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Angular distribution of light scattered from heavily doped silica fibres
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Abstract. This paper describes an experimental setup for precision
measurements of the angular distribution of light scattered by opti-
cal fibres in a wide angular range and demonstrates that the models
of anomalous scattering proposed to date need to be refined. We
have found and interpreted a discrepancy between the Rayleigh
scattering coefficients measured by different techniques.
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1. Introduction

Single-mode silica optical fibres doped with high concentra-
tions of various oxides are used in a variety of nonlinear
devices: Raman lasers and amplifiers [1], parametric amplifi-
ers [2] and nonlinear switches [3]. The efficiency of such
devices can be raised substantially by increasing the nonlin-
earity of the fibre via an increase in the doping level of the
fibre core. This is, however, accompanied by a considerably
more rapid increase in optical loss, which makes it impossible
to reach the highest possible efficiency of the device. As shown
earlier, losses in heavily doped fibres are contributed by light
scattering at the core—cladding interface [4] and in the region
of the central dip in the refractive-index profile [5]. This type
of scattering is referred to as anomalous. To describe it,
Rawson [6, 7] proposed and developed a model of light scat-
tering by microfluctuations of the core—cladding interface.
The origin of such microfluctuations is not yet under-
stood. This paper examines two possible mechanisms. One
mechanism stems from the fact that, when a preform is drawn
into fibre, the core—cladding boundary in the hot zone (in the
region of the drawing cone) is the interface between two lig-
uids differing in viscosity. The hydrodynamic instability of
the interface gives rise to microdeviations from its mean posi-
tion [8, 9]. Disturbances of the core—cladding interface were
observed during preform collapse and were named viscosity
fingers [10]. The other possible mechanism assumes that the
interface is disturbed by capillary waves that emerge during
fibre drawing and are of thermodynamic origin [11]. We
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attempted to separately evaluate the contributions of these
competing mechanisms by analysing the shape of the angular
distribution of anomalous scattering, which carries informa-
tion about the size distribution of inhomogeneities and their
cross-sectional position in the fibre. To this end, we have
developed a technique that ensures high sensitivity and high
resolution in scattered-light distribution measurements over
the entire angular range (0—180°).

2. Experimental

2.1. Setup for scattered-light angular distribution measure-
ments

A schematic of the experimental setup for scattered-light dis-
tribution measurements is shown in Fig. 1. A key part of the
setup is a KU silica cell (/) in the shape of a semi-cylinder
(bounded by a cylindrical surface and a plane passing through
the axis of the cylinder). A stripped fibre (3) placed in a
cuvette (2) is parallel to the flat surface (IT) of the cell. The
light scattered in direction ¢ and coupled out from the fibre
into the cylinder at the same angle is apertured by a slit (4) of
width D. The cylinder surface acts as a lens, with a photode-
tector (5) at its focal point. The propagation of rays in the
cylinder is such that the focal point locus is a circle of radius
R, concentric with the surface of the cylinder. The photode-
tector is translated along this circle, whose radius is given by

R=nr'l(n-1), (1)

Figure 1. Schematic of the experimental setup for measurements of an-
gular distribution of light scattered from optical fibres: (/) silica semi-
cylinder; (2) cuvette filled with an immersion liquid; (3) fibre; (4) aper-
ture of width D; (5, 6, 7) photodetectors (position in this study and in
Refs [6, 5], respectively).
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where r* is the radius of the cylinder and # is the refractive
index of silica. In our setup, 7 was 3 cm. The resolution of the
system is determined by the spherical aberration of the cylin-
drical lens and depends on the aperture size, D. The system
has the lowest resolution when the scattering angle is ¢ = 90°.
At other angles, the resolution is better because the angular
size of the aperture as viewed from the position of the photo-
detector has a maximum at ¢ = 90°. Curves (/) and (2) in
Fig. 2 show the angular resolution of the system as a function
of relative aperture size, D/2r". As seen, at D/2r" = 0.3 the low-
est resolution of the system is ~1° at a scattering angle ¢ =
90°. At other scattering angles, the resolution is better.

