
the two methods is excellent particularly
since the orientation of the fibre ends for
the far-field measurements was not known. For
the other three samples independent dianeter
measurements were not made and the results
obtained for a and An are given in Table 2.

3. Radiation Loss at Bends

’

One of the important characteristics of prop-
agation in single-mode fibres is the trans-
mission loss which occurs at bends. We have
studied this effect in detail and have com-
pared experimental results with those derived
from a theoretical model based on a conformal
transformation technique. The agreement
between theory and experiment is good and the
results will be reported elsewhere. As
expected the bending loss increases rapidly
as the radius of curvature is reduced below

a critical value. The radius at which this
occurs is typically 4cm for large-core fibres
(8um diameter, V=2), while our more strongly-
guiding fibres (4um diameter, V=2.4) may be
bent to a radius of a few millimetres.

In the course of the bend loss studies it was
observed that the radiation emitted in the
transverse direction at a bend was not con-
tinuous but appeared in the form of discrete
divergent 'rays'. To illustrate the effect
it is convenient to describe the experimental
results first before giving a tentative theo-

retical explanation of this somewhat unexpect-
ed result.

3.1 Experimental study of bend radiation

To observe the 'ray' radiation several metres
of single-mode, or near-single-mode, fibre
were coiled around adrum of given diameter
and the HEj1 mode was excited at the input
end by a helium/neon laser operating at
0.633um in the TEMOo mode. The 'near-single-
mode' fibre had a normalized frequency V =
.78 and a core diameter of 9.8um but only the
HE) | mode was present after a few metres
bgcause of the lJaunching conditions and any
hlgher-order modes present were only weakly
bound so that they attenuated rapidly.
Normally the radiation emitted from the core
at a bend is internally reflected at the
outer surface of the cladding and is therefore
"0t easily observed. The 110um diameter fibre
¥as therefore laid on a glass plate and
immersed ip liquid paraffin having a refractive
é?dgx_(1.466) slightly higher than that of the
oba ding. Typical examples of the radiation
15 ¢Tved are shown in Fig.3 at bend radii of
f;ng:d 16.5mm.  The radiated beams have a
Tadiue width varying as a function of the
unit i of curvature. The number of beams per
bend y n8th of curved fibre increases as the
radius decreases., The number of rays per
*te turn of fibre was measured as the

Compl

n ; 0
uzzmiilzed Tatio core diameter/bend radius
bend yon8cd from 1.8 to 3x10-4 (54 to 33mm

const;iglus) and was found to be roughly
beloy, 25 Predicted by the theory outlined
Beasiyi, OWeVer there are difficulties in
unje lengtﬁccurately the number of rays per
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Although the experiments reported here were
conducted on fibres which propagated more than
one mode, the discrete radiation emitted from
the bend was also observed in truly monomode
fibres having V less than 2.4. In addition,
smaller-core fibres exhibit the effect at a
reduced bend radius. It may be inferred from
the work of Neumann (7) that a related pheno-
menon exists in dielectric waveguides operat-
ing at microwave frequencies.
3.2 Analysis of leakage from a curved single-
mode fibre

The analysis is based on a conformal trans-
formation (8) which can be used to map a
curved homogeneous cylindrical medium into an
inhomogeneous 1linear one in the transform
plane. However we assume here for simplicity
a curved slab waveguide of half width d,
refractive index nj and mean radius of curva-
ture R in the plane of curvature (r,8) as
shown in Fig.4(a). This structure is mapped
into the (u,v) plane by the transformation

u =R 1ln(r/R)

v = RO .. (2)
in the form of a straight waveguide with the
dimensions and refractive-index distribution
indicated in Fig.4(b). It is clear that the
energy distribution in the curved waveguide is
shifted towards the outer curved boundary by
the increase of refractive index at the right-
hand boundary in the transform plane. The

effective fibre diameter in the (u,v) plane
becomes

D=RIln [(R*d)/(R-d)] . (3)

Both D and the slope of the refractive index

in the u direction, exp(u/R), increase as the
curvature increases.

The effect of these changes on the propagation
conditions may be deduced from Fig.5. The
dotted curve (a) shows the transverse distrib-
ution of refractive index in the (u,v) plane
for a straight fibre in the (r,8) plane, i.e.
R = « 50 that the width of the guide is the
same in both planes, D = 2d, and the refractive
index is constant. Also shown is the normal-
ized propagation constant of the HE;; mode.
Strictly speaking the propagation constant is
that of the slab TEg; or TMyp mode but cal-
culation shows that %he propagation constants
of the lowest-order modes in slab and fibre
are very similar and the approximation is
certainly good enough for our purpose here.