Angular resolution/deg
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Relative aperture size

Figure 2. Angular resolution as a function of relative aperture size,
D/2r", at scattering angles of (7, 3) 90° and (2, 4) 20°; (1, 2) this work,
(3, 4)[6].

Comparison with previous scattered-light distribution
measurements highlights the advantages of the proposed
measurement geometry. In Ref. [6], a photodetector (6) was
translated along the surface of the cylinder (Fig. 1). In this
geometry, there is no beam focusing effect, the photodetector
receives the light scattered throughout an angular range of
width y (Fig. 1), and it is this angle that determines the resolu-
tion of the system. Just as in our setup, it depends on D and
scattering angle [Fig. 2, curves (3, 4)]. It can be seen that, to
reach a resolution of ~1° (as in our setup), the size of the vis-
ible area in Ref. [6] should have been reduced by 30 times,
which would lead to an equivalent reduction in signal-to-
noise ratio. In the setup reported by Likhachev et al. [5], a
photodetector ( 7) was translated along a straight line (L) tan-
gent to the circle R (Fig. 1). Increasing the distance from the
tangency point, situated at the focus, led to signal defocusing
and, accordingly, the resolution degraded rapidly. At D/2r" =
0.3 and ¢ = 10°, 25° and 40°, the resolution was about 1°, 2°
and 5°, respectively. The maximum scattering angle in that
geometry depended on the aperture size [5] and was in prac-
tice limited to 30°—60° because, with increasing ¢, the centre
of the beam spot (7) moved to infinity and the spot broad-
ened.

The light source used in our setup was a Nd: YAG laser
(A = 1.064 um) with a linearly polarised output. The light
coupled into the fibre was modulated at 1 kHz and ranged in
power from 100 to 200 mW. The scattered light was moni-
tored by a synchronous detector. Since the scattered light
intensity may depend on polarisation direction, measure-

ments were made at several azimuthal directions of the fibre,
and the results were averaged. In addition, the measurement
results were averaged over the length of the fibre. Note that
all of the fibres studied were sufficiently homogeneous, and
the measured angular distribution of scattered light varied
little from region to region.

The proposed technique allows calibration of the mea-
sured angular distribution of scattered light in order to evalu-
ate the absolute scattering loss. To this end, we measured
light scattering in multimode germanosilicate fibres, in which
Rayleigh scattering greatly prevails over anomalous scatter-
ing in almost the entire angular range. Figure 3 shows a mea-
sured and a calculated angular distribution of light scattered
from a Ge651mm multimode germanosilicate fibre with a
core diameter of 62.5 um. The dips in scattered light intensity
near 0 and 180° are due to the scattered-light capture in the
fibre core through the total internal reflection at the
core—cladding interface, which was taken into account in our
angular distribution calculations.
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Figure 3. Angular distributions of scattered light for sensitivity calibra-
tion of the experimental setup: (/) distribution for a Ge651mm multi-
mode germanosilicate fibre, (2) calculated distribution at An = 0.018.

The absolute Rayleigh scattering intensity in the multi-
mode fibres used for calibration can be determined through
independent Rayleigh scattering coefficient measurements
using A~ analysis of the optical loss spectrum of the fibre [12]
or from known Rayleigh scattering coefficients of the core
material [13]. The method used allows sensitivity calibration
of the experimental setup and determination of the total scat-
tering loss in the fibre with an accuracy of 5%—7%.

2.2. Optical fibres

As shown earlier [4, 5], anomalous scattering is contributed
primarily by the core—cladding interface and the region of the
central dip in the refractive-index profile. To study the scat-
tering in the region of the core—cladding interface, we used
two fibre preforms with the central dip eliminated in the fab-
rication stage. The germania-doped core of the preforms had
a step-index profile. The core—cladding index difference, An,
was 0.035 in the Ge303 preform and 0.040 in the Ge304 pre-
form. The preforms were drawn into fibres under different
conditions. It follows from earlier results [4] that anomalous
scattering in these fibres occurs in the region of the core—clad-
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ding interface. In all the fibres, the small-angle anomalous
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Figure 4. Angular distributions of light scattered from fibres (a) (/)
Ge303sm, (2) Ge303mm and (b) P926. Inset: optical loss spectra of (/)
P926 and (2) an analogous fibre with no central dip.