At a moderate radius of curvature,solid curve
(b), the refractive index at u = d increases
from n; to ny (1+d/R) in the core and from nZ
to nz(1+d/R) in the cladding (see Fig.4).
Similarly at the inner radius the refractive
index changes from nj to ny(1-d/R) in the core
and from n; to nz(l-é/R) in the cladding. As
indicated above there is therefore a narrowing
accompanied by a shift in the energy density
to the outside of the curve. Furthermore for
u>d the refractive index increases at the rate
naexp(u/R) and exceeds the value 8/k at a
finite distance from the waveguide. Thus the
possibility arises of electromagnetic tunnell-
ing as discussed by Snyder (9) which will give
rise to bending 1loss.

When the bend radius is decreased sufficiently,
curve (c), two further effects occur. Firstly,
the point can be reached at which na(1+d/R)
equals or exceeds B/k so that all guidance
ceases and the radiation loss rises to infinity.
This, and the tunnelling from a curved fibre,
are discussed elsewhere (10) and will not be
treated further here. However the other effect



of importance at a small radius of curvature
arises when the effective refractive index in
the core, nj(1-d/R), at the inside of the bend
falls below B/k. A turning point (caustic)
then forms within the core and since the inner
core boundary no longer has a guiding function
is ceases to have any relevance. The form of
the guiding structure therefore changes from
that of a single-mode fibre to a single-
boundary guide (11). The HEj; mode in the
curved fibre may therefore be thought of in
terms of the equivalent locus or ray (see for
example reference (12)) from the straight
portion entering an open curved 'whispering
gallery' reflecting region of radius R and with
an outer caustic at a distance from the core at
which the equality

8/k2 = nzexp(u/R)

is satisfied and through which tunnelling
radiation is emitted as in Fig.6. The char-
acteristic angle of the ray can be shown to be

[Uk/anld]

where U is the eigenvalue of the HE,, mode in
the straight single-mode fibre. Thus the
theory predicts the emission of tangential rays
at the points of reflection of the HE;; 'ray'
as illustrated in Fig.6. The number 0f rays
per unit length is a function of 8. and R, and
it can be shown quite simply from the geometrie
reflection model that the number of emitted
rays per complete turn is almost independent
of the normalized inverse bend radius d/R.

8. = a
c TC COS

As described in Section 3.2 such rays are
indeed observed and the number per turn is in
approximate agreement with the theoretical
predictions.

4. Conclusions

It has been shown that the core diameter and
refractive index difference can be deduced
from the far-field radiation pattern of the
HEp; mode in fibres of low V number. Indep-
enéent determinations of the core diameter by
an etching technique, as well as by measure-
ments on the starting preform which is made by
the homogeneous CVD process, are in good agree-
ment with those obtained from the far-field
pattern. The method is now used in our lab-
oratories for the routine characterization of
single-mode fibres.

A study of the radiation loss from a curved
fibre carrying only the dominant mode indicates
that it is composed of discrete beams which may
be described as geometrical reflections of the
leaky HEj; mode at the curved fibre boundary.
An analysls based on a conformal transformation
technique is presented and gives a satisfactory
explanation of the experimental observations.
The experimental and theoretical results are
also in fairly good quantitative agreement.
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TABLE 1 Comparison of core diameters obtained from far-field pattern
with those measured by etching

Core diameter (um) obtained from:
Sample sin® sin® /sineh \ n
(mean (medn) (mean) Far-field Etching
measurements measurements
1 0.0211 5.38 2.10 |0.00107 7.6 7.36 x 7.82
2 0.0385 5.14 2.18 |0.00349 4.3 4,22 x 4.31
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TABLE 2 Values of V, refractive index difference and core
diameter determined from the far-field pattern
Sample $ine, singx/sinﬂ v An Core diameter
(nx‘:lnl)' {mcan) {meian) m
0.0205 6,05 1.91 OLO0108 0.9
0.0220 4.749 RN 000112 8.2
0.0231 4.5 2.8 0.00]120 8.4
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FIG.3 TANGENTIAL BEAMS EMITTED BY A SINGLE-MODE FIBRE AT
BEND RADII OF (a) 12MM AND (b) 16.,5mmM

R~
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