To study the scattering in the region of the central dip in
the index profile, we fabricated several fibres with increased
scattering in this region. It is worth noting that this type of
scattering is relatively weak in conventional heavily doped
fibres. In particular, completely eliminating the central dip
reduces the optical loss in fibres containing 30 mol % GeO, by
30% [14]. For this reason, one fails to separately assess the
angular distribution of light scattering due to the central dip
in such fibres, because the scattering in the region of the
core—cladding interface is twice as strong. In connection with
this, we changed collapse conditions in the preform fabrica-
tion stage, which led to changes in the region of the central
dip in the index profile. In this way, we fabricated the preform
for the phosphosilicate fibre P926, whose refractive-index
profile is shown in the inset in Fig. 6b.

Analysis of the optical loss spectrum of P926 indicated a
significant (twofold) increase in optical loss in going from
few-mode to single-mode operation [Fig. 4b, inset, spectrum
(1)]. Also shown for comparison in the inset is the optical loss
spectrum of an analogous phosphosilicate fibre with no cen-
tral dip [spectrum (2)]. The optical loss in the LPy; funda-

P926 was due to anomalous scattering (10% was accounted
for by Rayleigh scattering, and 25%, by absorption). Thus,
we have, for the first time, separately assessed the angular dis-
tribution of light scattering in the region of the central dip.
We assume that the observed strong scattering is due to the
formation of an air microcapillary in the central region dur-
ing the preform collapse process, but we failed to detect it by
optical or electron microscopy.

3. Rayleigh scattering coefficient measurement

The ratio of the outer diameter to core diameter in MCVD
preforms is about 8. Fibre drawn out from such a preform
will be multimode. To obtain a single-mode heavily doped
fibre, the above ratio should be about 50. For this purpose,
the starting preform underwent three steps of stretching and
overjacketing with a silica tube.

Figure 4a shows the angular distributions of light scat-
tered from a Ge303sm single-mode fibre [curve (/)], with
increased scattering at the core—cladding interface, and from
a Ge303mm multimode fibre [curve (2)], drawn from the
starting preform. As seen, the angular distributions each can
be divided into two portions: one due to anomalous scatter-
ing, which prevails in the angular range 0—60°, and the other
due to Rayleigh scattering, which prevails in a backscattering
geometry (90°—180°). In addition, the Rayleigh scattering
level in the single-mode fibre is seen to considerably exceed
that in the multimode fibre even though the fraction of power
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propagating through the germania-doped core is smaller in
the single-mode fibre. The Rayleigh scattering coefficient
(RSC) evaluated from the angular distribution of the multi-
mode fibre is equal to the RSC of germanosilicate glass at the
given doping level [13]. The RSC extracted from the angular
distribution of the single-mode fibre is 100 % greater than that
reported by Shibata et al. [13].

To gain greater insight into the observed effect, we deter-
mined the RSC of seven single-mode fibres using backscatter-
ing measurements [15] (Fig. 5). Fibre 1 had a phosphosilicate
core (An ~ 0.012) and a low anomalous scattering level. The
other fibres had a heavily doped (An ~0.035-0.040) germano-
silicate core and a step-index profile. Fibre 4 had a central dip
in the index profile. The scatter in the RSCs determined by
backscattering measurements was mainly due to differences
in fibre fabrication conditions. Also shown in Fig. 5 are the
RSCs evaluated from the angular distribution of light scatter-
ing and from data reported for doped silica glass [13]. In all
the fibres that were found to have an increased Rayleigh scat-
tering level in angular distribution measurements, the RSC
determined from backscattering measurements also exceeded
the RSC in glass of the same composition. The discrepancy
between the RSCs determined by the two techniques ranged
up to a factor of 2 in some cases.

To accurately describe Rayleigh scattering, one should
use the function Agr(r), which represents the radial RSC pro-
file. According to Likhachev et al. [12], the RSC determined
from backscattering (BS) measurements is averaged over the
fourth power of the field in the fibre:

J(;mAR(r)lpﬁ(r)rdr
jomi/)ﬁ(r)rdr

(Ar)ps = , 2

where 1, is the near-field distribution (normalised to unity) in
the fibre. When the RSC is evaluated from the angular distri-
bution (AD) of light scattering, the average is taken over the
square of the field:

J;)wAR(r)wﬁ(r)rdr
fomwﬁ(r)rdr

3)

(Ar)ap =

The fibres studied had increased anomalous scattering at
the core—cladding interface. In our opinion, it is this region
which is responsible for the increased Rayleigh scattering.
The inset in Fig. 5 shows the assumed RSC profile for this
case [curve (/)] and the index profile across the fibre core
[curve (2)]. The best agreement between the RSCs calculated
by Eqns (2) and (3) was achieved under the assumption that
an annular region of increased Rayleigh scattering lies at the
core—cladding interface. Taking its width, J, to be consider-
ably smaller than the core radius and using the RSC of ger-
manosilicate glass [13], we find for the Ge303sm fibre (fibre 3
in Fig. 5) from Eqns (2) and (3)

(Ap)ps = 1.73 + 0.15B, @)

(AR)ap = 1.50 + 0.36B, (5)

where B is the product of the average RSC in the region of the
core—cladding interface, (4), with J (Fig. 5). Eliminating B
from the two equations, we obtain a relation between the
RSCs determined by the two techniques:

(Ar)ps = 1.10 + 0.42(AR)ap. (6)

The Rayleigh scattering coefficient determined from the
angular distribution of light scattered by Ge303sm is (Ar)ap
=3.2.dB km™! um*. Substituting this value into (6), we obtain
(AR)ps = 2.45 dB km™ um?* in good agreement with the
experimentally determined value (2.5 dB km~! um#*). The cal-
culation results for the approximation used are represented
by asterisks in Fig. 5 and completely account for the observed
effect. Note that the numerical values of the coefficients in (6)
will vary slightly from fibre to fibre.

Increased Rayleigh scattering at the core—cladding inter-
face has been detected for the first time. We assume this scat-
tering to have the following nature: In the preform fabrica-
tion process, the average particle size in the deposit is ~120 nm
[16]. It is reasonable to expect that the core—cladding bound-
ary, an interface between glasses of different compositions,
will be rough rather than smooth, with a characteristic rough-
ness length scale of the same order as the particle size in the
deposit. Therefore, because of the large refractive-index dif-
ference across the core—cladding interface, strong Rayleigh
scattering would be expected at the interface. It is of interest
to note that, taken alone, neither of the above RSC determi-
nation techniques ensures accurate description of Rayleigh
scattering in heavily doped step-index fibres. The Rayleigh
scattering intensity in the fibre core and its contribution at the
core—cladding interface can only be assessed by combining
the two techniques.

4. Angular distribution of anomalous scattering

Figure 6 shows angular distributions of anomalous scattering
obtained by subtracting the Rayleigh scattering contribution
from the total scattering angular distribution for scattering at
the core—cladding interface and in the region of the central
dip in the refractive-index profile. It is worth noting that,
because the angular distributions for the fibres with increased
scattering at the core—cladding interface differed little in
shape, we examined in detail only the angular distribution for
Ge303sm. In contrast to earlier studies of anomalous scatter-
ing [5, 6, 17], we were able to assess light scattering in a wide
angular range, where the scattering intensity varied over
almost two orders of magnitude. There is obvious interest in
interpreting the measured angular distributions in terms of
anomalous scattering models proposed to date.

The best agreement between the calculation and measure-
ment results was achieved with a model that considers light
scattering by randomly distributed spatial fluctuations of the
core—cladding interface [18]. In this model, the scattered light
intensity is given by

Ip) = k402a2A4<ncE

2
o V“)(l + cos’p) T(p)

xfOLU(LO — 1) Reor (1) cOs[ kuu(cos p — 1)]du x
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Figure 6. Angular distributions of anomalous scattering (a) at the core—
cladding interface and (b) in the region of the central dip;

(a) (1) experiment; (2) calculation using Eqns (7)-(9) with L., =
0.5 um, Vo, = 0.6 rad and @ = 1.3 um; (3) calculation in the tempera-
ture wave model; (b) (/) experiment; (2) calculation in the temperature
wave model; (c) calculation in the hydrodynamic instability model with
a =0.025 um™! and B = 0.1 um™! in Eqn (10). Inset: refractive-index
profile of P926.

.7'[/ w
on ' zdwfo Scor(O)Cos(Zkasiny) sin%sin%)d@, (7)

where k is the wavenumber in the core; ¢ is the rms fluctua-
tion amplitude; a is the core radius; A = An/n is the relative
refractive index of the fibre core; E, is the electric field at the
core—cladding interface; L is the fibre length over which the
scattered light is collected; T(¢p) takes into account the frac-
tion of light captured in the core; and R, (u) and S.,(0) are
normalised autocorrelation functions for axial and azimuthal
interface deviations.

Mazunder et al. [18] used Gaussian autocorrelation func-
tions,

Rcor(u) = exp(—u2 /Lgor)a (8)

Scor(g) = exp(fez /Vgor s (9)
which corresponds to a simple stochastic process with no
periodic component.

Curve (2) in Fig. 6a represents the angular distribution of
scattered light calculated by Eqns (7)—(9) with L., and V,,

adjusted to give the best fit for the experimental data. As seen,
the width and slope of the angular distribution are repre-
sented only approximately, and the best fit curve differs in
shape from the measured distribution, especially when the
scattering intensity decreases by 10 to 100 times (at large scat-
tering angles). The angular distribution of light scattering in
the region of the central dip in the index profile (Fig. 6b) can-
not be represented using formulas derived by Mazunder et al.
[18]. The measured angular distribution has a maximum at a
scattering angle near 10° and differs from calculated curves at
any values of L., and V., (the calculation procedure is
described below).

That the measured angular distributions are poorly fitted
by Eqns (7)—(9) is most likely due to the fact that the correla-
tion functions (8) and (9) are chosen for the simplest stochas-
tic process and, hence, are unrelated to the actual physical
mechanism behind the development of inhomogeneities at the
core—cladding interface and in the region of the central dip.

To calculate the shape of the angular distribution for the
capillary wave mechanism, we used results reported by
Roberts et al. [11]. According to the capillary wave model
considered by them, the amplitude of capillary waves depends
on their spatial frequency, w. As shown in Ref. [11], the spec-
tral density of the roughness amplitude, ¢, is inversely propor-
tional to the spatial frequency, w, of the roughness compo-
nent. The maximum value of ¢ is determined by the cutoff
frequency, w,.

Knowing ¢(w) and applying the inverse Fourier transfor-
mation, one can find a characteristic form of deviation as a
function of longitudinal coordinate along the core—cladding
interface and construct autocorrelation functions. Substituting
the functions into (7), we can calculate the shape of the angu-
lar distribution of scattered light as a function of cutoff fre-
quency, wg, as was done in this study.

Curve (3) in Fig. 6a represents the angular distribution
that was calculated in this way and is the most similar in shape
to the measured angular distribution of light scattering at the
core—cladding interface. The discrepancy between the calcu-
lated and measured distributions is seen to be even greater
than that in the case of stochastic variations proposed by
Mazunder et al. [18]. The approach in question gives some-
what better results for scattering in the region of the central
dip (Fig. 6b), but the calculated distribution [curve (2)] is
broader than the measured one [curve (/)].

Clearly, when the hydrodynamic instability model is used,
scattering at the core—cladding interface and that in the
region of the central dip should be considered separately.
Indeed, in the former case we deal with flow of the viscous
glass of the silica tube, which contains doped glass with lower
viscosity. This problem is on the whole similar to that of
instability of a stretching viscous liquid jet [9], with the only
difference that here instability develops on the outer jet sur-
face, whereas we are interested in cross-sectional interface
variations on the inner surface of a stretching viscous cylin-
drical jet. This problem is in general rather difficult to solve,
especially because of viscosity variations (due to the variation
in glass temperature across the heating zone), and is beyond
the framework of this paper. A direct comparison of calcu-
lated and measured angular distributions of light scattering at
the core—cladding interface is thus problematic.

In the latter case, we deal with the problem of variations
in the position and shape of a rather viscous central dip in a
less viscous liquid (core glass). In the limit of very high glass
viscosity in the region of the central dip and very low viscosity
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of the core glass, the problem can be treated as that of varia-
tions in the position of a thread (central dip) in a viscous lig-
uid. It is reasonable to expect that such variations will have
the form of damped harmonic oscillations:

n ~ e *cos(fz), (10)

where z is a coordinate along the fibre axis, and « and f are
constants. Formula (10) can be used to calculate the correla-
tion function and angular distribution of light scattering.
Adjusting « and f§ as fitting parameters, we were able to rep-
resent the small-angle portion of the angular distribution of
anomalous scattering in P926 [Fig. 6b, curve (3)]. Thus, the
assumption that the position of the central dip varies as a
result of hydrodynamic instability proves true.

5. Discussion

Measurements on model fibres allowed us to identify two
types of anomalous scattering, differing in angular distribu-
tion: scattering at the core—cladding interface and that in the
region of the central dip in the refractive-index profile. The
assumption that there is anomalous scattering by capillary
waves on the interface between liquids differing in viscosity is
inconsistent with the present experimental data: it gives no
way of describing the shape of the observed angular distribu-
tions. However, the observed discrepancy between the mea-
sured and calculated distributions cannot be considered con-
clusive evidence against scattering by capillary waves. Indeed,
Roberts et al. [11] derived the spectral density of the rough-
ness amplitude as a function of spatial frequency for a
glass—air interface, rather than for an interface between two
glasses of different compositions. Moreover, the low-fre-
quency cutoff, w(, needs to be accurately determined.

At the same time, our results demonstrate that scattering
in the region of the central dip can be described in terms of a
hydrodynamic model as oscillations of a thread (the central
dip, formed by a lightly doped, high-viscosity glass) in a less
viscous liquid (molten core glass). A more complex situation
occurs with scattering in the region of the core—cladding
interface. On the one hand, it is well known that the flow of
an elongating viscous jet, uniform or containing an interface
between liquids differing in viscosity, is unstable [9, 19]. On
the other, the corresponding equations are rather complex
and, because of the variable flow viscosity (due to the varia-
tion in temperature across the heating zone), cannot be used
in the framework of this paper to calculate the shape of the
angular distribution or to compare it to the experimentally
determined shape.

On the whole, it appears unlikely that the anomalous scat-
tering in the region of the central dip and that at the core—clad-
ding interface are due to fundamentally different mechanisms.
The above considerations lead us to conclude that the most
likely origin of scattering centres is the hydrodynamic insta-
bility of interfaces between glasses of different compositions
in the fibre drawing process. It is worth recalling the observed
Rayleigh scattering from the core—cladding interface. It is
due to the interface roughness, which most likely arises dur-
ing the preform fabrication process because the particles
being deposited have a finite size. It may be that it is such
nonuniformities that act as seeds for the development of
interfacial nonuniformities during the drawing process, which
give rise to anomalous scattering. This assumption is sup-

ported by the following fact: fluorine doping of the core using
freon reduces the optical loss due to anomalous scattering in
heavily doped step-index germanosilicate fibres, whereas
doping to the same fluorine concentration using SiF4 does not
[16]. According to our results, in the former case freon reacts
with the particles being deposited, reducing their size and,
accordingly, the size of fluctuations of the core—cladding
interface, whereas in the latter case the particle size remains
unchanged [16].

6. Conclusions

A new technique has been developed for measuring the angu-
lar distribution of scattered light using optical fibres with
increased scattering in the regions of the core—cladding inter-
face and central dip. This enabled the first precision measure-
ment of the angular distribution of scattered light in these
regions.

Rayleigh scattering has been found for the first time at the
core—cladding interface in step-index fibres, and the discrep-
ancy between the RSCs determined in different ways (from
the angular distribution of scattering and using backscatter-
ing measurements) has been accounted for.

Analysis of the possible origins of scattering nonuniformi-
ties around the core—cladding interface and in the region of
the central dip in the index profile indicates that the model
that considers the development of capillary waves on the
interface between liquids of different compositions gives no
way of describing the shape of the observed angular distribu-
tions, whereas assuming hydrodynamic instability of a vis-
cous liquid flow we were able to describe the angular distribu-
tion of scattered light in the region of the central dip.
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